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A method has been developed for quantitative and qual-
itative assessment of the risk of surface water pollution by 
nitrogen compounds based on the use of the indicator of the 
total content of inorganic nitrogen forms in water (Ninorg), 
that is, ( )+ − −+ +4 2 3NH NO NO .  This indicator is considered as 
the sensitivity coefficient kn. The choice of the indicator is 
dictated by the need to protect waters from pollution caused by 
nitrogen compounds during their flow from agricultural sources 
(Directive 91/676 /EU). The experience of developed coun-
tries has shown that nitrogen compounds degrade the qual-
ity of water and prevent the achievement of a "good ecolog-
ical state" of water bodies. For territories with developed 
agriculture, it is important to establish environmental risks 
of damage depending on the degree of nitrogen pollution. 
Quantitative assessments of environmental risk are provided 
on the basis of a probabilistic approach. The risk was calcu-
lated as the product of the probability of a hazardous event 
occurring multiplied by the consequences of this event. The 
consequences of river pollution with nitrogen compounds 
were assessed as the ratio of the total concentration of nitro-
gen compounds (sensitivity index kn) to its threshold value 
(50 mg/dm3 or 11.3 mgN/dm3). In order to develop a scale for 
qualitative and quantitative risk assessment, relationships 
were established between the sensitivity indicators kн and the 
risk indicators R' for individual rivers, and for the study area 
as a whole, by means of spatio-temporal generalization. The 
probabilistic characteristics of possible environmental damage 
were determined on the basis of the obtained regression equa-
tions of the form R'=f(kn) and the statistical law of distribution 
of the risk value R'. The developed method will make it possi-
ble to determine the rank of the risk zone and the probability of 
getting into it, depending on the given sensitivity indicator kn
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1. Introduction

The experience of developed countries has shown that 
significant concentrations of nutrients, including nitrogen 
compounds, in surface waters lead to a deterioration in their 
quality. EU directives aimed at achieving the “good ecolog-
ical status” of water bodies include the Urban Wastewater 
Directive, the Drinking Water Directive and the Nitrogen 
Directive. The Nitrogen Directive provides for measures to 
help prevent the pollution of surface and groundwater by 
nitrates from agricultural sources.

Although nitrogen compounds are vital nutrients that pro-
mote the growth of plants and crops, their high concentrations 
are harmful to humans and nature. Almost all nitrates dissolve 
in water. Contamination of drinking water with these substanc-
es can lead to negative health effects. One of the most common 
consequences of such contamination is methemoglobinemia, 
various cancers, adverse reproductive consequences (especially 
fetal neural tube defects), diabetes and thyroid disease [1, 2]. 
Systematic violation by agricultural producers of agrotechnical 
and agrochemical farming practices, plowing of floodplain lands 
to the water’s edge causes progressive soil erosion and a decrease 

in humus content. Excessive use of mineral fertilizers, flushing 
of waste from livestock farms and pesticides from the surface 
of watersheds contributes to the deterioration of water quality. 
Due to high concentrations of nitrogen compounds in river 
water, there is a risk of failure to achieve environmental goals 
– “good ecological status of water” [3]. An excessive amount of 
nitrates in the water promotes the reproduction of algae and cy-
anobacteria, which gives rise to the process of eutrophication of 
water bodies. Eutrophication is a global problem that adversely 
affects freshwater and marine ecosystems.

The agricultural use of nitrates from organic and chemi-
cal fertilizers is the main source of water pollution in Europe. 
In the early 90s (that is, after the adoption of the nitrate 
Directive 91/676/EU of December 12, 1991), the use of 
mineral fertilizers began to gradually decline and stabilized in 
the 2000s. However, agriculture still accounts for more than 
50 % of the total nitrogen entering surface waters [4].

The relevance of research on this issue for the present lies 
in the need to develop methods for assessing the possibility of 
adverse environmental situations and their consequences as a 
result of improper agricultural work. A risk event (pollution of 
surface waters with nitrogen compounds) is considered unde-
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sirable, which can harm the environment and human health. 
Quantitative and qualitative indicators of a risk event (risks) 
should serve as a basis for identifying negative impacts, con-
trolling and preventing or reducing possible consequences.

2. Literature review and problem statement

Nitrates are the most abundant nitrogen compounds in 
surface waters. The nitrogen form is one of the mobile and 
readily soluble compounds, which is easily washed out of the 
soil during intense precipitation and the formation of slope 
drainage. The predominance of the nitrate form in nitrogen 
compounds indicates diffuse (distributed over the territory) 
pollution [5]. The work [6] emphasizes that the greatest 
role (74 %) in the formation of emission flows of biogenic 
compounds is played by agriculture.

In the normative documents on the prevention of nitrate 
pollution [7], considerable attention is paid to the allocation 
of vulnerable zones for surface waters through agricultural 
production and wastewater. These calculations are based on 
observations of the content of ammonium, nitrate and nitrite 
nitrogen in surface and groundwater. Based on these data, 
criteria for sensitivity to nitrogen pollution and a method for 
identifying vulnerable zones have been developed. But there 
are still unresolved questions regarding the quantitative and 
qualitative assessments of the risks of water pollution. The 
reason for this may be objective difficulties associated with 
the expert approach, which is determined by the availability 
of information, the characteristics of the natural environment, 
the way pollutants enter it. The absence or lack of biological 
observation data in many countries makes it fundamentally 
impossible to use assessments of environmental risks, taking 
into account the damage caused to aquatic organisms.

In [8], the authors linked the physical characteristics of 
Swansea Bay (temperature, salinity, turbidity, dissolved oxy-
gen, and inorganic nitrogen) with the amount of chlorophyll-a 
in phytoplankton biomass, which was used as a risk indicator 
for eutrophication. With this approach, objective difficulties 
may arise due to the lack of expensive biological observations.

In [9], the risk assessment of groundwater pollution by 
nitrates was carried out using the DRASTIC model and a 
geographic information system (GIS). The DRASTIC model 
uses many specific parameters such as groundwater depth, 
recharge, aquifer thickness, soil characteristics, topographic 
data, and the like. It has been shown that nitrate concen-
trations correlate well with risk indicators [9]. But it is 
fundamentally impossible to apply the DRASTIC model in 
territories and catchments, with a sparse network of observa-
tion posts and a small amount of information.

The risk factor (HQ or RQ) is defined as the ratio of the 
concentration of a pollutant in a concentration with a high 
level of adverse effects (toxicity). For example, when assessing 
the pollution of rivers with pesticides, the concentration of a 
substance in the environment is compared with the concentra-
tion of pesticides at which 50 % of organisms die (toxic con�-
centration) [10]. However, the determination of the toxic con-
centration may require additional studies if the concentrations 
with a high level of negative results are not standardized [11].

Surface water pollution indicators are often calculat-
ed from stationary hydrochemical observations. The main 
connection in their determination is the ratio of the actu-
al (average or maximum) concentration of the pollutant 
to the background or permissible (maximum permissible 

concentration) value. Pollution index values are used to 
determine pollution levels. Each level has its own quality 
characteristic. In [12], the scale of gradations consists of 
the Miller number 7±2 [13]. Pollution indices can be used 
as an estimate of the risk of contamination. So, in the case 
of pollution by several chemical substances, the aggregated 
pollution index is used in the form of the sum of the excess 
of a given threshold (maximum permissible concentration 
MPC). However, to take into account the total impact of 
pollutants on the considered component of the natural envi-
ronment, the components of the integral pollution index can 
be taken into account with different weight coefficients. The 
weighting factors can be determined by the water content of 
the rivers[14] or by probabilistic characteristics. For a more 
accurate risk assessment, probabilistic methods are used, that 
is, the statistical law of risk distribution is considered. In this 
case, it is possible to identify the range of possible impacts 
on the environment and conduct simulation modeling [15].

A variant of overcoming the corresponding difficulties 
can be the use of a probabilistic risk model based on hydro-
chemical observation data. It is this approach to risk assess-
ment that was used in [16], but it is not suitable for assessing 
the risk of water pollution by nitrogen compounds. To solve 
this problem, it is proposed to apply the research results ob-
tained in the implementation of the provisions of the nitrate 
directive. The total concentration of mineral forms of nitro-
gen, presented as a sensitivity coefficient with a theoretically 
justified threshold of 11.3 mgN/dm3, forms the basis for fur-
ther calculations. All this allows to assert that it is expedient 
to conduct a study devoted to the development of a method 
for assessing the environmental risks of pollution of surface 
waters with nitrogen compounds.

3. The aim and objectives of research

The aim of the research is to develop a method for 
assessing the risk of pollution by nitrogen compounds of 
surface waters based on the use of data on the total content 
of inorganic nitrogen forms in water. This will provide an 
opportunity. improve approaches to assessing water quality 
due to pollution by nitrogen compounds and will form the 
prerequisites for making decisions on ensuring man-made 
and environmental safety.

To achieve the aim, the following objectives were set:
– to identify areas that are sensitive to pollution by 

nitrogen compounds according to the sensitivity coefficient;
– to establish connections between risk indicators and the 

coefficient of sensitivity to pollution by nitrogen compounds;
– to establish the boundaries of zones of contamination 

with nitrogen compounds;
– to develop scales of qualitative and quantitative 

risk assessment based on the use of the statistical law of 
distribution of the risk indicator.

4. Materials and methods of research
The work considers the rivers of the south-west of 

Ukraine, most of them are small, with an area of less than 
2000 km2 [17]. The exceptions are the rivers Kodyma, Kogyl-
nyk, Tyligul, which are medium. The rivers of the study area 
belong to four basins. The rivers Kuchurgan, Yagorlyk, Okna, 
Bilochi belong to the Dniester basin. The Kodyma River is 
located in the Southern Bug basin. The rivers Kyrgyzh-Kytai 
and Velykyi Yalpug belong to the Danube basin, other rivers 
belong to the Black Sea basin.
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Table 1 shows the hydrographic characteristics of the 
studied rivers in southwestern Ukraine [18–20]. River basins 
are plowed up by 60–91 % (Table 1), and river water is used 
by agricultural enterprises.

Table 1

Hydrographic characteristics of rivers

No. River
Drainage 
area, km2

River 
length, km

Average 
slope, ‰

For-
ested-
ness, %

Plow-
ing, %

1 Okna 157 27 5.50 23.7 65

2 Bilochi 237 37 5.70 5.50 65

3 Yagorlyk 1590 73 1.70 6.90 65

4 Kuchurgan 2150 109 1.60 0.57 59

5 Baraboy 652 74 1.00 2.36 73.5

6 Kodyma 2470 179 0.73 6.70 75

7 Alkalia 663 67 1.70 – –

8 Khajider 894 93 1.70 ≤1 91

9 Kaplan 276 42 2.60 – –

10 Sarata 1250 119 1.80 10 65

11 Kogylnyk 3910 243 1.10 16 60

12 Chaga 1270 120 1.10 – –

13
Kyrgyzh- 

Kytai
705 63 1.90 – –

14
Velykyi 
Yalpug

3280 142 1.10 – –

15
Malyi 

Kuyalnyk
1540 89 0.78 0.8 –

16
Velykyi 

Kuyalnyk
1860 150 0.70 4.87 61.3

17 Tyligul 3550 173 0.90 8 60

The rivers of the Danube-Dniester interfluve (Alkalia, 
Khajider, Kaplan, Kogylnyk, Chaga, Sarata) originate on 
the territory of Moldova and flow into Lake Burnas, Lake 
Khajhider, Lake Sasyk, respectively. Most of the rivers of the 
Danube-Dniester interfluve in the 80s of the last century 
were constituent elements of the Danube-Dniester irrigation 
system.

The Malyi Kuyalnyk, Velykyi Kuyalnyk, Tyligul rivers 
flow in the Dniester-Southern Bug interfluve and flow into 
the Khadzhibey, Kuyalnyk and Tyligul estuaries, respective-
ly. The fresh waters of the Tiligul and Bolshoi Kuyalnik riv-
ers affect the formation of water and salt balances in estuaries 
with the appropriate name [19]. The Baraboy River flows 
into the Black Sea, its reservoirs are used as receiving waters 
of the Dniester for irrigation of agricultural lands.

The Water Framework Directive [21] and the Nitrogen 
Directive [22] have established a threshold value for the 
content of nitrogen compounds in water (50 mg/dm3 or  
11.3 mg N/dm3). In order to quantify the sensitivity of rivers 
to pollution by nitrogen compounds, the sum of the concen-
trations of nitrogen ions in water (mg N/dm3) was used. 
The total concentration value was considered as a sensitivity 
criterion:

4 2 3=NH NO NO ,nk + − −+ + 				    (1)

where kn – indicator of the sensitivity of the territory to 
pollution by nitrogen compounds;

+
4NH  – concentration of ammonium nitrogen, mg N/dm3;
−
2NO  – concentration of nitrite nitrogen, mg N/dm3;

−
3NO  –concentration of nitrate nitrogen. mg N/dm3.

If kn>11.3 mg N/dm3, then the considered zone is defined 
as “sensitive to nitrate pollution”, that is, it belongs to the 
zone of risk of failure of the water body to achieve “good 
ecological state”.

Quantitative risk analysis is performed using mathematical 
and statistical methods, such as: statistical method; a method 
for assessing the likelihood of expected damage; method of 
minimizing losses; the method of using a probability tree [23]. 
The method for assessing the probability of expected damage is 
based on the fact that the degree of risk is defined as the product 
of the expected damage by the probability that this damage will 
occur [24]. A quantitative assessment of environmental risk can 
be defined as the product of the probability of occurrence of a 
hazardous environmental event multiplied by the consequences 
of this event. The environmental risk can be described by natu-
ral indicators of damage – the number of victims, the number of 
destroyed objects, the amount of lost crops, the possible level of 
pollution of the territory, etc. An indicator of the environmental 
consequences of river pollution by chemical substances can be 
the excess of the concentration of substance C over its maxi-
mum permissible concentration CMPC: (C/CMPC).

When solving the problems of risk assessment, the R indi-
ces were calculated based on the determination of the ratio of 
the concentrations of the pollutant and its MPC [25]:

R≅Cі>CMPCi,					     (2)

R=Сі/CMPCі>1,				    (3)

R=СMPCі/Сі>1,				    (4)

where R – quantitative indicator of risk;
Сі – concentration level of the i-th pollutant;
СMPCі –maximum permissible concentration for the i-th 

pollutant. СMPCі is appointed depending on the type of 
water user.

Taking into account the probability of the occurrence of a 
risk event, the risk indicator R takes the form

1 MPC

' 1,
I

n
i ai

i i

C NR
C N=

= × >∑ 	 (5)

where Cі – concentration of the i-th pollutant;
СMPCi – maximum permissible concentration of the i-th 

pollutant;
Nai – the number of samples with a chemical indicator 

when the MPC was exceeded;
Nі – the total number of samples taken.
In this study, the calculation of the risk of contamination 

with nitrogen compounds was carried out according to the 
equation, which considers the ratio of the kn value as the 
sum of the concentrations of nitrogen compounds up to the 
threshold value of 11.3 mg N/dm3, multiplied by the relative 
frequency of the event:

1

' ,
11.3

n
n i

i

k N
R

N=

= ×∑ 		  (6)

where Nі – the number of cases when kn>11.3;
N – the total number of cases.
To characterize the level of the risk situation, let’s in-

vestigate the relationship between the risk indicator R` and 
the indicator of sensitivity to contamination with nitrogen 



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 5/10 ( 113 ) 2021

18

compounds kn based on the application of 
regression analysis.

When calculating environmental 
risks, the assumption is axiomatic that 
most of the results of economic activities, 
including those that cause environmental 
pollution (in particular, the water envi-
ronment), are random variables and obey 
a law close to normal [26]. Checking the 
series kn, R` according to the Gauss crite-
rion showed that they can be considered 
as that obey the normal law.

5. Research resutls of depelopment of a 
method for assessing the risks of surface 
water pollution by nitrogen compounds

5. 1. Identification of zones sensitive 
to pollution by nitrogen compounds by 
the sensitivity coefficient

The basis of calculations is the data of 
hydrochemical observations of the basin 
management of water resources of the 
Black Sea and Lower Danube rivers for 
the period 2000–2018 (Table 2). The ob-
servation was carried out in accordance 
with the “Program of state environmental 
monitoring in the system of the State 
Water Management Agency of Ukraine in terms of 
monitoring the quality of surface waters by radio-
logical and hydrochemical indicators” (order of the 
State Water Management Agency No. 125 dated June 
14, 2000) and the “Program of State Environmental 
Monitoring in terms of the implementation of control 
by the State Water Management Agency quality of 
surface waters “(order of the State Water Manage-
ment Agency No. 111 of June 14, 2010).

The total number of posts at which hydrochemical 
observations were carried out was 17. Each observation 
was carried out once a quarter, the total number of 
observations varied from 38 to 70 over the observation 
period. The observation gaps are explained by the fact 
that some rivers were in a dry state.

Analysis of observational data on the concentra-
tions of nitrogen compounds showed that exceeding 
the threshold value kn=11.3 mg N/dm3 was observed in 
104 cases out of 958, which is about 11 %. It was found 
that 96 % of these cases were formed due to nitrate 
nitrogen. This fact indicates the presence of diffuse 
pollution of the waters of the studied rivers with nitro-
gen compounds. The most empirical probability (rel-
ative frequency of the event) pollution by nitrogen 
compounds was found on the rivers Okna, Khajider, 
Kaplan, Kyrgyzh-Kytai (Table 2). It is on these rivers 
(above the considered sections) that the risk of failure 
to achieve a good ecological state of waters is estab-
lished (Table 3). In most cases (60 %), the threshold 
was exceeded in the first quarter (January, February, 
March) and the fourth quarter (October, November, 
December). Winter thaws or spring floods are formed 
in the first quarter, autumn floods – in the second.

The most significant excess of kn was found on the 
Okna river (Fig. 1).

Table 2

Relative frequency of cases of exceeding the criterion of sensitivity to pollution 
by nitrogen compounds

No. River – Post
Observation 
period, years

Number 
of mea-

surements

Number 
of cases 

of excess

Relative 
frequency 

of excess, %

1 Okna – Labushne
2000–2008, 
2010–2018

59 29 49

2 Bilochi – Shershentsi 2000–2018 66 0 0
3 Yagorlyk – Artyrivka 2000–2018 67 4 6
4 Kuchurgan – Stepanivka 2000–2018 69 0 0
5 Baraboy – Baraboy 2000–2018 68 0 0
6 Kodyma – Balta 2000–2018 70 5 7

7 Alkalia – Shyroke
2004–2009, 
2011–2018

43 0 0

8 Khajider – Serhiivka 2003–2018 61 20 33
9 Kaplan – Krutoyarivka 2007–2018 47 23 49

10 Sarata – Miniailivka 2007–2018 38 2 5
11 Kogylnyk – Serpneve 2007–2018 48 4 9
12 Chaga – Petrivka 2007–2018 46 0 0
13 Kyrgyzh – Kytai Maloyaroslavets 2003–2018 55 11 20
14 Velykyi Yalpug – Tabaky 2003–2018 59 3 5

15 Malyi Kuyalnyk – Baranovo
2000–2008, 
2010–2018

49 0 0

16
Velykyi Kuyalnyk –  

Ruska Slobodka
2000–2006, 2008, 

2010–2018
50 1 2

17 Tyligul – Berezivka 2000–2018 63 3 5

Table 3

Risk zones established by the sensitivity index kn to pollution by nitrogen 
compounds (kn>11.3 mg N/dm3), determined according to long-term 
average data, in parentheses are the maximum and minimum values.

No. River – Post
Indicator of sensitivity to 

nitrogen kn, mg N/dm3 Conclusions

1 Okna – Labushne 11.8 (37.56–0.03) risk of contamination

2 Bilochi – Shershentsi 5.69 (10.44–0.11) risk-free zone

3 Yagorlyk – Artyrivka 3.02 (22.98–0.01)
risk of contamination 

in some years

4
Kuchurgan – Ste-

panivka
1.55 (7.38–0.77) risk-free zone

5 Baraboy – Baraboy 1.93 (8.83–0.01) risk-free zone

6 Kodyma – Balta 3.35 (20.26–0.04)
risk of contamination 

in some years

7 Alkalia – Shyroke 1.64 (6.36–0.04) risk-free zone

8 Khajider – Serhiivka 9.65 (25.98–0.37)
risk of contamination 

in some years

9 Kaplan – Krutoyarivka 11.31 (25.64–0.77) risk of contamination

10 Sarata – Miniailivka 3.73 (11.79–0.06)
risk of contamination 

in some years

11 Kogylnyk – Serpneve 4.64 (18.09–0.03)
risk of contamination 

in some years

12 Chaga – Petrivka 3.23 (10.68–0.02) risk-free zone

13
Kyrgyzh – Kytai-Malo-

yaroslavets
7.11 (56.33–0.02)

risk of contamination 
in some years

14
Velykyi Yalpug – 

Tabaky
2.69 (17.17–0.09)

risk of contamination 
in some years

15
Malyi Kuyalnyk – 

Baranovo
0.61 (3.42–0.01) risk-free zone

16
Velykyi Kuyalnyk –  

Ruska Slobodka
1.80 (36.29–0.01)

risk of contamination 
in some years

17 Tyligul  – Berezivka 2.34 (25.12–0.10)
risk of contamination 

in some years
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It was found that for the series kn the Gauss 
criterion varies from 1.23 to 1.29, which allows 
to accept a null statistical hypothesis about their 
subordination of the series to the normal distri-
bution law.

The analysis of the patterns of the chrono-
logical course, carried out on the basis of re-
gression analysis [27], showed that statistically 
significant trends (negative or positive) in the 
fluctuations of the total nitrogen content were 
not revealed (Fig. 2).

The distribution law of kn as a random variable 
is presented in the form of an empirical probability 
curve (Fig. 3, 4). The probability of exceeding the 
threshold value kn is in the range of 20–40 %.

The obtained result shows that the studied 
rivers in most cases (60–80 %) are not vulnerable 
to pollution by nitrogen compounds and there are 
prospects for the earliest possible achievement 
of their good ecological state by reducing the 
pollution of watershed surfaces with nitrogen 
compounds.
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Fig. 1. Chronological course of the criterion of sensitivity to nitrate pollution at the observation point Okna – Labushne: 	
a – daily observation data; b – data averaged over years
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Fig. 2. Chronological course of the criterion of sensitivity to nitrate 
pollution at the observation point Khajider – Serhiivka and the 

corresponding regression equation (according to daily observations)
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5. 2. Assessment of the connec�-
tions between risk indicators and in-
dicators of sensitivity to pollution by 
nitrogen compounds

The indicator of the ecological risk 
of pollution by nitrogen compounds 
R` was determined by equation (6) 
for each year and for each observation 
point. The average annual value of 
the criterion of sensitivity to nitro-
gen kn was used as Ci, the threshold 
value kn=11.3 mg N/dm3 was used as 
СMPCi.

An analysis of the relationship 
graphs (Fig. 5–8) between the risk 
indicators R` and the sensitivity coef-
ficients kn showed that the relation-
ships between these values are de-
scribed by linear regression equations 
with correlation coefficients r greater 
than 0.8, which indicates the statisti-
cal significance of the equations ob-
tained. Table 4 shows the equations 
of linear pair regression R`=f(kn) and 
the correlation coefficients r.

Fig. 5. The graph of the dependence R`=f(kn) in the 
observation point Okna – Labushne for 	

the period 2000–2018

Taking into account the lack of hydrological and hydro-
chemical knowledge of the territory, for practical application, 
the obtained results were generalized in the form of a regional 
connection, which represents the dependence of the average 
long-term values of R` on kn for individual catchments (Fig. 9). 
This type of dependence allows one to obtain the value of R` for 
any river in the territory, even if only data from expeditionary 
observations of nitrogen compounds are available.

Regional dependence R`=f(kn) which is shown in Fig. 9 
is approximated by a linear pairwise regression equation of 
the form

R`=0.0679 kn–0.197, r=0.95,			   (7)

where R` – indicator of the risk of pollution by nitrogen 
compounds

kn – coefficient of sensitivity to pollution by nitrogen 
compounds

r – correlation coefficient.
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Fig. 3. The empirical distribution curve of the probability of 
exceeding the criterion sensitivity kn to pollution by nitrogen 

compounds at the observation 	
site Kyrgyzh-Kytai – Maloyaroslavets
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Fig. 4. The empirical distribution curve of the probability of 
exceeding the criterion sensitivity kn to pollution by nitrogen 

compounds at the observation site Khajider – Serghiivka

Table 4

Form of linear pair regression equations R`=f (kn) and correlation coefficients (r) for 
rivers of southwestern Ukraine

No. River – Post Equation type
Correlation 
coefficient r

1 Okna – Labushne y=0.106х–0.4864 0.97

2 Bilochi – Shershentsi According to equation 6: if Nі= 0, then R`=0

3 Yagorlyk – Artyrivka y=0.0246x–0.0343 0.87

4 Kuchurgan – Stepanivka According to equation 6: if Nі= 0, then R`=0

5 Baraboy – Baraboy According to equation 6: if Nі= 0, then R`=0

6 Kodyma – Balta y=0.0246x–0.0343 0.87

7 Alkalia – Shyroke According to equation 6: if Nі= 0, then R`=0

8 Khajider – Serhiivka у=0.0907х–0.492 0.83

9 Kaplan – Krutoyarivka у=0.0705х–0.268 0.91

10 Sarata – Miniailivka у=0.0325х–0.0908 0.75

11 Kogylnyk – Serpneve у=0.034х–0.108 0.86

12 Chaga – Petrivka According to equation 6: if Nі= 0, then R`=0

13 Kyrgyzh-Kytai – Maloyaroslavets у=0.034х–0.0526 0.87

14 Velykyi Yalpug – Tabaky у=0.0294х–0.0553 0.82

15 Malyi Kuyalnyk – Baranovo According to equation 6: if Nі= 0, then R`=0

16 Velykyi Kuyalnyk – Ruska Slobodka According to equation 6: if Nі= 0, then R`=0

17 Tyligul  – Berezivka у=0.0356х–0.0523 0.85
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5. 3. Determination of the boundaries of zones of pol-
lution by nitrogen compounds

The boundaries of the risk zones of contamination with 
nitrogen compounds were determined depending on the set 
value of kn: 0.5 kn; kn; 3 kn (threefold excess) 10 kn (tenfold 
excess) and risk indicators calculated according to (7) (Ta-
ble 5).

Table 5

Allocation of zones of contamination with nitrogen 
compounds based on sensitivity and risk indicators

Range of kn 
values

R` value range

Qualitative 
character-

istics of 
the level of 

damage

Qualitative 
characteristics 

of the risk 
zone

kn<0.5·11.3 R`<=0.19 acceptable
Initial con-
tamination

5.65 ≤ kn<11.3 0.19<R`<=0.58 permissible
Zone insen-

sitive to con-
tamination

11.3 ≤ kn ≤ 3·11.3. 
three times the 
threshold value

0.58<R`<=2.10 significant
Contamina-

tion sensitive 
zone

kn>10·11.3. ten 
times the thresh-

old value
R`>2.10 high

Zone of 
catastrophic 
pollution or 
quality loss

The zone sensitive to pollution by nitrogen compounds 
corresponds to quantitative risk assessments R`>0.58. Based 
on the analysis of observational data, it was revealed that the 
greatest excess of the threshold value of 11.3 in the study 
area was 3. The value 3∙11.3=33.9 was taken as the upper 
threshold of the zone sensitive to pollution. Exceeding the 
upper threshold means moving into a zone of high pollution.

5. 4. Development of a scale of qualitative and quanti-
tative risk assessment based on the use of the statistical 
distribution law of the risk indicator

The probability of the risk coefficient R` falling into the 
above risk zones is determined by the regional probability 
curve (the probability of exceeding a given value). This 
regional curve is the result of averaging the empirical distri-
bution curves of R` in each investigated section (Fig. 10). 
According to data from southwestern Ukraine, it is most likely 
to fall into the zone of acceptable and acceptable risk (Table 6).

Fig. 10. Regional empirical distribution curve of the 
probability of exceeding the risk values R` of pollution by 

nitrogen compounds
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Fig. 7. Graph of dependence R`=f (kn) at observation point 
Khajider – Serhiivka for the period 2000–2018
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Fig. 8. Graph of dependence R`=f (kn) at observation point 
Kaplan – Krutoyarivka for the period 2000–2018
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Fig. 9. The graph of the relationship of the average long-term 
values R`=f(kn) for the rivers of southwestern Ukraine

Fig. 6. Graph of dependence R`=f(kn) at observation point 	
Kyrgyzh-Kytai – Maloyaroslavets for the period 2000–2018
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Table 6

The value of the probability of the risk of pollution by 
nitrogen compounds (based on the data of small and medium 

rivers of southwestern Ukraine)

Risk 
zone 
rank

Qualitative characteristics of the 
risk zone

Probability of 
falling into a given 

risk zone, %

I
Acceptable risk zone (initial pollu-

tion) R`<0.19
55.00

II
Permissible risk zone (zone insensi-
tive to pollution) 0.19<=R`<0.58

35.00

III
Zone of unacceptable risk zone 

(zone sensitive to pollution) 
0.58<=R`<=2.10

9.08

IV
Catastrophic risk zone (quality loss 

zone) R`>=2.1
0.02

The qualitative characteristic of the possible level of 
loss (acceptable, say, significant, high) during pollution re-
flects various situations in the change in the quality of the 
aquatic environment. The qualitative characteristic of the 
risk zone is a guideline for making management decisions.

6. Discussion of the research results of the development 
of a method for assessing the risk of surface water 

pollution by nitrogen compounds

The most common in the practice of assessing envi-
ronmental risks is the use of threshold values (criteria) for 
quantitative risk indicators. For example, the prospect of 
achieving environmental goals (good environmental status) 
is assessed on the basis of quantitative indicators of anthro-
pogenic loads, for which threshold values have been estab-
lished [28]. Depending on the indicators of anthropogenic 
pressures, 3 categories of the consequences of anthropogenic 
impact were identified: “without risk” of achieving environ-
mental goals; “Possibly at risk”; “At risk.” The basis for this 
kind of calculations is the assumption that the cumulative 
anthropogenic impact leads to a change in the quality of wa-
ter in the river, which affects its physicochemical indicators. 
Among the physicochemical indicators proposed for use, the 
content of ammonium in water is taken into account. How-
ever, to assess the risk of water pollution by nitrogen com-
pounds, this information only data on ammonium is insuf-
ficient [29]. Determination of the risks of failure to achieve 
environmental goals based on calculations of anthropogenic 
loads is only the first step in studying the ecological status of 
a water body, which provides only previous ideas about the 
consequences of water pollution from anthropogenic sources.

The basis for the expert qualitative and quantitative as-
sessment of environmental risks should be a rank scale, which 
is created based on the results of spatio-temporal generaliza-
tions of the output data. Expert assessments of environmen-
tal risks are often subjective, since the ranking scale of risk 
gradations is created quite arbitrarily. The ranking scale of 
risk indicators should reflect different situations in terms of 
changes in the quality of the natural environment (semantic 
differentiation) depending on the degree of pollution. For the 
practical application of quantitative assessments of environ-
mental risk, many authors have carried out their agreement 
with the indicator of the ecological state of the investigated 

component of the environment. For example, in [30, 31], a 
comparison (in tabular form) of the integral indicator of the 
quality state of atmospheric air (Iair) with the values of the 
air pollution index (API) is carried out. In works [32, 33], 
the agreement was carried out according to the considered 
integral indicator of the state of soils and the indicator of 
anthropogenic load on soils. In works [34, 35], a relationship 
was established between the values of risk indicators and in-
dices of water and air pollution (WPI). The rank scale is used 
as the basis for expert qualitative and quantitative assess-
ment of environmental risks, since it allows the information 
consumer to determine the degree of possible danger to the 
natural environment.

The authors of the presented work used an approach to as-
sessing environmental risks implemented within the framework 
of the EU international project “Inventory, assessment and 
mitigation of the impact of anthropogenic sources of pollution 
in the Lower Danube region of Ukraine, Romania, the Republic 
of Moldova, 2007–2013” (MIS ETC CODE 995) [36]. The re-
sults of this work are aimed at obtaining more accurate quan-
titative estimates of pollution risks, which are characterized 
by a lower degree of uncertainty.

The developed method for calculating the quantitative 
assessment of the risk of surface water pollution by nitrogen 
compounds is based on the use of a probabilistic model. This 
means that the risk is calculated as the sum of the products 
of losses from various types of pollution by their probability 
in (5). The traditional assessment of damage in the calcula-
tions of environmental risk is defined as the excess of the con-
centration of the pollutant over its threshold value (the max-
imum permissible concentration of MPC). As it is known, 
the MPC can differ both for the substances included in the 
amount, and for different countries, where the corresponding 
MPC values are assigned. In addition, in the presence of 
correlations between the concentrations of the investigated 
substances, this fact is also taken into account by using the 
information of the correlation matrices. Taking into account 
the biogeo-toxicity of nitrogen [37], it is recommended to use 
the total content of inorganic nitrogen forms (Ninorg) in water 
as an indicator of the vulnerability of a territory to pollution 
by nitrogen compounds ( )+ − −+ +4 2 3NH NO NO  [38].

To calculate the risk, it was proposed to use the maxi-
mum permissible concentration of individual nitrogen com-
pounds, and the threshold value (sensitivity coefficient 
kn=11.3 mgN/dm3) for the sum of nitrogen concentrations. 
This indicator is the property of the implementation of the 
provisions of the nitrate directive in different countries, 
including Ukraine [39]. A close linear relationship between 
the values of R` and kn was established for individual rivers 
by year (Fig. 5–9) and for mean long-term values (Fig. 9). 
This circumstance made it possible to create a rank scale, 
which is formed according to the results of spatio-temporal 
generalizations of the output data. The ranking scale of the 
risks of contamination with nitrogen compounds is based on 
the existence of close relationships between the sensitivity 
coefficient kn and risk assessments R`. The regional risk prob-
ability curve made it possible to determine the probabilities 
of falling into each of the zones.

The algorithm for the practical application of the method 
can be presented as follows:

1. According to actual or predicted data, the total content 
of nitrogen compounds in water is established according to 
the equation (1) 4 2 3=NH NO NO .nk + + +
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2. According to the Table 5, depending on the value of kn, 
the range of possible values of risks, the qualitative character-
istics of damage and the qualitative characteristics of the risk 
zone are determined.

3. According to the Table 6 the probability of getting 
into the risk zone is established. It should be noted that the 
territory of southwestern Ukraine, given as an example, is 
insufficiently studied from the point of view of its coverage 
with the data of hydrological and hydrochemical observa-
tions. This circumstance required the use of spatio-temporal 
generalizations in the form of regional dependencies. In the 
presence of a significant amount of initial information, the 
research algorithm will enter the following form:

1. According to actual or predicted data, the total content 
of nitrogen compounds in water is established according to 
the equation (1) 4 2 3=NH NO NO .nk + + +

2. The quantitative indicator of risk R` is determined 
according to the formula (6).

3. The connection R`=f(kn) is established in a given sec-
tion according to the observation data.

4. Allocation of zones of contamination with nitrogen 
compounds based on kn values depending on the task.

5. Determination of risk zones in accordance with the 
boundaries of contamination zones kn.

6. Plotting the statistical distribution curve of the quan-
titative risk indicator R`.

7. Establishment of the distribution of the probability 
of falling into a given interval (risk zone) according to the 
selected law.

It is important to note that the coefficient of sensitivity 
to nitrogen pollution can serve as an indicator of the level of 
eutrophication [40]. The limitation of the proposed method 
is that the use of the criterion kn>11.3 mg N/dm3 is advisable 
only for rivers with the Strahler coefficient≤5. In rivers with 
this coefficient>5, the content of nitrogen in the water is 
masked by bioconsumption. In this case, the risk indicators 
should be calculated according to the eutrophication indices, 
for example, the ones given in [41].

The disadvantages of this study include the fact that 
phosphorus and silicon are also factors of biogenic pollu-
tion (in addition to nitrogen compounds). It should be noted 
that within the territory considered in the example, their 
concentrations are insignificant. When considering other 
catchments, the excess of the concentrations of phosphorus 
and silicon compounds over the MPC (maximum permissible 
concentration) should be included in the calculation of the 
quantitative risk indicator.

The applied aspect of using the obtained scientific result 
is the possibility of improving approaches to assessing water 
quality due to pollution with nitrogen compounds. This con-
stitutes the preconditions for making managerial decisions to 
ensure man-made and environmental safety.

Perhaps the development of the study consists in deter-
mining the risks of pollution of surface waters with nitrogen 
compounds by seasons and months in order to determine the 
influence of genetic factors in the drainage formation.

7. Conclusions

1. According to the data on the total concentration of 
nitrogen for small and medium-sized rivers of southwestern 
Ukraine, it was found that the excess of the sensitivity index 

kn over the threshold value is observed only on individual 
rivers. In the risk zone, reservoirs with a small area and a 
high percentage of plowing have been identified. Such rivers 
are characterized by violation of the boundaries of water 
protection zones and coastal protection zones. Agricultural 
land can be close to the very edge of the water. River water is 
used for irrigation and household needs. The maximum value 
of the sensitivity index kn is 56.33, the minimum is 0.01. The 
empirical probability of exceeding the threshold value kn 
varies from 20 to 40 %. This testifies to the episodic nature of 
the pollution of rivers in the study area with nitrogen com-
pounds, where an acceptable and permissible level of damage 
prevails. Thus, the territory under consideration belongs to 
those where there is a prospect of achieving a good ecolog-
ical state of water bodies by strengthening control over the 
quality of discharged waters and the degree of pollution of 
the surface of catchments with fertilizers and animal waste.

2. The search for individual and regional relationships 
between quantitative risk indicators R` and coefficients 
of sensitivity to pollution with nitrogen compounds is the 
basic part of the method for qualitative and quantitative 
assessment of the level of risks. In the example under consid-
eration, the existence of a close correlation (with correlation 
coefficients r>0.8) was established according to the data of 
individual rivers and the considered territory as a whole. A 
statistically significant correlation is provided by the fact 
that both the sensitivity indicator and the risk indicator use 
observational data on the content of nitrogen compounds 
in water. However, unlike the sensitivity indicator, the risk 
indicator takes into account the empirical probability of a 
hazardous event occurring (exceeding the threshold val-
ue of nitrogen concentration in water). In the case when 
kn>11.3 mg N/dm3 (for surface waters), then a decision is 
made to classify the catchment area as a vulnerable zone. The 
zones of high vulnerability are the most dangerous for water 
bodies.

3. The resulting dependence of the form R`=f(kn) allows 
performing semantic and quantitative reconciliation of data 
on the total content of nitrogen compounds in water and the 
value of the risk indicator. The boundaries of the risk zones 
are assigned as multiples of the sensitivity coefficient, and 
the limit values R` corresponding to each zone are calculated 
using the obtained regional equation.

4. The probabilistic characteristics of the risk of pollution 
by nitrogen compounds are determined based on the use of 
statistical distribution laws. In the given example, the aver-
aged empirical curve of security (probability of exceeding a 
given value) of risk indicators is used. The limit values of the 
identified risk zones are used to calculate the probability of 
getting into each of the zones. The response to the detected 
risk should be manifested in a set of measures to prevent and 
mitigate the consequences. If the investigated water body 
falls into the zone of acceptable and acceptable risk, then the 
function of its management may be limited by carrying out 
control measures. An analysis of the indicators of aquatic 
flora should play a significant role during the latter.

5. The proposed method for determining the risk of 
pollution by nitrogen compounds based on the criterion of 
sensitivity (vulnerability) of water bodies to pollution by 
nitrogen compounds can be used in various countries with 
the involvement of observation data both for individual 
water bodies of water bodies, and on the basis of existing 
spatio-temporal generalizations.
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