
Frontiers in Water 01 frontiersin.org

Southern Bug River: water 
security and climate changes 
perspectives for post-war city of 
Mykolaiv, Ukraine
Sergiy Snizhko 1,2*, Iulii Didovets 3, Olga Shevchenko 1, 
Myhailo Yatsiuk 4, Fred Fokko Hattermann 3 and Axel Bronstert 2

1 Department of Meteorology and Climatology, Taras Shevchenko National University of Kyiv, Kyiv, 
Ukraine, 2 Chair of Hydrology and Climatology, University of Potsdam, Potsdam, Germany, 3 Research 
Department II: Climate Resilience, Potsdam Institute for Climate Impact Research, Potsdam, 
Germany, 4 Institute of Water Problems and Land Reclamation of NAAS, Kyiv, Ukraine

This article focuses on water security in Mykolaiv, a city of 0.5 million inhabitants 
in southern Ukraine, in the situation of scarcity of usable water resources caused 
by climate change and military operations. This problem arose after the Dnipro-
Mykolaiv water pipeline was destroyed in April 2022 as a result of military operations 
and the supply of drinking water to the city was cut off. To ensure that the city’s 
population has constant access to sufficient water of acceptable quality, a search 
for alternative water sources and a climate risk assessment were carried out 
for the new municipal water supply system from the Southern Bug River. The 
possible change in flow and its intra-annual distribution under the influence 
of climate change was modeled using the WaterGAP2 hydrological model and 
climate projections under the SSP1-2.6 and SSP5-P8.5 scenarios. It was found 
that under the SSP1-2.6 scenario, the reduction in river flow will be insignificant 
(up to a maximum of 14% in the far future) and there will be no restrictions on 
the city’s water supply from this section of the river in the near (2021-2050) and 
far (2051-2080) period. The maximum water withdrawal for municipal water 
supply and the minimum environmental flow will reach their maximum value 
only in August (56% of the projected flow), which is not critical. Under the SSP5-
8.5 scenario, in the long-term perspective of 2051-2080, the largest decrease in 
runoff will occur from May to October, and the water withdrawal will increase to 
40-79% of the projected flow. The use of the research results not only in water 
management, but also in municipal administration, and their dissemination in 
territorial communities will contribute to the successful adaptation of socio-
economic and environmental processes in the region and can bring successful 
benefits not only to the economy, but also to communities.
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1 Introduction

UN Water (2013) defines water security as the ability of the population to guarantee 
sustainable access to sufficient water of acceptable quality for livelihoods, human well-being 
and socio-economic development, to ensure protection from water-related pollution and 
disasters, and to preserve ecosystems in peace and political stability.
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Gunda et al. (2019) have noted that most water security studies 
(Gain et al., 2016; Tal, 2006; Vogel et al., 2015) focus on the quantity 
of water, without delving into the assessment of water quality and its 
suitability for meeting the basic needs of society, which are defined by 
the very concept of water security.

Very often the quantity of available water can be of poor quality. 
Water quality refers to its suitability for various uses and the health of 
aquatic ecosystems. Water quality has a significant impact on water 
supply and often determines supply options (Guidelines for drinking-
water quality, 2017). Surface and groundwater within the Black Sea 
Lowland in southern Ukraine (where the city of Mykolaiv is located) 
or in the Azov Sea region is unsuitable for drinking water supply or 
irrigation. The poor quality of these waters is due to the high content 
of various salts and high salinity of up to 3,000 mg/L or more 
(Khilchevskyi et al., 2018; Shestopalov et al., 2019).

The poor quality of water resources, combined with the reduction 
of water available for consumption due to climate change in many 
regions of the world, causes water stress and significantly weakens 
water security. In recent decades, climate change has become a serious 
threat to water security, especially in arid and semi-arid zones. 
Observed changes in temperature, rainfall, and evapotranspiration 
over recent decades have already affected dryland extent and water 
security in many areas of the world, including Ukraine (Khokhlov and 
Yermolenko, 2013; Pokhrel et  al., 2021; Semenova et  al., 2015; 
Semenova and Vicente-Serrano, 2024; Shevchenko et  al., 2022; 
Stringer et al., 2021; Quandt et al., 2022).

Water security can also depend on the degree of anthropogenic 
modification of the river ecosystem, in particular the degree of water 
flow regulation by numerous dams, which can lead to a decrease in 
natural water flow, deterioration of water quality, and pose a threat to 
human well-being (Ekka et al., 2020; McCully, 1996; Poff et al., 1997; 
Renöfält et  al., 2010; Sarker, 2021; Singhal et  al., 2024; Yuan 
et al., 2022).

Another problem related to water security is political instability 
and wars. Water can be used as a weapon or as a target of armed 
conflict (Gleick, 1993, 2019).

If water is used as a weapon, it can lead to the complete destruction 
of water infrastructure and the water security system (Gleick et al., 
2023; Snizhko et al., 2023a; Vyshnevskyi et al., 2023; Vyshnevskyi and 
Kutsiy, 2024).

The combination of all the above factors determines the water 
security of the region under study in southern Ukraine. In the semi-
arid regions of southern Ukraine, the water stress index (Falkenmark 
et al., 2019) according to the World Resources Institute (2024) was 
already very high before the start of the Russian-Ukrainian war, 
reaching 40–80%, indicating a low level of water security.

Since the beginning of the war, water security in the region has 
deteriorated dramatically, as Russian troops have repeatedly used 
water as a weapon by destroying critical water infrastructure.

On April 12, 2022, as part of the attack of the Russian forces 
against Ukraine, the drinking water supply source (or intake) of 
Mykolaiv was destroyed and, since then, the city with a population of 
470,000 people (01.01.2022) (State Statistics Service of Ukraine, 2022) 
has had no sustainable water supply (Figure 1A).

As a temporary solution, dozens of clean water points were 
established with water provided by neighboring cities (Figure 1B) 
or international aid agencies (The Washington Post, 2022) and 
organized water abstraction from the downstream part of the 

Southern Bug River near the city. Nevertheless, due to the high 
salinity in the lagoon (South Bug River), the abstracted water could 
be used only for technical purposes. Before the attack, the water 
supply system was mainly carried out by abstracting water from 
the Dnipro River near Kherson city and transferring it by two 
pipelines 73 km long (Figure  2) to Mykolaiv (Mozgoviy, 2021; 
NPR, 2022).

At this moment, there is no possibility of repairing the water 
pipelines because they are located close to the frontline within the area 
of Russian artillery strikes (Figure 2). In addition, the territory has to 
be de-mined before the engineers can fix the damaged sections (BBC, 
2022; NPR, 2022; The Washington Post, 2022).

An alternative solution for a sustainable water source for Mykolaiv 
could be an abstraction of water in the upper part of the Southern Bug 
River near Nova Odesa (Figure 2) and build a new water pipeline to the 
city. The city is located in a semi-arid climate zone, where the limited 
amount of water resources is already an issue, and climate change may 
put additional pressure on future water availability in the region. The 
region is already affected by climate change. Since investments in water 
management have been planned over decades, the water strategy must 
take climate change into account, especially the risk of prolonged 
droughts. What is needed is science-based decision support.

Decision-making should be based on the study of all available 
information on the region’s water resources, on the use of all available 
databases on water quantity and quality, on the study of the hydrological 
regime of water bodies and the operation of water management 
facilities, on the results of hydrological modeling using several climate 
projection to reduce the uncertainty of modeling results and ensure 
sustainable water security in the future. It should be consistent with the 
basic principles of Integrated Water Resources Management (IWRM).

The main objective of the research is to select an alternative water 
supply source based on hydrological and climatological studies to 
guarantee sustainable access to drinking water for the population of 
Mykolaiv, taking into account the water management needs of the 
region and the stability of the ecosystems of the lower part of the 
Southern Bug basin. To accomplish this task, we  performed an 
analysis of potential water supply sources. The hypothesis was tested 
that groundwater, brackish water from the Bug estuary surrounding 
the city of Mykolaiv, and river water from the Southern Bug River 
upstream of the city were suitable for the new water supply system in 
terms of quantitative and qualitative indicators.

The current state of water resources of the Southern Bug River as 
the most suitable source of water supply was investigated, and the 
long-term variability and intra-annual distribution of the river’s water 
flow was studied.

The final task of the research was to assess the climate risk to the 
water security of Mykolaiv at least for the near term (2021–2050) and 
(optionally) for the long term period (2051–2080) by analyzing the 
projections of water flow, water balance parameters and environmental 
flow in the lower section of the river. To achieve this goal the mean 
annual and intra-annual river discharge for two projected periods was 
modeled using the global hydrological model (GHM) WaterGAP2 
under two socio-economic scenarios SSP1-RCP2.6 (minimum risks 
to water resources) and SSP5-RCP8.5 (maximum risks to water 
resources). To simulate the future water flow of the river, climate data 
from five Global Climate Models (GCMs) were used, which were bias-
corrected to reduce inherent simulation uncertainties and errors 
yielding the “CMIP6 climate forcing.”
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2 Materials and methods

2.1 Analysis of potential water supply 
sources for Mykolaiv

Before the destruction of the Kherson-Mykolaiv water pipeline, 
Mykolaiv’s domestic water supply came from the Dnipro River. 
Groundwater was also a source of water supply for the city and 

surrounding areas, but due to pollution and increased salinity, it 
became less important over time. In 2020, the enterprise 
“Mykolaivvodokanal” provided 44.6  million m3 of water annually 
from the Dnipro River to Mykolaiv (Ministry of Development of 
Communities and Territories of Ukraine, 2021; Mykolaiv Regional 
Council, 2021). The water supply was destroyed during war in 2021–
2022. The city of Mykolaiv is supplied with water through a 73 km-long 
pipeline that runs from the Dnipro River. The intake point is located 

FIGURE 1

The destroyed water pipeline Dnipro-Mykolaiv (A) and delivery of water by road transport from other territories of Ukraine (B). Photo from texty.org.ua 
(2022).

FIGURE 2

The possible freshwater sources for Mykolaiv City. Red area—occupied territory of Ukraine; orange line—schematic illustration of the former freshwater 
pipeline; dark green line—schematic illustration of the alternative freshwater pipeline; green circle—water abstraction sites.
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in the village of Mykilske, in the Kherson region, below the dam of the 
Kakhovka hydropower plant (HPP). The pipeline was designed to 
have a capacity of 280 thousand m3 of water per day, but due to a 
decline in water consumption, only 122.2 thousand m3 of water per 
day was transported in 2020. The reduced water demand in the city 
can be  attributed to economic factors such as the reduction or 
cessation of production processes in large enterprises. As a result, the 
structure of water consumption has changed significantly. Currently, 
only 20% of water is used for production purposes, while the 
remaining 80% is consumed by the population. It is essential to note 
that any attack or damage to the current water supply source can 
be  seen as a use of water as a weapon against the city’s 
civilian population.

In some remote areas of the city, water is supplied from several 
wells that have been out of use since the late 1980s. However, this 
water is not safe for drinking as it does not meet the required 
standards. While the underground aquifers are free from bacterial 
contamination, they do not meet the standards for drinking water in 
terms of salt composition. The water’s dry residue, hardness, sulfates, 
and chlorides exceed the permissible limits by 2–3 times. Currently, 
water is delivered to these areas each day via road transport to ensure 
the residents have access to safe drinking water.

The city’s wells can provide a maximum of 5–10 thousand m3 of 
water per day, with a total capacity of 20  thousand m3 per day. 
However, the city’s population consumed at least 80 thousand m3 of 
water daily before the water supply system was destroyed. Even with 
the current wells, the water supply system cannot be fully replenished. 
As a result, it was decided to fill the water supply system with water 
from the Southern Bug River to meet the technical water needs of the 
city’s population. It’s important to note that the water quality in the 
Bug estuary near Mykolaiv is unstable due to the influence of the sea, 
which makes it more like seawater than river water (Table 1). It is quite 
clear that water quality is a limiting factor in water use from this 
source. To supply the city with appropriate clean water, it is necessary 
to explore other sources of fresh water with optimal quantitative and 
qualitative indicators.

In 2019, experts from the Institute of Geological Sciences of the 
National Academy of Sciences of Ukraine (Shestopalov et al., 2019) 
studied the possibility of water supply to Mykolaiv from groundwater 
of the Upper Sarmatian aquifer in case of emergency. A 
hydrogeological model of the Mykolaiv groundwater deposit was 
created and the possibility of forced exploitation of groundwater from 
this aquifer was assessed, depending on the duration of the emergency 
period, taking into account the protection of fresh groundwater from 
brackish water from the Bug Estuary. They found that under certain 
technical conditions of groundwater extraction in the 

Balabanivsko-Svyatotroitska area, the maximum possible water supply 
to the population for 1 week is 45 thousand m3 per day (90 dm3/day 
per 1 city resident). This amount of water can be transferred to the 
population for 600 days without exceeding the established standard of 
water salinity (1.5 g/dm3). Unfortunately, this study offers only a 
temporary alternative and only a partial solution to the city’s water 
supply problem.

If we consider the use of highly mineralized, in fact, seawater from 
the Southern Bug estuary, at least several problems arise: first, the 
search for investments to build a seawater desalination plant; second, 
the problem of temporarily solving the issue of providing the city with 
drinking water for a long and uncertain period of construction of such 
a plant; third, the expected high cost of desalinated water production. 
For example, when using the most common seawater desalination 
technology, continuous reverse osmosis, the cost of 1 m3 of desalinated 
water will cost from $0.68 to $2.5 per cubic meter (World Bank, 2019).

To solve the problem, the best option is to use the water from the 
Southern Bug River. This can be achieved by setting up a water intake 
above the point where salty sea water affects the water quality of the 
river. A new water supply pipeline also needs to be built. However, 
before making the final decision, it is important to conduct 
hydrological calculations that take into account the potential impact 
of climate risks. This will help determine the availability of local water 
resources from surface runoff in the short, medium, and long term.

2.2 Description of the study area

The Southern Bug is the third longest in Ukraine located entirely 
within Ukraine, making it the only first-order river basin with such 
distinction (Figure  3). The river originates in the Volyn-Podilska 
Highlands and flows into the Dnipro-Buzky Firth. It is situated in the 
south-west region of the country and spans across two geomorphological 
regions. The upper and middle parts of the river are located on the 
Volyn-Podilska Highlands and the Dnieper Highlands, while the lower 
part is on the Black Sea Lowlands (Lyuta and Sanina, 2022).

The catchment area of the river is about 63,700 km2. The river 
stretches over a length of 806 km with a drop of 328 m, and its average 
stream gradient is approximately 0.4‰ (Lyuta and Sanina, 2022). The 
total resources of surface runoff formed in the Southern Bug basin are 
3.4 km3, and in extremely dry years (95% probability of exceedance) they 
decrease to 1.4 km3. In high-water years, the water resources of the basin’s 
rivers are 2–5 times greater, and in low-water years, 3–9 times less than 
in average years (Yatsyk and Khorev, 2000). The basin spans across forest-
steppe and steppe zones with a moderately continental climate influenced 
by the Black Sea. The significant geographical spread causes variations in 

TABLE 1 Chemical composition of water in the South Bug River near Mykolaiv (Regional Office of Water Resources in Mykolaiv Oblast, 2014).

Name of substance Minimum concentration Maximum concentration Maximum permissible 
concentrations

Dry residue, mg/dm3 1,286.0 7,659.0 ≤1,000 (Drinking water, 2014)

Hardness, mmol/dm3 935 1,530 ≤7 (Drinking water, 2014)

Chlorides, mg/dm3 2,122.6 3,814.4 350.0 (Order of the Ministry of Health of 

Ukraine no. 721 of 02.05.2022, 2022)

Magnesium, mg/dm3 162.03 276.0 50.0

Sodium, mg/dm3 1,388.9 2,349.0 200.0

https://doi.org/10.3389/frwa.2024.1447378
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annual temperatures between 7.1 and 10.0°C. Annual precipitation 
varies based on location, with an average of 669 mm in forest-steppe 
areas and 470–540 mm in steppe areas (Lipinsky et al., 2003).

The Southern Bug River Basin is a significant resource for 
Ukraine’s national economy, particularly for surface sources of fresh 
water. The river basin is mainly located within the Vinnytsa (62% of 
the region) and Mykolaiv (59.5%) regions. There are 16 dams on the 
Southern Bug River and its tributaries, and over 10 thousand ponds. 
The territory of the Southern Bug River Basin is inhabited by 
3.24 million people, with 58% being urban dwellers and the remaining 
42% residing in rural areas (Shakhman and Bystriantseva, 2021).

Water use in the Southern Bug River Basin has seen a significant 
reduction, falling by over four times from 1.185 billion m3 in 1995 to 
279.2 million m3 in 2019. The reduction in water consumption occurred 
as a result of the shutdown of a certain number of large industrial 
enterprises in connection with the collapse of the Soviet Union in 1991. 
The surface and underground water abstraction from the Southern Bug 
River Basin within the Vinnytsa region in 2019 was 94.5 million m3, 
whereas it was 103.8 million m3 for the Mykolaiv region. The main 
sectors using water from the basin are agriculture (39%), industry 
(37%), and utilities (23%) (Shakhman and Bystriantseva, 2021).

2.3 Research methodology

The research methodology of the current study is divided into 
three main parts: (1) Analysis of the historical long-term variability 
and runoff formation of the Southern-Bug River. (2) Assessment 
of climate change impacts on water variability under different 
climate scenarios. Both parts involve the collection and analysis of 
data regarding water resources and climate. The second part applies 
the Global Hydrological Model (GHM) driven by a set of climate 
projections for two scenarios. Figure 4 presents the study workflow.

The historical data has been collected from various Ukrainian and 
international databases, including the Global Runoff Data Centre 
database (GRDC, 2023), long-term runoff data (1914–2020) for the 
Southern Bug River sourced from the Boris Sreznevsky Central 
Geophysical Observatory in Ukraine, data from the State Cadaster of 
Ukraine on the use of water resources (Open data portal, 2022), and 
operational and analytical data from annual reports by state 
institutions regarding the state and use of water resources in Ukraine.

To analyze the variability of flow, we  used the method of 
constructing integral curves. The integral curve’s ordinates are 
calculated as an accumulated sum, Σ(Ki − 1)/Cv, where K is the 
modular coefficient (K = Qi/Qmean), Cv is the coefficient of variation, 
and Qi is mean annual river discharge for year i, Q mean is the mean 
annual multi-year period water discharge.

2.3.1 Climate data analysis
This study uses results from five Global Climate Models (GCMs) 

from the ISIMIP 3b project (ISIMIP, 2023). These GCMs are the GFDL-
ESM4, UKESM1-0-LL, MPI-ESM1-2-HR, IPSL-CM6A-LR, 
MRI-ESM2-0. Their results were bias-corrected to reduce inherent 
simulation uncertainties and errors yielding the “CMIP6 climate forcing.”

Regarding future climate conditions, the study uses two distinct 
SSP-RCP scenarios: SSP1-2.6 and SSP5-P8.5. SSP1.26 aligns with the 
climate goals set out in the Paris Agreement, while SSP5.85 represents 
a ‘business as usual’ scenario. These choices allow us to analyze a “range 
of possible climate futures” based on different emission trajectories.

The climate data used has a spatial resolution of 0.5 × 0.5 degrees. 
The model’s time series is divided into two parts: historical simulations 
covering the period from 1861 to 2005, and future projections for the 
period 2006–2099, incorporating the effects of greenhouse gas emissions.

Climate projections from the GCMs were used to simulate future 
river discharge patterns, offering insights into the potential impacts of 
climate change on water resources.

FIGURE 3

Study area—the Southern Bug River basin.

https://doi.org/10.3389/frwa.2024.1447378
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org


Snizhko et al. 10.3389/frwa.2024.1447378

Frontiers in Water 06 frontiersin.org

For analysis, the future time series has been divided into a 
reference period and two future periods. The reference period is from 
1986 to 2015, which provides a base-line for comparisons. The future 
periods of 2021–2050 and 2051–2080 allow us to evaluate both near 
and far future implications of climate change.

2.3.2 Hydrological modeling
The study utilized WaterGAP2, a global water availability and 

water use model that includes modules for various water uses like 
irrigation, domestic, manufacturing, livestock, and cooling of thermal 
power plants. Its capacity to simulate water fluxes, storages, and 
impacts of anthropogenic alterations at a 0.5 × 0.5 degrees spatial 
resolution and daily temporal resolution was instrumental in our 
hydrological assessments. The model’s basin-specific calibration 
approach aims to replicate observed river discharge in 1,319 basins 
globally, resulting in a plausible macro-scale representation of river 
discharge (ISIMIP, 2023; Krysanova et al., 2020; Müller Schmied et al., 
2014; Müller Schmied et al., 2016).

Additionally, its performance was evaluated in a recent study by 
Didovets et al. (2020). The study found that WaterGAP2 has the best 
representation of river discharge among other global hydrological 
models for the territory of Ukraine considered in the study. This 
further confirms its suitability for our research.

3 Results

3.1 The current state of water resources of 
the Southern Bug River

The optimal location for a new water intake on the Southern Bug 
River is in the area of Nova Odesa. This area is approximately 40 km 

away from Mykolaiv and 50 km from the river mouth, as shown in 
Figure  5. The nearest hydrological gauge with a long period of 
observation is located in Oleksandrivka village, which is 137 km from 
the river mouth. There is no significant impact from natural factors 
such as lateral inflow or economic activity such as water withdrawal 
or discharge on the hydrological regime of the river between 
Oleksandrivka and Nova Odesa, with a population of 14,000. 
Therefore, the quantitative flow parameters available for Oleksandrivka 
village in this section of the river will remain unchanged.

An important argument for locating the water intake in this area 
is the fact that this section of the river receives water of improved 
quality from the Oleksandrivka reservoir. This reservoir is one of the 
largest in the Southern Bug and serves a complex purpose. The 
reservoir receives water from the upper reaches of the basin, which 
contains a significant amount of pollutants due to untreated 
wastewater from the large cities of Khmelnytskyi and Vinnytsia being 
discharged directly into the river. The water in the reservoir settles and 
removes some suspended solids with absorbed heavy metals and 
microorganic pollutants. As the water passes through the dam and 
turbines of the Oleksandrivka HPP, it becomes saturated with oxygen, 
which promotes oxidation and decomposition of organic pollutants. 
As a result, the quality of the river water in the area below the reservoir 
and in the area of Nova Odesa is satisfactory, according to Afanasуev 
et al. (2014).

3.2 Long-term variability of water flow

To assess the hydrological regime of the river in the area of a 
possible new water intake and the availability of water resources for 
water supply in Mykolaiv, it is possible to use the data of long-term 
observations of water flow at the Oleksandrivka hydrological station. 

FIGURE 4

Research methodology workflow.
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Overview water flow data in the Oleksandrivka gauging station for the 
long-term observation period from 1914 to 2020 are presented in 
Table 2.

The analysis of the long-term dynamics of water flow (Figure 6A) 
shows that the river flow during the study period from 1914 to 2020 
varied in a wide range. To get a clearer idea of the periodicity of the 
river flow formation, a graph of normalized difference-integral curves 
was constructed (Figure 6B). The analysis of this curve allows us to 
determine three periods of water flow formation in the Southern Bug 
River based on the change of negative or positive trend of the curve:

 1 1914–1966—the period of natural flow;
 2 1967–1995—the first period of regulated flow (creation of 

channel storage tanks on the rivers of the basin);
 3 1996–2020—the second period of regulated flow (the flow of 

the lower reaches of the Southern Bug River is regulated by the 
Oleksandrivka Reservoir).

Figure 7 clearly shows that at the beginning of the study period, 
the river flow was significantly lower than the mean annual multi-year 
period water flow (Q mean = 84.6 m3/s), in the middle of the period 
the river water flow increased (to 168 m3/s), and at the end of the 
period it began to decrease significantly (to 22.4 m3/s). The statistical 
parameters of water flow in different periods of time are shown in 
Table 3.

3.3 Intra-annual distribution of the water 
flow

The characteristics of intra-annual flow distribution are 
extremely important for planning and implementing water 
management measures. The analysis of changes in the intra-
annual water flow distribution from 1914 to 2020 was performed 
by comparing flow hydrographs for three characteristic periods 
using average monthly water flows (Figure 8). This Figure clearly 
shows that the natural flow of the river (1914–1966) was 
characterized by a significant peak of spring floods in February, 
during which 50% of the annual river flow occurred. In 1967–
1995, due to the accumulation of flood runoff in constructed 
ponds and reservoirs, the annual share of runoff in this month 
decreased to 29.5%, and in 1996–2020, due to the accumulation 
of water in the Oleksandrivka Reservoir, it decreased to 11.5%. At 
the same time, the share of runoff in summer, autumn, and winter 
months increased due to the artificial regulation of water supply 
to the lower part of the river by the Oleksandrivka HPP dam 
(Figure  9). Figure  9 shows that since the 1980s, artificial flow 
control has stabilized the intra-annual flow distribution, which is 
still characteristic of the river today. Therefore, to calibrate the 
hydrologic model to calculate runoff projections for the medium 
and long term, it is sufficient to use daily observation data for the 
last 30-year period, which began in 1991.

FIGURE 5

River Southern Bug near Nova Odesa. Photo from Facebook (2023).

TABLE 2 Overview of water flow data of the Southern Bug River at the gauge Oleksandrivka (Vyshnevskyi and Kutsiy, 2022).

River/gauge F, km2 Observation 
period, years

Mean 
annual, m3/s

Maximal water discharge Minimal water discharge

m3/s Date m3/s Date

Southern Bug-

Oleksandrivka

46,200 1914–2020 84.6 5,320 08.04.1932 2.60 24.02.1954
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3.4 Results for projected changes in 
climate and water flow

3.4.1 Climate projections
In Ukraine, climate change projections suggest a notable 

warming trend over the 21st century. Under the mitigation pathway 
SSP1, the mean annual temperature is projected to rise by 2 degrees 
until the mid-21st century and subsequently stabilize. However, the 
SSP5 scenario, often characterized as ‘business as usual’, projects a 
more drastic temperature increase, potentially reaching a 6-degree 
rise by the end of the century. Notably, precipitation patterns do 
not show significant alterations under either scenario (Figure 10).

3.4.2 Projected river flow changes
Figure 11 depicts the modeled alterations in both the annual average 

and long-term monthly mean river discharge across the Southern Bug 
basin. These simulations are based on two prospective timeframes, 
2021–2050 and 2051–2180, under scenarios SSP1-2.6 and SSP5-P8.5. 
The outcomes were derived from the hydrological model driven by four 
bias-adjusted General Circulation Models from ISIMIP3b.

In the hydrological gauge Oleksandrivka, located downstream of 
the basin, distinct changes in river discharge are projected based on 
multiple future scenarios. According to multi-model median 
projections, under the relatively mitigated scenario of SSP1-2.6, the 
mean annual discharge is anticipated to increase by approximately 5% 

FIGURE 6

Changes in the streamflow during from 1914 to 2020 in the Southern Bug River. (A) Comparison of annual mean streamflow variability with the long 
term mean streamflow. (B) Long-term variability of flow depicted as the normalized difference-integral curve.
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in the mid-future. Conversely, under the more severe scenario of 
SSP5-P8.5, the increase could reach up to 7%.

However, the long-term horizon paints a different picture. For the 
far future, projections indicate a decrease in river discharge, ranging 
from 4% under SSP1-2.6 to a substantial 14% under the SSP5-P8.5 
scenario (Figure 11).

Projected decreases in long-term mean monthly discharge are 
expected for most seasons and months, except for winter. According 
to both outlined scenarios, there will be an increase in streamflow 
during winter months in the mid-future, ranging from a modest 5% 
to a more significant 30% (Figure 12). Interestingly, from April to 
June, no discernible changes in river discharge are projected for the 
mid-future under either scenario. However, from July through 
November, the majority of months under both scenarios show a 
decline in streamflow of up to 10–12%.

Looking further into the future, the projections suggest more 
pronounced changes. There is an expected decline in water availability 
from March to the end of the year under both scenarios, reaching a 
significant decrease of up to 40% during the summer and early 
fall months.

3.4.3 Assessment of water availability and climatic 
risks for water supply

To assess the availability of water on the selected river section in 
the area of Nova Odesa for the water supply of Mykolaiv, taking into 
account climate change, the results on the projected water flow for the 

mid and far future were used following SSP1-2.6 and SSP5-8.5. The 
needs for alternative water supply to Mykolaiv were calculated, taking 
into account the minimum environmental flow. The total value of 
water distraction and minimum environmental flow was compared 
with the projected flow in the lower reaches of the Southern Bug River 
in the Oleksandrivka gauging station. For ease of comparison, all 
calculated values were converted to the same hydrological unit (m3/s). 
The monthly average water consumption in the city 1.41 m3/s, before 
the water supply was cut off. We also took into account the value of 
the mandatory minimum water flow in the Oleksandrivka stream, 
which is 17.0 m3/s. The results of the comparison are presented in the 
form of a combined diagram in Figure 13.

According to calculations, both the minimum ecological flow 
and the amount of water that will be withdrawn for water supply 
purposes, amount to a total of 18.41 (17.0 + 1.41) m3/s. Depending 
on the water flow throughout the year in the Oleksandrivka section, 
this value will range from 10 to 15% of the river flow during winter 
months (2021–2050), and from 30 to 52% from May to November. 
This means that the projected water flow of the river will meet both 
the minimum climate flow and the water supply needs of the city, 
taking into account both climate scenarios. In 2051–2080, according 
to the SSP1-2.6 projection, the intra-annual flow distribution will 
be similar to the period 2021–2050 with a slight decrease in August. 
As a result, the share of the required amount of water for water 
supply together with ecological runoff from the river flow will 
increase slightly (up to 57%).

FIGURE 7

Comparison of annual streamflow trends across three historical periods in the Southern Bug River.

TABLE 3 Statistical parameters of water flow (m3/s) in different time periods.

Period Number of years Mean Minimum Maximum Standard deviation

1914–1966 53 40.5 15.2 78.8 15.4

1967–1995 29 86.8 40.6 165.0 28.6

1996–2020 25 72.5 22.4 121.0 30.5

River Southern Bug, gauge Oleksandrivka (Latitude 47°41″08′N, Longitude 31°16″11′E).
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The largest decrease in the river flow is projected under the 
SSP5.85 scenario in the long-term perspective of 2051–2080 from May 
to October (Figure 13), so an increase to 40–79% of the share of water 
that needs to be directed to ensure ecological flow and water supply to 
the city should be expected. However, even in August, when the water 
runoff may decrease to critical values of 23 m3/s, there will still 
be enough water for these needs.

4 Discussion

The impact of climate change is increasingly important for the 
design, construction, and maintenance of water sector infrastructure 

(Danilenko et al., 2010; Sarker, 2022). Climate change is having a 
significant impact on river flows. The last decade, especially the years 
after 2015, have seen the warmest temperatures recorded not only in 
Ukraine but also across the Northern Hemisphere. In some years, the 
increase in average annual air temperature has exceeded 2.0°C with 
the highest recorded temperatures being 2.2°C in 2007, 2.3°C in 
2015, and 2.7°C in 2019, according to the World Bank (2021) report 
(World Bank, 2021). In Ukraine, the average annual air temperature 
has been exceeding the normal temperature by 1.5°C since 2007 
(World Bank, 2021). Air temperatures are expected to rise further in 
Ukraine, especially in its southern part (Snizhko et al., 2020). Our 
earlier research (Shevchenko et al., 2020) showed that during 1981–
2010, the southern part of the Southern Bug basin was characterized 

FIGURE 8

Change of intra-annual distribution of the Southern Bug River streamflow at the gauge Oleksandrivka as a result of flow regulation. Mean monthly 
streamflow (left) and monthly streamflow rate in % (right).

FIGURE 9

Changing monthly shares of the seasonal streamflow from 1914 to 2020.
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by the highest annual number of heat waves in Ukraine. Rising 
temperatures, droughts, and heat waves have contributed to 
increased evapotranspiration from the surface of reservoirs and 
reduced water availability in the Southern Bug River basin. A 
statistically significant relationship between the SPEI drought index 
and the minimum river flow of the Southern Bug River at the gauge 

Oleksandrivka for the period 1950–2010 was established (Ovcharuk 
et al., 2020).

Many researchers note that the influence of climate on the amount 
of precipitation can be critical in arid and semi-arid areas (Marcos-
Garcia et al., 2017; Marcos-Garcia and Pulido-Velazquez, 2017; Rubio-
Martin et al., 2023). A study by Zabulonov et al. (2018) revealed that 

FIGURE 10

Projected changes of mean annual temperature for SSP1-2.6 (A) and SSP5-8.5 (B) and annual precipitation for SSP1-2.6 (C) and SSP5-8.5 (D) across 
Ukraine based on ISIMIP3b projections.

FIGURE 11

Projected changes in the mean annual river discharge for two future periods (2021–2050—mid, 2051–2080—far) under SSP1-2.6 (left) and SSP5-8.5 
(right).
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fluctuations in the annual runoff of the Southern Bug River are highly 
affected by long-term precipitation dynamics. According to Levkovska 
and Zubko (2021), in Mykolaiv region, the average monthly 
precipitation has been steadily decreasing from 2015 to 2020, 
decreasing by 20%, and in the summer months (July and August) by 
20–30% in recent years.

The study of long-term series of water discharges (Section 3.2) 
showed that there are three specific periods of river flow formation. In 
the first period (1914–1966), when the water flow in the Oleksandrivka 
section depended solely on natural factors, the long-term value of the 
water flow was almost half of the next two periods.

The impact of climate change on the formation of the river’s water 
flow is also felt in winter, when the air temperature often rises and the 
snow cover melts rapidly. This leads to the formation of maximum 
annual runoff earlier than usual. The value of this runoff decreases and 
the duration and volume of spring flood runoff also decrease. 
However, the possibility of accumulating enough water in reservoirs 
for use in summer increases. This redistribution of the maximum river 
flow in the Southern Bug basin is consistent with the trends projected 
by studies conducted by Gorbachova et al. (2021a, 2021b), Ovcharuk 

and Gopchenko (2022), and Snizhko et al. (2023b), which indicate a 
decreasing spring flood flow. Under future warming conditions, the 
decrease in spring runoff in the Southern Bug basin is expected to 
be 50% (Ovcharuk et al., 2020), which may cause difficulties in filling 
all artificial reservoirs in the basin with water. Our research results, on 
the other hand, indicate that there will be a 10–20% decrease in spring 
runoff only in the far-future period.

Climate change is not the only reason behind water shortages in 
the lower part of the Southern Bug River basin. The second reason is 
the high degree of flow regulation in creating water reserves for use 
during dry summer and fall seasons, along with increased water 
consumption in the agricultural and energy sectors.

Artificial flow regulation began to have a significant impact 
on the river’s water flow starting in 1967 (the beginning of the 
second period of flow formation). In the early 1960s, almost 
10,000 artificial reservoirs with a total volume of more than 
1.5 km3 were created in the river basin, which is almost equal to 
the river flow in a low-water year of 95% exceedance probability 
(Southern Bug River Basin Water Resources Management, 2023). 
It is known that 56% of the river’s flow is formed in the upper and 

FIGURE 12

Projected changes in the long-term mean monthly river discharge for two future periods under SSP1-2.6 (A) and SSP5-8.5 (B).
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middle parts of the basin. Most of the reservoirs (106 out of 187) 
are located there, accumulating water runoff that is largely used 
by local water users (Southern Bug River Basin Water Resources 
Management, 2023). In addition, the large water surface area of 
these reservoirs (30 thousand hectares), combined with the arid 
climate of the region, leads to significant water losses due 
to evapotranspiration.

During spring floods, water was accumulated in ponds and 
reservoirs, while in dry months and seasons, it was supplied to the 
lower section of the river in more significant amounts than the natural 
flow in the previous period. As a result, the average annual runoff 
value nearly doubled compared to the first period and approached the 
long-term flow rate (Table 3).

The most recent flow formation period (1996–2020) is of 
particular interest in this study. Although the flow rate during this 
period (72.5 m3/s) is similar to the flow rate of the previous period 
(1967–1995), the average annual water flow has started to decrease 
significantly over the past 25 years, beginning in 1996 as shown in 
Figure 7. The reason for this recent runoff trend is the combination of 
climate change with runoff regulation and increased water use.

In 1986, the construction of the Oleksandrivka Reservoir on the 
Southern Bug River began, and it was filled with water until 1990. In 
1999, the Oleksandrivka HPP was launched with a water level of 8.0 m. 
In the spring of 2006, the Oleksandrivka reservoir was filled to a level 
of 14.7 m, and in 2010 to a level of 16.0 m, which increased its 
management capacity to 20.95 million m3 and its regulatory capacity 
to 14.0 million m3 (State Scientific and Engineering Center for Control 
and Emergency Response Systems, 2016).

In this period water consumption for irrigation has increased by 
1.3–1.4 times annually compared to the 1980s due to rising air 
temperatures and an increase in evapotranspiration (Romashchenko, 
2012). The agricultural business is developing rapidly, and this is 
contributing to the water consumption. The Oleksandrivka Reservoir 
operated by the South Ukrainian Energy Complex and the Tashlyk 

Reservoir, which serves as a cooler for the South Ukrainian Nuclear 
Power Plant (NPP), also contribute to the reduction in the flow of 
water in the Southern Bug. Irreversible losses of water in the Southern 
Bug River due to its use for the South Ukrainian NPP and Tashlytsky 
hydroelectric power plant (HPP) in August–September and in 
low-water years with a 95% probability of exceedance of flow are 
estimated at 10–11% (Romas et al., 2006). Although the volume of 
water accumulated in artificial reservoirs currently satisfies the 
existing water consumption needs, it is a limiting factor for further 
development of the region’s agricultural sector.

In the last two decades, the river’s water flow has decreased due to 
the combined effects of climate change and economic activity.

If this trend continues, the water flow will decrease by another 
10–12% in the mid-future period and up to 40% in the far-future 
period as shown in Sections 3.4.2 and 3.4.3. It should be noted that the 
obtained results of the simulation of water flow are not devoid of 
uncertainty, like all other simulations of the climate impact on the 
water sector. These uncertainties are due to various reasons, among 
which the quality of the initial data, the imperfection of modern 
climate and hydrological models, the uncertainty of the applied socio-
economic pathways, and others (Kundzewicz et al., 2018; Bennett 
et al., 2012).

However, we have made some efforts to significantly reduce the 
contribution of uncertainty to the results of our calculations. For this 
purpose, we  chose not one climate model, but an ensemble of 5 
models and carried out bias correction of their results in order to 
reduce inherent simulation uncertainties and errors yielding the 
“CMIP6 climate forcing.”

Significant preliminary work was carried out on the selection 
of the most suitable hydrological model for the territory of 
Ukraine (Didovets et  al., 2020). Of the six models (LPJmL, 
MATSIRO, H08, WaterGAP2, DBH, and PCR-GLOBWB), the 
WaterGAP2 model demonstrated the best results of water flow 
simulation. The model selection procedure also contributed to 

FIGURE 13

Comparison of the total needs for ensuring alternative water supply of Mykolaiv city and the minimum environmental flow in the lower section of the 
Southern Bug River with the projected flow at the gauge Oleksandrivka based on SSP1-2.6 and SSP5-8.5 for two future periods.
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reducing the uncertainty of the final result. Two SSP-RCP 
scenarios were also selected in order to obtain a certain most 
probable range of possible future flow changes: SSP1-
2.6SSP1-RCP2.6 and SSP5-P8.5SSP5-RCP8.5. SSP1.26 aligns with 
the climate goals set out in the Paris Agreement, while SSP5.85 
represents a ‘business as usual’ scenario. These choices allow us to 
analyze a “range of possible climate futures” based on different 
emissions trajectories.

The results of flow design obtained according to this technological 
scheme and comparing them with the water management needs of the 
region showed that in 2021–2050, 10–15% of the river flow during 
winter months and from 30 to 52% will be sufficient for water supply 
needs and to guarantee environmental flow from May to November 
(Figure 13). That is, a critical situation for the functioning of the water 
intake is not foreseen for the next 30 years. If even predicting the 
impact of forecasting uncertainty in this result, there remains a fairly 
large reserve of water flow for use.

In 2051–2080, according to the SSP1-2.6SSP1-RCP2.6 forecast, 
the share of the required amount of water for water supply and 
environmental runoff in summer may reach a maximum of 57%, and 
according to SSP5.85 even 79% (August), although in other months 
of the year, the need for water withdrawal will not exceed 25–30% of 
the projected flow in the Oleksandrivka catchment (Figure 13). Even 
in this case, a correction of the result due to the possible uncertainty 
is permissible while maintaining the guarantee of the required water 
selection without harming the environment.

Construction, filling, and operation of Oleksandrivka Reservoir 
and HPP began in the 1990s, changing the intra-annual runoff 
distribution scheme (Figure 9). During the winter and spring months, 
excess water resulting from runoff is collected in the reservoir. This 
water is then released through the hydroelectric power plant’s dam in 
the summer. The release of water is done in larger quantities than the 
natural runoff to compensate for the shortage of water resources in the 
dry season. Proper use of artificial reservoirs on snow-fed rivers can 
significantly mitigate the consequences of climate-induced reductions 
in snowpack accumulation for agriculture and the environment 
(Baah-Kumi et al., 2024; Kim et al., 2019).

The State Agency of Water Resources of Ukraine has proposed a 
scheme for artificial regulation of river flow. This scheme aims to 
distribute the accumulated runoff in reservoirs evenly over the months 
of the year, accounting for different water availability in different years 
(Open data portal, 2022). On average, in a low-water year with a 50% 
reliability of flow, this value is 96.6 m3/s, in a low-water year with a 
75% reliability of flow—71.0 m3/s, and in a low-water year with a 95% 
reliability of flow—57.9 m3/s per month.

If this regulatory scheme had been followed, there would be no 
doubt that Mykolaiv’s water supply and minimal environmental flow 
to the lower part of the river would have been ensured. However, from 
2001 to 2019, climate change led to an increase in the average annual 
air temperature in the region by about 2°C and a sharp decline in river 
flow. During this period, there were 16 dry years, and the average 
annual runoff decreased from 2.88 km3 in the previous period to 
2.15 km3 today, and in the dry year (2017) to 1.0 km3 (Landau and 
Chernomorov, 2020).

Based on recent hydrological observations at the Oleksandrivka 
HPP, it has been noted that during the summer and autumn seasons, 
the water discharge of the Southern Bug River has been declining for 
an extended period. This decline has resulted in critical values ranging 

from 5.98 to 13.3 m3/s, which is significantly lower than the mandatory 
minimum environmental flow value (as shown in Figure 14). Based 
on the daily water discharge data collected between 1991 and 2020, 
our calculations indicate that the duration of low water levels with 
discharges less than 18.41 m3/s (the minimum environmental flow) 
can last up to 20 days in a calendar year (Figure 14).

The State Agency of Water Resources in Ukraine conducts an 
annual review of the established modes of reservoir operation (Basin 
management of water resources of the South Bug River, 2021) to 
ensure that the water needs of all users and environmental flows in the 
lower part of the river are met. As a result, the minimum 
environmental flow was reduced to 12.1 m3/s in 2021. In recent years, 
the Oleksandrivka HPP reservoir has not been able to fully accumulate 
spring runoff in reservoirs for redistribution in subsequent seasons of 
the year in accordance with the established reservoir operation modes 
(Basin management of water resources of the South Bug River, 2021). 
It is impossible to increase water reserves in the Oleksandrivka 
Reservoir due to its small volume, although hydrological parameters 
of the flow in the Oleksandrivka Reservoir, even in recent low-water 
years during the spring flood, indicate the presence of significant 
volumes of water with maximum flow rates of 70.0–142.0 m3/s, which 
pass through the reservoir in winter months without being retained 
in it. A significant part of the river’s water flow is accumulated during 
spring floods in 188 small and medium-sized reservoirs in the upper 
and middle parts of the Southern Bug basin and is used in summer for 
local water users. These reservoirs cannot be used to improve the 
water management situation in the lower part of the river basin.

The energy sector proposed a solution to address the problem of 
additional water storage to provide water to all water users in the lower 
reaches of the Southern Bug River. The proposal included raising the 
level of the Oleksandrivske reservoir from 16.0 m to 16.9 m and then 
to 20.7 m, creating a usable volume of 46 million m3. This would have 
ensured a minimum environmental flow of the river in summer and 
autumn. However, such a decision could have negative 
environmental consequences.

Therefore, the Ministry of Environmental Protection and Natural 
Resources of Ukraine did not support this proposal, as it could cause 
irreparable damage to the natural and cultural heritage of Ukraine in 
this region.

Our research will help improve water security and environmental 
conditions. In recent years, many countries and large cities around the 
world have been experiencing increasing water scarcity as a result of 
climate change associated with global warming, population growth, 
and demand exceeding supply (Orimoloye et al., 2019; Quandt et al., 
2022). Our study considers the case where access to sufficient water 
resources is limited by aspects of water quality and lack of 
infrastructure (broken water supply), rather than availability of 
resources. We focused on the primary problem of the region, which 
arose in connection with military actions and consists in ensuring 
adequate access to safe drinking water. However, the issue of water 
security cannot be  solved without taking into account 
environmental issues.

The implications of using the research results in terms of 
environmental protection and climate change can be  direct 
and indirect.

Direct effects will be determined by the preservation of channel and 
basin ecological systems by ensuring the minimum environmental flow 
necessary for their functioning. Seasonal characteristics and forecasts of 
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climate and runoff for the near and long term, as well as water balances 
based on them, can be used in water management as a key element to 
achieve the necessary water security, greater sustainability and resilience 
of the water sector in the face of climate change.

An indirect environmental impact of the study results could 
be the use of runoff modeling data to implement both short-term and 
long-term water management plans. The use of long-term forecasts 
will help water managers and local administrations to respond in 
advance to seasonal deterioration by implementing water conservation 
measures in the public utilities sector, new irrigation technologies in 
agriculture, and introducing temporary restrictions for the energy 
sector, while ensuring minimal environmental flow losses. The use of 
the research results not only in water management, but also in 
municipal administration, and their dissemination in territorial 
communities will contribute to the successful adaptation of socio-
economic and environmental processes in the region and can bring 
successful benefits not only to the economy, but also to communities.

5 Conclusion

This study examines the issue of ensuring water security for the 
population of the city of Mykolaiv in southern Ukraine, in the context 
of a shortage of usable water resources that has arisen under the 
influence of climate change and military operations. The Southern 
Bug River is being considered as a potential source of water for the city 
of Mykolaiv, Ukraine, after the primary water supply from the Dnipro 
River was interrupted by Russian armed aggression.

Based on the hydrological model WaterGAP2, driven by bias-
corrected global climate models (GCMs) and two shared socio-
economic pathways (SSPs), the results of this study suggest that 
the Southern Bug basin will experience significant variations in 
river discharge in the future under SSP1-2.6 and SSP5-P8.5 
scenarios. According to the projections, the mean annual 
discharge could increase by about 5–7% in the medium future. In 

the far future, however, river flows could decrease from 4% to an 
alarming 14%.

Our research indicates that there will be changes in the long-term 
average monthly river discharge. While most seasons and months will 
experience a decrease in river discharge, there will be an increase of 
5% to over 30% in winter months during the mid-future. From April 
to June, river discharge levels are expected to remain constant for the 
mid-future under both scenarios. However, from July to November, a 
decrease in streamflow of up to 10–12% is projected. Further into the 
far future, the reduction in water availability could reach up to 40% 
during the summer and early fall months.

The projections have shown that in the mid-future (2021–2050), 
only 10–15% of the river flow will be used during winter months to 
provide water supply to Mykolaiv. From May to November, up to 
30–52% of the projected river flow will be used. In the far future 
(2051–2080), based on the SSP1-2.6 projection, the distribution of 
flow throughout the year will be similar to the period 2021–2050, with 
a slight decrease in August. This will result in a slight increase (up to 
57%) in the amount of water required for water supply and 
environmental runoff from the river flow during summer. Only under 
the SSP5-8.5 scenario, in the far future of 2051–2080, will the largest 
decrease in flow occur from May to October, and the share of water 
for urban water supply and minimum environmental flow will 
increase to 40–79%.

This study is an important step in understanding the impacts of 
climate change on water resources in the Southern Bug Basin. It 
highlights the need for a sustainable approach to water management, 
given the region’s semi-arid climate and the increasing pressures of 
climate change. The resulting projections of future water flows high-
light the urgent need to adapt water management strategies in the 
Southern Bug Basin to mitigate the potential impacts of climate 
change and ensure sustainable water availability in the region.

Research results are of great importance for the development of 
water management in the region, mitigation measures and adaptation 
of the water sector to climate change. They can be used in municipal 

FIGURE 14

Daily streamflow of the Southern Bug River at the gauge Oleksandrivka. Daily time series of low-water years from 2015 to 2020 (left) and flow-duration 
curve based on the daily streamflow time series from 1991 to 2020 (right).
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administration and territorial communities to make decisions on 
socio-economic development and environmental protection.
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