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PROGNOSIS MODELS OF NITRATES AND ORTHOPHOSPHATES
CONTENT IN SURFACE WATERS

Abstract. The dynamics of hydrochemical parameters such as nitrates, and
orthophosphates of surface waters were analyzed. Based on the analysis of wide
temporal monitoring data, of prognosis nitrates and orthophosphates of the surface
waters were carried out.

The purpose is an assessment of the state of the surface water by nitrates and
orthophosphates hydrochemical parameters and their regression analysis.

The object of research — was to determine nitrates and orthophosphates indicators
of the river water state during 12 years.

The regression analysis method using the Windows Excel CurveExpert software was
used to determine the empirical dependencies and search for connections.

Against the background of high regulation of the Inhul river basin (the presence of
770 ponds and an irrigation system on 33 hectares, water use is carried out by more
than 20 enterprises) showed the periodic nature of changes in hydrochemical
parameters. Based on the obtained functions, prognoses to 2030 on annual averages
were developed. The study is the basis for determining the mathematical model of
natural fluctuations of the research indicators. Regression analysis allows
obtaining a sinusoidal dependence on the orthophosphates content, which
demonstrates 13 years fluctuation (R = 0.90). We have an 11-year sinusoidal wave
with a period of 10 years and fairly high representativeness (R = 0.85) for nitrate
content. The determined sinusoidal dependences of the integrated indicators of
water quality allowed determining the average time of fluctuations concerning the
processes of self-organization of river waters, which is about 11 years, and confirms
the theory of "waves of life". The surface waters of the river are capable of self-
renewal and their hydrochemical status has not yet reached a critical point, after
which irreversible changes in the river ecosystem may occur.
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Introduction

In 2015, within the framework of the 70th session of the UN General Assembly was
held in New York UN Sustainable Development Summit and the adoption of the
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Agenda, which approved new development guidelines. The final document of the
Summit "Transformation of our world: the agenda in the field of sustainable
development by 2030" 17 Sustainable Development Goals and 169 tasks were
approved. One of the strategic goals of sustainable development is related to clean
water, quality of water resources. The problem of surface water is one of the key
challenges of humanity. In 2018, the International Decade for Action in the Field of
Water Resources for Sustainable Development was launched. Water resources are a
source of industrial and domestic water supply, and therefore play a crucial role in
economic development and human life [1-7].

International experts from the World Health Organization have found that more
than 60% of the world's diseases are caused by consumption of poor water. So today,
water is regarded not only as a natural resource, it has a pronounced social
significance. The regulatory framework for water quality assessment is formed based
on general requirements for the composition and properties of water and the values
of maximum permissible concentrations of substances in the water of water bodies.
The general requirements determine the permissible composition and properties of
water, which are assessed by the most important physical, bacteriological and
chemical indicators [8—12].

Two indicators of water quality from the sanitary-toxicological group were
selected for the study. These are nitrates and orthophosphates. We chose these
indicators for the study because Nitrogen and Phosphorus are one of the main
biogenic elements, they are the main elements of plant nutrition.

The presence of nitrate ions, NOs', in natural waters is associated with:

e internal processes in the reservoir — nitrification of ammonium ions with
the participation of oxygen under the action of nitrifying bacteria;

e atmospheric precipitation, which absorbs oxides of nitrogen formed during
atmospheric electric discharges (the concentration of nitrates in
precipitation reaches 0.9-1 mg);

¢ industrial and domestic wastewater, especially after biological treatment,
when the concentration reaches 50 mg/dms3;

o runoff from agricultural lands from irrigated fields where nitrogen
fertilizers are applied.

The main processes aimed at reducing the concentration of nitrates are their
consumption by denitrifying bacteria and phytoplankton, which in the absence of
oxygen use nitrate oxygenat to oxidize organic matter.

In surface waters, nitrates are in a dissolved form. The concentration of nitrates in
surface waters is subject to seasonal fluctuations: minimal in the growing season, it
increases in autumn and reaches a maximum in winter when the minimum
consumption of nitrogen is the decomposition of organic matter and the transition of
nitrogen from organic to mineral forms. The amplitude of seasonal fluctuations can be
one of the indicators of eutrophication of a water body [13, 14, 15].

Orthophosphates, PO4*, exist in three forms: orthophosphate, metaphosphate (or
polyphosphate P,Os) and organically bound phosphate. Orthophosphates are used on
agricultural land as fertilizers. They enter surface waters during rains or melting
snow. Polyphosphates are used in laundry detergents and synthetic detergents. In
water, they are converted to orthophosphate and are available for absorption by
plants. Organic phosphate is phosphate that is bound in plant tissue, solid waste, or
other organic material. Phosphates are present in clean water bodies in very small
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guantities. It is an essential element for plant life, but when too much in the water, it
can accelerate the eutrophication of rivers and lakes (a reduction in dissolved oxygen
in water bodies caused by the effect of algal blooms). The increased content of
phosphates in water is a consequence of its pollution. Natural unpolluted water
bodies have a phosphate concentration of less than 0.1 mg/dm?, and sometimes even
less than 0.03 mg/dm?. Phosphate concentrations in the water above 0.3 mg/dm?
indicate obvious contamination. Phosphorus enters the water in both urban and
agricultural environments. Orthophosphate forms are formed by natural processes,
but the main sources are influenced by humans.

In recent years, phosphorus compounds have become one of the most dangerous
water pollutants, which enter aquatic ecosystems with wastewater from cities,
industrial production and agricultural mineral fertilizers. Municipal wastewater
(containing detergents and organic waste) is discharged into rivers. Even after
mechanical and biological treatment of water in purification plants, a large amount of
phosphates enters the water. According to some reports, up to 75% of the total amount
of phosphorus discharged into water bodies is brought by municipal wastewater.
Another source of phosphates is various industrial wastes from chemical production,
processing of vegetables and fruits, pulp and paper industry, etc. The contribution of
the industrial group of effluents to the total amount of discharged phosphorus reaches
20%. Phosphorus is a common ingredient in agricultural fertilizers. In turn, grain crops
are fed to farm animals, which produce manure rich in orthophosphates. Applying
chemical fertilizers to soil already saturated with orthophosphates and applying
excessive manure results in orthophosphate runoff during heavy rainfall and
contamination of nearby water sources [16, 17, 18, 19, 20].

The purpose of this study is an assessment of the state of the surface water by
nitrates and orthophosphates hydrochemical parameters and their regression analysis.

The object of research: nitrates and orthophosphates indicators of the river water
state at the observation point Sofiyivske reservoir (drinking water intake of Novy
Buh) during 2008—2020.

Study area and methods. The natural surface waters of the Inhul river, which is
river of the Northern Black Sea Coast, Ukraine, were chosen as the object of the
study. The Inhul river is the largest tributary of the Southern Buh, flowing through
the Kirovohrad and Mykolaiv regions, Ukraine. The length of the Ingul River is
354 km, the slope of its flow is 0.4 m/km, and the feeding basin has an area of
9890 km? (Fig. 1).

Fig. 1. The Inhul river basin is on the territory of Ukraine [21]
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Long-term monitoring of certain parameters allows building mathematical
models for forecasting the evolution of surface waters to maintain sustainable use of
water resources and prevent environmental crises [22—27]. Increased anthropogenic
activity leads to excessive pollution of water resources [28—31].

One of the main problems of water resources of the Mykolaiv region (Ukraine)
is the high over-regulation of rivers (dams, artificial ponds), and the discharge of
polluted wastewater from industrial facilities and agricultural production. Sewage is
discharged by 66% of water users, of which 40% discharges contaminated
wastewater [32—-35].

The specificity of this study is the temporal analysis of the dependences of nitrates
and orthophosphates in the surface waters of the Inhul river on temperature. This
allowed us to study the relationships between hydrochemical parameters and
temperature changes, as well as to form predictive mathematical models of long-
term dynamics. The main problem of water resources in Ukraine is the pollution of
water bodies with insufficiently treated industrial and domestic wastewater; moral
aging of fixed assets for water supply and water protection purposes, low
productivity of treatment facilities.

Research methods. We used the following methods for our study: the method of
analysis; cartographic, where the map provides an opportunity to present the object
of study in space; mathematical modeling through the use of regression analysis. The
regression analysis was used through the Windows Excel software of the
multifunctional system CurveExpert to determine the empirical dependencies and
find the links found in the regression function.

We have used the criterion of significance, or Fisher (formula 1) to assess the
adequacy of the model. Also we have used Fisher distribution tables (a = 0.10,
a = 0.05) for 120 degrees of freedom and critical Fisher distribution points for
12—17 degrees of freedom (a = 0.01, a = 0.05) to determine the significance of the
function coefficients.

R?> n-m-1

1-R2 m !

F =

)

where R is the regression coefficient (determination),
n is the number of observations,
m is the factors number in the regression equation.
The regression coefficient (determination) is a fraction of the variance of the
dependent indicator, which is explained by the function (formula 2).

2 _ 1 _ o?
R*=1-—o )

where o?(y) = D[y] — the variance of the random variable obtained from the
measurements;

o? = D[y|x] — conditional variance depending on the exponent x in the function for
which the regression coefficient is located.

The method of estimating the correlation level involves the possibility of direct
use of the determination coefficient as a number describing the degree of deviation
of the values from the values of the function, and then the qualitative analysis of the
correlation degree is carried out by a table 1.
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Table 1. Scale of the regression coefficient (determination)

Value Interpretation
R<0 Inverse correlation
0<R<0.2 Very weak
0.2<R<05 Weak
05<R<07 Average
0.7<R<0.9 High

09<R Very high

The quantification also determines the level of the standard error of rank
correlation (formula 3) and builds a balance chart, which in the CurveExpert
software package occurs automatically.

3)
Results

By the nature, features and consequences of the influence on the chemical
composition formation of natural waters are influenced by the following factors:
physical and geographical (relief, climate, weathering, soil cover); geological (rock
composition, hydrogeological conditions); physico-chemical (chemical properties of
elements, acid-base conditions, water mixing, ion exchange); biological (vital
activity of living organisms in the aquatic environment and in catchment areas);
anthropogenic (all factors associated with human activities). Conditions for the
formation of the chemical composition of natural waters of different types depending
on the ratio and sequence of manifestation of these factors [36—46].

Climate change, which is now a major topic for discussion and research, also has
a direct impact on the hydrological and hydrochemical and hydrobiological regimes
of the river. We investigated changes in river temperature for more than 10 years
(Fig. 2).
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Fig. 2. Average water temperature changes
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So, water temperature is the main indicator around which the analysis was carried
out. This factor directly affects the hydrobiological and hydrochemical processes,
and the solubility of substances. During the study, a regression analysis of the
dynamics of annual averages and their seasonal quarterly dynamics during 2002—
2020 was performed (data from the laboratory of water and soil monitoring of the
Regional Office of Water Resources of the Mykolaiv region (Ukraine) (Law of
Ukraine, Regional report). The recurrence of the studied indicators indicates the
cyclical nature of natural and man-made processes that generate them (Fig. 3).
Analysis of changes in water temperature (Fig. 3), despite the well-known facts of
global warming, shows harmonic periodic fluctuations and even some decrease in
temperature [21].

The red line indicates the maximum values of measurements, the blue — the
average, the yellow — the minimum. The maximum measured data (red line) the peak
values in 30°C were fixed in 2010 and 2013, and the minimum 23°C — in 2019. For
the minimum values (yellow line) the stable mark in 0°C remains. except for 2009
and the period from 2012 to 2015, when the minimum values were 1°C. For average
values, which are taken as a basis for further calculations, the peak values fall on
2010 (14,18°C), 2012 (14,08°C) and 2014 (14,25°C). Deviations were recorded only
of the maximum temperatures for 2010 and 2013. The values of average
temperatures were predicted for the next 10 years. The predictive mathematical
model demonstrates the oscillatory (sinusoidal) nature of temperature change,
despite all current claims about the impact of global warming on water resources.
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Fig. 3. Water temperature prognosis

Orthophosphates. According to the State Agency for Water Resources, there are
two main MPC standards for orthophosphates: for household use and fisheries. Both
are currently 3.5 mg/dm? (Regional office of water resources). It was determined that
the maximum values do not exceed the MPC when analyzing the dynamics of
orthophosphates concentrations (Fig. 4)

Regression analysis allowed obtaining a sinusoidal dependence on the
orthophosphates content, which demonstrated the period of fluctuation of 13 years.
However, the period under study here also falls in the area of decline and growth
until 2020 (Fig. 5.) Free state phosphorus is not found in natural conditions. In waters
phosphorus is in organic and inorganic forms. The base mass of Phosphorus is
suspended. Phosphorus compounds enter into natural water as a result of reservoir
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processes, weathering and dissolution of rocks, exchange with bottom sediments and
anthropogenic sources. The content of various phosphorus forms is influenced by
the processes of its circle. In contrast to Nitrogen, the circle of phosphorus is
unbalanced, which determines its lower content in water, so Phosphorus is a biogenic
element whose content is limited.
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Fig. 4. Dynamics of the orthophosphates

The chemical composition of natural waters is influenced by direct and indirect
factors. The direct factors are: atmospheric precipitation; soils, rocks, plants,
groundwater, sewage (industrial, agricultural, household sources).

Indirect factors are: climate; relief, vegetation, water regime. Orthophosphates
(PO4*) are the main cause of eutrophication, as well as an important indicator of
diffuse and point sources of pollution. Eutrophication is the result of the natural
aging of reservoirs, as well as the consequence of anthropogenic action. The last
factor is overwhelming.
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Fig. 5. A sinusoidal wave of orthophosphates content during 2002—-2020
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When forecasting, it is proposed to use the function (formula 4) as a more
complete.

T = 0.598 + 0.116 cos(0.496N — 2.714). 4)

The obtained graph (Fig. 6) allows predicting natural fluctuations of phosphate
content in the surface waters of the Inhul River. The prognosis, developed based on
this function is highly reliable, due to the high regression coefficient of the function.
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Fig. 6. Prognosis of orthophosphates content by 2030

Nitrates. Analysis of the dynamics of the content of nitrates as the main
compounds of nitrogen, as a biogenic element, shows a significant excess of the
MPC (45 mg/dm®) to 70.49 mg/dm® in 2008 (Fig. 7). Nitrates indicators
eutrophication and an important indicator of diffuse pollution by fertilizers (leaching
from the soil), as the characteristics of the sewage works.
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Fig. 7. Dynamics of the nitrates
Due to the anomaly of 2008 caused by mass accidental emissions of Galician

treatment plants, which affected the entire river area, we have the highest
representativeness for the growth function (Saturation Growth-Rate Model, Fig. 8).
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Fig. 8. The function of the nitrates concentration changes

However, although its regression coefficient of the function (formula 5) is high
(0.95), we consider it necessary to note that the value of 2008 is the result of artificial
pollution, not seasonal dynamics, so the forecast must be built without taking it into
account.

3.75N
"~ N-0.68 ®)

So if we exclude this anomaly, we get an 11-year sinusoidal wave (Fig. 9) with a

period of 10 years and fairly high representativeness (R = 0.85).
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Fig. 9. A sinusoidal wave of nitrate content

The function (formula 6) determines the entry into the study period of the stage
of decreasing values.
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T = 4.28 4+ 0.985 cos(0.568N — 2.081). (6)

The prognosis (Fig. 10) shows stable natural dynamics of nitrate content in
surface water.
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Fig. 10. Prognosis of nitrate content until 2030

Conclusions

The dynamics of the studied indicators over time, namely: temperature, nitrates and
orthophosphates were presented as a regression analysis. Against the background of
high regulation of the Inhul river basin (the presence of 770 ponds and an irrigation
system on 33 hectares, water use is carried out by more than 20 enterprises) has
shown the periodic nature of changes in hydrochemical parameters. Based on the
obtained functions, prognoses for 2021-2030 on average annual averages have been
developed. Regression analysis allows obtaining a sinusoidal dependence on the
orthophosphates content, which demonstrates the period of fluctuation of 13 years.
The study is the basis for determining the mathematical model of natural fluctuations
of the studied indicators. Regression analysis allows obtaining a sinusoidal
dependence on the orthophosphates content, which demonstrates the period of
fluctuation of 13 years (R = 0.90). We have an 11-year sinusoidal wave with a period
of 10 years and fairly high representativeness (R = 0.85) for nitrates content. The
determined sinusoidal dependences of the integrated indicators of water quality
allowed determining the average time of fluctuations concerning the processes of
self-organization of river waters, which is about 11 years, and confirms the theory
of "waves of life". Currently, the surface waters of the river are capable of self-
renewal and their hydrochemical status has not yet reached a critical point, after
which irreversible changes in the river ecosystem may occur.
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O.I1. MitpsicoBa, A.M. llln6anosa, E.A. lxxymens
MMPOTHO3HI MOAEJII BMICTY HITPATIB I ®OCPATIB Y NIOBEPXHEBHUX
BOJAX

Amnoraunis. [IpoananizoBaHo AWHAMIKY TaKHMX I'iIpOXIMIYHHMX ITOKAa3HHUKIB, SIK HITPAaTH Ta
oprodocdaru moBepxHeBUX BoJ. Ha OCHOBI aHamizy JAaHMX IIHPOKOTO YacOBOTO
MOHITOPHHTY IIPOBEAEHO MIPOTHO3 HITPATIB 1 opTOdochaTiB MOBEPXHEBUX BOI.

MerTa — oOIiHKa CTaHy HMOBEPXHEBHX BOJ 3a TiAPOXIMIYHMMH MOKa3HUKAMH HITPATiB i
oprodocdari Ta ix perpeciiHui aHATI3.

Merta nociiKeHHS — BH3HAYCHHS HITPaTHO-OpTO(OoChaTHHUX MOKa3HUKIB CTAaHY BOAM
piuxu ynpoaoBx 12 pokis.

Jnst BU3HAYEHHsI eMITPUYHHUX 3aJIe)KHOCTEH Ta TOIIYKY 3B’SI3KIB BUKOPHCTOBYBABCS
METOJl perpeciitHoro anaizy 3 Bukopuctanusam nporpamu Windows Excel CurveExpert.

Ha ¢oni Bucokoi 3aperynboBaHocTi Oaceiiny piuku [Hryn (HasBicts 770 cTaBKiB Ta
3pOlIyBaIbHOT ccTeMH Ha 33 ra, BOJOKOPUCTYBAaHHS 31iCHIOIOTH noHa 20 miANpUEMCTB)
MIOKa3aHOo MEepioANYHMIA XapakTep 3MiHU TiAPOXiMIYHMX NOKa3HUKIB. Ha 0cHOBI oTpuMaHuX
¢byHK1i#H 3miiicHeHo mporHo3u 10 2030 p. 3a cepeqHBOPIYHIMHE TTOKa3HUKaMU. JlociipkeHHs
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€ OCHOBOIO JIJIsl BU3HAYEHHsI MaTEeMaTUYHOT MOJIeJTi 3aKOHOMIPHUX KOJIMBaHb TOCIIKYBaHUX
MOKa3HUKIB. PerpeciiiHuii aHami3 03BOJIMB OTPUMATH CHHYCOIaJbHY 3aJEXKHICTh BMICTY
oprodocdariB, ska oxormmoe 13-piune kxommBanHa (R = 0,90). Orpumano 11-piuny
cuHycoiny 3 epiogoM 10 pokiB i TOCHTh BUCOKY penpe3eHTaTUBHICTH (R = 0,85) 3a BMicTOM
HiTpaTiB. Bu3HaueHi cWHycoimaidbHi 3aJIe)KHOCTI IHTETpaIbHUX IOKA3HHUKIB SKOCTI BOIH
JO3BOJIMJIM  BU3HAYUTH CEpPEIHI dYac KOJWBaHb MIOM0 TIPOIECIB caMoOpraHizamii
MTOBEPXHEBUX BOJ, KWW CTAaHOBHUTh OJIM3bKO 11 pOKIB 1 MiATBEPIKYE TEOPIIO «XBHIIb
KUTTs». [ToBEpXHEBI BOJAM PiUKH 37aTHI IO CAMOBITHOBJICHHS, a iX T1IPOXIMIYHMIA CTaH e
HE JIOCAT KPUTUYHOI TOYKH, IICIISl SIKOT MOXKYTh BiIOYTHCSI HE3BOPOTHI 3MIiHM B PIUKOBiH
€KOCUCTEMI.

Karouosi cioBa: nitpaty; ¢ocdartu; mporHozHi moxeni; Oe3rnexa BOJHUX PECYpPCIB;
MIPOTHO3 CTaHy JOBKIJUIS
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