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ABSTRACT As a result of anthropogenic impact, significant changes occur in the morphometric, hydro-
logical, chemical and other characteristics of water bodies, which in turn leads to changes in the structure,
productivity and condition of aquatic ecosystems. Pollution of water bodies is the result of anthropogenic
activities that lead to negative consequences - deterioration of water quality, threat to water bodies, deteriora-
tion of life and health of people. In order to monitor the water ecosystems of Akmola region, the research team
took water samples from water bodies (Nura, Ishim Rivers of the Republic of Kazakhstan, Akmola region
and Taldykol, Maybalyk and Zhaltyrkol Lakes), collected them in a database and conducted research.We
constructed a mathematical model, after which the results were compared with full-scale data. According to
water samples, the level of pollution of water sources was evaluated, the obtained data was entered into the
database of the water ecosystem of Akmola region, and the collected data was predicted using the ARIMA
(autoregressive integrated moving average) model, mathematical model and the R programming language.

INDEX TERMS ARIMA, forecasting, hydrochemical parameters, physical and chemical indicators, surface

water, water quality assessment.

I. INTRODUCTION
The initial quality of water depends on the source of its origin.
Surface water (lakes, reservoirs, streams, and rivers), which
is a source of drinking water for the indigenous population,
is usually of poor quality and requires extensive treatment.
The ground water is of good quality. However, they can
still be contaminated by agricultural runoff or surface and
underground burial of liquid waste, including filters from
landfills of solid household waste. Other sources, such as
spring and rainwater, have different levels of quality [1], [2].
Thus, pollution of water sources and its impact on the envi-
ronment is one of the most common environmental problems.
Despite the fact that Kazakhstan occupies a large territory,
the quality of water in all surface reservoirs of the Republic
remains unsatisfactory. Together with wastewater, pollutants
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enter reservoirs, which affects the aquatic ecosystem, primar-
ily hydrobionts [3], [4].

Water quality in all surface reservoirs of the country
remains unsatisfactory. Along with wastewater, pollutants
enter reservoirs and affect the aquatic ecosystem, primar-
ily aquatic organisms [5], [6]. As a result of anthropogenic
impact, significant changes occur in the morphometric,
hydrological, chemical and other characteristics of water bod-
ies, which in turn leads to changes in the structure, produc-
tivity and condition of aquatic ecosystems. Pollution of water
bodies is the result of anthropogenic activities that lead to
negative consequences - deterioration of water quality, threat
to water bodies, deterioration of life and health of people [7].
Pollution contributes to an increase in the content of micro -
and macronutrients in fresh and marine waters, bottom sedi-
ments, and living organisms above the natural background of
a particular territory [8].

Various analytical models are used to predict water quality,
which can be divided into traditional, based on statistical
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models, and non-traditional, using artificial intelligence (AI)
approaches. Methods of KNN, machine learning, artificial
neural networks (ANN) can be attributed to non-traditional
methods, and regression analysis, time series methods can
be attributed to traditional methods [9]. A review of the
literature has shown that artificial neural networks (ANN)
are at the peak of popularity in modeling the prediction of
water pollution [10], [11]. But this method requires a huge
database and often a trial and error method is needed to
determine the correct ANN architecture. Traditional methods
of hydromonitoring, conceptual and numerical models of
groundwater, were used to predict changing hydrogeological
conditions and processes based on in-depth knowledge dur-
ing monitoring. For the accuracy and reliability of the data,
sufficient and more accurate data are needed for calibration
and verification of the hydrological system. One of them is
the need to introduce a large number of input parameters
necessary for the modeling process. At the same time, many
models are unable to cope with predictive hydrogeological
uncertainties and non-linearity and give them a quantitative
assessment. Failure to recognize and evaluate uncertainties
and non-linearity can lead to an incorrect representation of the
actual system, which contributes to poor performance of the
groundwater model and reduces the accuracy of forecasting
[12], [13], [14], [15], [16], [17], [18]. The work of Cheng
et al. proves that the methods of autoregressive integrated
moving average (ARIMA), SVN and AN have a more accu-
rate result [19]. Due to the fact that the environmental quality
assessment system based on maximum permissible concen-
trations has many disadvantages, for example, it does not take
into account the interaction of various pollutants with each
other, accumulation in organisms, interaction with bottom
sediments, etc., therefore, an attempt was made to assess the
state of aquatic ecological systems using the mathematical
modeling method and the ARIMA model.

We collected water samples from the reservoirs of the
Akmola region, laboratory analysis, classification of the anal-
ysis results, built a mathematical model, after which the
results were compared with natural data, then a forecast was
made based on ARIMA.

Il. MATERIALS AND METHODS
In the following years, the method of induction plasma
emission spectrometry has been widely used in the study
of extremely low amounts of heavy metals (according to
the Maximum allowable concentration (MAC) from envi-
ronmental objects (including water). In the research areas,
Induction Plasma Emission Spectrometer (IPES) was used,
one of the most effective and highly sensitive methods for
detecting heavy metals that may be caused by anthropogenic
influences. The concentration of heavy metals taken for the
study did not exceed the MPC. That is, the level of pollution
of the region is satisfactory.

The form of periodic sampling approved by the Inter-
national Organization for Standardization has been applied.
From 2019 to 2022, in order to control the quality of surface
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water in the Akmola region, water samples were taken from
5 reservoirs (the Nura and Ishim rivers, as well as Maybalyk,
Zharlykol, Taldykol lakes, etc.). Water samples were taken
on rectilinear sections of drainage paths in turbulent, mixed
flows. All samples were taken only after familiarization with
the location of production workshops, water consumption
and technology of wastewater treatment plants. More than
700 data were collected.During the study of surface water
samples, physical and chemical indicators of water quality
(water temperature, transparency, hydrogen Index, total water
hardness, concentration of heavy metals) are determined.

The research team determined hydrochemical indicators of
water to assess the quality of surface waters of Akmola region
(Nura, Ishim Rivers and Maybalyk, Zharlykol, Taldykol
Lakes). Water samples taken from reservoirs were ana-
lyzed for 13 physical and chemical parameters, including
ion concentrations (Ca>*, Mg?*, Na*, KT, Fe total, CI~,
SOi_, HCO; ,NO; ,CO§_). Water samples from surface
water sources were also taken by atomic-emission spec-
troscopy (inductively bound plasma) in the Azimuth-Geology
chemical-analytical laboratory of 6 heavy metals (cadmium,
copper, manganese, nickel, lead and Mercury).

Ill. RESULTS

Based on the tasks of the research work — to study statistical
data on the state of surface water in Akmola region, data from
statistical agencies of this region were used.

The results obtained during the research work are described
below.

According to the unified classification, water quality is
evaluated as follows:

The state of bottom sediments in rivers in Akmola region
in the second half of 2021.

According to samples taken from the bottom sediments
of Lake Maybalyk, the average concentration of cadmium
was 0.0001 mg/dm?, nickel 0.005 mg/dm?, manganese
0.009 mg/dm?, copper 0.002 mg/dm?, lead 0.001 mg/dm?>.

According to samples taken from the bottom sediments
of lake Zharlykol, the average concentration of cadmium
was 0.0001 mg/dm?, nickel 0.001 mg/dm?, manganese
0.003 mg/dm?, copper 0.002 mg/dm?, lead 0.001 mg/dm?>.

According to samples taken from the bottom sedi-
ments of Lake Taldykol, the average concentration of cad-
mium was 0.0001 mg/dm3 , nickel 0.01 mg/dm3 , manganese
0.181 mg/dm?, copper 0.004 mg/dm?, lead 0.001 mg/dm?>.

Data on samples taken from the Nura River:

On the Nura River: water quality at points 1.1,
1.2,1.3,1.4,1.5 belongs to class 4: magnesium 41 mg/l. Mag-
nesium concentration does not exceed the background class.
The average value of sulfates in water samples taken from
each point is 263 mg/1.

According to samples taken from the section of
Ch.Aitmatov street along Taldykol Lake, the average
concentration of cadmium was 0.0001 mg/dm3, cop-
per 0.004 mg/dm?, manganese 0.181 mg/dm3, nickel
0.01 mg/dm?, lead 0.001 mg/dm?>.
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We can consider sulfate ions in water samples taken from
River Lakes, which are the objects of our research, as indica-
tors of anthropogenic pollution (table 1).

The chemical parameters of ground water play an impor-
tant role in the classification and evaluation of water quality.
It is noted that the best results can only be obtained when
studying the ion complex in water, and not the concentration
of individual ions [9]. Chemical classification also shows the
concentration of various dominant cations, anions and their
relationship.

Modern anthropogenic load and increasing man-made pro-
cesses change the hydrochemical parameters of water to a
deterioration in their quality.

Field studies conducted to analyse surface monitoring data
and assess surface water have shown the presence of chemical
pollutants in river lakes in the Akmola region.

IV. MATHEMATICAL MODEL

The research team considered the diffusion, convective and
combined - diffusion-convective mechanisms of the propaga-
tion of heavy metals and other pollutants in water. In this part
of the research, we used classical equations of mathematical
physics [20]. The diffusion mechanism of the spread of pol-
lutants is used to describe processes in reservoirs with stag-
nant or low-flowing water (for example, reservoirs, ponds,
lakes, canals, etc.). This mathematical model is based on the
diffusion equation.

The intensity of ingress and mixing of contaminated sub-
stances in reservoirs is influenced by various factors, such as
climatic conditions, relief, landscape features, terrain soils,
etc.

To begin with, let’s consider a one-dimensional diffusion
problem in relation to a narrow, extended body of water with
standing water: a small river, stream, pipe or channel into
which a limited amount of the pollutant enters. Then you can
ignore the width and depth of the reservoir, since they are
insignificant compared to the length, then we will consider
diffusion only in one direction — along the length of the
reservoir.

When constructing a mathematical model of diffusion pro-
cesses for one-dimensional problems, differential equations
of the parabolic type are used. Equations of this type will
allow us to characterize processes by two independent vari-
ables: time and spatial coordinate.

One-dimensional diffusion task with initial and boundary
conditions:

0K 0°K

S =D- K (0.0 =Ko K (x,0) )

here K — the concentration of the contaminant; Ky — the
initial concentration; ¢ — the propagation time, x-the length of
the investigated area.

To further solve the task, we use the Poisson Integral

1

1 R =92
K(x,t)=m/ me o a(§)ds 2
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TABLE 1. Information on surface water quality in Akmola region in the

second half of 2022.

Water form and

Pollution characteristics

connectedness
Nura River The total hardness is 7.8-7.9, the water
temperature is 0.1 °C, the hydrogen index is
8.3-8.38
Location:1.0 km below 4th class magnesium-41  mg/dm?,
the village of Kabanbai the actual concentration of
batyr magnesium exceeds the
background class.
Location:1.5 km below 4th class magnesium-41  mg/dm’,
the village of Kabanbai iron -0,24 mg/dm’, the
batyr actual concentration of
magnesium exceeds the
background class.
Location:2.0 km below 4th class magnesium-41  mg/dm’,
the village of Kabanbai the actual concentration of
batyr magnesium exceeds the
background class.
Location:2.5 km below 4th class magnesium-40  mg/dm’,
the village of Kabanbai the actual concentration of
batyr magnesium exceeds the
background class.
Location:3.0 km below 4th class magnesium-41  mg/dm’,

the village of Kabanbai
batyr

the actual concentration of
magnesium exceeds the
background class.

Ishim  River  (Nur-  The total hardness is 11.8-12.0, the water
Sultan) temperature is 0.1 °C, the hydrogen index is
8.35-8.43
Location: Nur-Sultan, 4th class magnesium — 70 mg/dm’,
Almaty district, 0.6 km chlorides - 457 mg/dm?®, the
from Koksay street and actual concentration of
the bypass road magnesium exceeds the
background class.
Location: Nur-Sultan, 4th class magnesium — 73 mg/dm’,
Ishim district, Syganak chlorides - 479 mg/dm’, the
street, under the Arys actual concentration of
bridge magnesium exceeds the
background class.
Location: Nur-Sultan, 4th class magnesium — 68 mg/dm’,
Ishim district, chlorides - 479 mg/dm’, the
Sarayshyk street, under actual concentration of
the Arkhar bridge magnesium exceeds the
background class.
Location: Nur-Sultan, 4th class magnesium — 70 mg/dm’,
Saryarka district, chlorides - 479 mg/dm?®, the
Kabanbai batyr avenue actual concentration of
and ZH. Shanin street, magnesium exceeds the
under the Karaotkel background class.
bridge
Location: Nur-Sultan, 4th class magnesium — 70 mg/dm?,

Saryarka district, 0.8
km from Sh. Beisekov
street to 189 street

chlorides - 487 mg/dm?®, the
actual concentration of
magnesium exceeds the
background class.

Maybalyk Lake The total hardness is 18.6-19.5, the water
temperature is 0.1 °C, the hydrogen index is
7.93-8.43, the water sample is yellowish

Location: Nur-Sultan, 4th class chlorides — 1179 mg/dm?,

Ishim district, 10.0 km magnesium-141  mg/dm?,

from the bypass road the actual concentration of

magnesium exceeds the
background class.

Location: Nur-Sultan, 4th class chlorides — 1223 mg/dm’,

Ishim district, 6.3 km
from the bypass road

magnesium-140  mg/dm’,
the actual concentration of
magnesium exceeds the
background class.

3
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TABLE 1. (Continued.) Information on surface water quality in Akmola
region in the second half of 2022.

Location: Nur-Sultan, 4th class chlorides — 1312 mg/dm ,
Ishim district, 4.7 km magnesium-146  mg/dm’,
from N. Nazarbayev the actual concentration of
International Airport magnesium exceeds the
background class.
Location: Nur-Sultan, 4th class chlorides — 1294 mg/dm?,
Ishim district, 3.0 km magnesium-147 mg/dm?,
from the bypass road the actual concentration of
magnesium exceeds the
background class.
Location: Nur-Sultan, 4th class chlorides — 1294 mg/dm?,

Ishim district, 1.5 km
from N. Nazarbayev
International Airport

magnesium-146  mg/dm’,
the actual concentration of
magnesium exceeds the
background class.

Zharlykol Lake

The total hardness is 7.6-7.9, the water
temperature is 0.1 °C, the hydrogen index is
8.66-8.7, the water sample contains sediment

TABLE 1. (Continued.) Information on surface water quality in Akmola
region in the second half of 2022.

Location: along the > 5th class chlorides — 234 mg/dm?,
Arnasay dam, 1.8 km sulfates — 177 mg/dm?,
from the village of magnesium-39  mg/dm?,
Arnasay the actual concentration of
magnesium exceeds the
background class.
Location: along the > 5th class chlorides — 234 mg/dm?,
Arnasay dam, 1.2 km sulfates — 177 mg/dm’,
from the village of magnesium-39  mg/dm’,
Arnasay the actual concentration of
magnesium exceeds the
background class.
Location: along the > 5th class chlorides — 234 mg/dm’,

sulfates — 172 mg/dm’,
magnesium-40  mg/dm?,
the actual concentration of
magnesium exceeds the
background class.

Arnasay dam, 0.7 km
from the village of
Arnasay

Location: 8.0 km from 4th class chlorides — 496 mg/dm?,
Zhalgyzkuduk village magnesium — 66 mg/dm’,
the actual concentration of
magnesium exceeds the
background class.
Location: 8.6 km south 4th class chlorides — 496 mg/dm?,
- east of Zhalgyzkuduk magnesium — 66 mg/dm?,
village the actual concentration of
magnesium exceeds the
background class.
Location: 10.0 km 4th class chlorides — 496 mg/dm’,
southwest of magnesium — 68 mg/dm?,
Zhalgyzkuduk village the actual concentration of
magnesium exceeds the
background class.
Location: 10.4 km from 4th class chlorides — 496 mg/dm’,

Zhalgyzkuduk village,
1.8 km from Lake

magnesium — 64 mg/dm?,
the actual concentration of

Karasor magnesium exceeds the

background class.

Taldykol Lake The total hardness is 41.7-42.2, the water
temperature is 0.1°C, the hydrogen index is
8.04-8.06, water sample contains
sediment

Location: 0.8 km 4th class chlorides — 1773 mg/dm?’,

between Ch. Aitmatov magnesium -241 mg/dm?,

and Syganak streets sulfates-1963 mg/dm?, the
actual concentration of
magnesium exceeds the
background class.

Location: Urker 4th class chlorides — 1773 mg/dm?,

district, 2.2 km from sulfates — 1963 mg/dm?,

Korgalzhyn Highway magnesium-235  mg/dm?,

the actual concentration of
magnesium exceeds the
background class.

Ishim River (Nur-
Sultan)

The total hardness is 6.5-6.7, the water
temperature is 0.1°C, the hydrogen index is

7.56-8.42, the water sample contains
sediment
Location: along the > 5th class chlorides — 234 mg/dm?,
Arnasay dam, 3.0 km sulfates — 192 mg/dm?,
from the village of magnesium-39  mg/dm?,
Arnasay the actual concentration of
magnesium exceeds the
background class.
Location: along the > 5th class chlorides — 234 mg/dm’,

Arnasay dam, 2.3 km
from the village of
Arnasay

sulfates — 192 mg/dm?,
magnesium-39  mg/dm?,
the actual concentration of
magnesium exceeds the
background class.
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where (&) — the action of the initial concentration;F (z) =
2 .
\% of e~*"d - error function

v . . L
=55 a8 result, we obtain the following equation:

K (x,1) = Ko [l = F(2)] 3

This equation will help determine the distribution of the
concentration K(x,7) and estimate the time for which the con-
centration of the pollutant in the reservoir will become greater
than the maximum permissible. K,,,,= §-Ko so we calculate
the value of the maximum permissible concentration at some
point of the channel x, where § < 1. Using the ratio we get:
Ko = Ko [1 - F (ﬁ)], ta = #, r- the root of the
equation, F(z) = 13.

Inorganic pollutants have diffusion coefficients from
0.4 to 3.0 cm?/day, and organic pollutants have diffusion
coefficients from 0.3 to 1.8 cm?/day. In practice, when indus-
trial wastewater pollutes reservoirs, the concentration of pol-
lutants in the source is maintained at a constant level of K,
at the beginning of the channel, the substance enters, which
inevitably leads to some convection. To partially account for
this factor, we can introduce a longitudinal mixing coeffi-
cient, or a convective diffusion coefficient, which is one or
two orders of magnitude greater than the calculated values of
the diffusion coefficient, which we determine experimentally.
For a one-dimensional diffusion problem with a constantly
active pollution source, the initial and boundary conditions
take the following form: K (0, 1) = Ko(t), K(x, 0) = 0, K(0,
0) = Ky, K(oo, t) = 0. We assume that Ky(t)-the known
dilution dependence of the initial concentration of the source
K with the time value . We assume that Ky (1) = Ko — k- 1.

Since we decided to simplify the issue, we will assume that
the reservoirs of the Akmola region are flat-bottomed, then it
will be convenient to consider the problem of the distribution
of contaminated substances, heavy metals in a flat space, for
this it is enough to solve the two-dimensional diffusion issue
[21], [22].
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We believe that the distribution of pollutants (heavy met-
als) over the depth of the reservoir is uniform, and the diffu-
sion process takes place along the length and width.

The two-dimensional diffusion equation in a given region
o has the following form [20]:

oK _ 3K °K A
ar (8x2+8y2) @)

For the case when there is a constantly active source of
pollution with a density p(x, ¢) on the boundary section from
—i to + i, and the initial concentration of heavy metals in
space is 0, the boundary conditions are as follows:

dK':{p(x,t), when —i <x <i )

K(x,y,00=0—
*..0) dx 0, whenx ¢ [—i, i]

where p(x, t) — is the impurity flux density; x, y — are the
corresponding coordinates along the length and width of the
reservoir.

K(x,0)=Ko;—i <x < i;

K (x,9) |y=o0 : K (x,¥) lx=tc0 =0

We can consider a similar problem for the three-
dimensional nature of the distribution of heavy metals - dif-
fusion in the form of a sphere. This usually happens when
the source of pollution is located in an unlimited space, for
example, at some depth of a reservoir, and in the environment
the initial concentration is zero, that is, K(R, 0) = 0 at R # 0.
The propagation of heavy metals in a homogeneous medium
occurs symmetrically in all directions: along x, y, z. Hence,
the diffusion equation:

d—K:D<a—2+8—2+a—2> (©6)

dt x> 9yr 9

The diffusion equation in a spherical coordinate system:
(LK, 20K o
dt 9R?  R20OR

Here R-the radius vector.

Based on these mathematical expressions, calculations
were made to determine the concentration of heavy metal
when a certain amount of it enters the reservoir in a certain
period of time.

The time to reach the maximum permissible concentration
Knq with a change in the initial concentration of the substance
has changed by 9 times: 1 —at Ko =1 M/]; 2—at Ko =9 M/L.

To evaluate the mathematical model, we compared the
experimental data with the data obtained by calculations.
The comparison showed that the calculated data are in good
agreement with the full-scale data. The relative error was 5%.

V. FORECAST

So far, various models have been developed, which generally
fall into three categories: (1) hydrodynamic models based on
the Saint-Venant equations (2) statistical models (e.g. autore-
gressive models). integrated moving average class (ARIMA)
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2) and machine learning models (eg, artificial neural network
(ANN) [18], [23], [24], [25].

All laboratory data on water collections were included in
the database of the aquatic ecosystem of the Akmola region,
based on the collected data, forecasts were made using the
ARIMA model and the R programming language.

In the period 2019-2022. (twice a year, in autumn and
spring) about 700 data collected from control points were
selected. Samples were taken from the Nura, Ishim Rivers
and Taldykol, Maybalyk and Zhaltyrkol Lakes of the Akmola
region of the Republic of Kazakhstan.

Heavy metals are highly toxic and dangerous compounds.
An increase in the concentration of heavy metals in water can
lead to deterioration of human health, and in some cases even
to death. One of the main causes of pollution of water sources
with heavy metals is the impact of anthropogenic factors on
the environment. Water hardness, mineralization, hydrogen
index in determining water quality, etc. indicators play an
important role. According to these indicators, it is possible
to determine the level of water pollution and prevent water
blooming. Thus, the classification of heavy metals and water
quality indicators was carried out, and the measurements
of the elements given in the following table were obtained
(table 2).

TABLE 2. Units for magnetic properties.

first analysis Second analysis

® mercury e Carbonates
e cadmium e Dbicorbonates
e copper e chlorides
® manganese e sulfates
e nickel e nitrates
e Jead e anion sum
e calcium
e magnesium
e sodium and potassium
e iron
e cation sum
e minerals
e dry residue

Data on concentrations of the following heavy metals in
atmospheric waters are collected at monitoring points: mer-
cury, cadmium, copper, manganese, nickel, lead.

The analysis revealed that the concentration of heavy met-
als copper, manganese and nickel in water is high (Fig.6).
With this in mind, we predict models for them. The ARIMA
model was chosen as the forecasting model. ARIMA uses
three main parameters (p, d, q) expressed as integers. There-
fore, the model is also written as ARIMA (p, d, q). Together,
these three parameters take into account seasonality, trend,
and noise in the dataset [24]:

The ARIMA seasonal model is used to track seasonality
— ARIMA (p,d,q) (P,D,Q)s. Here (p, d, q) are the non—
seasonal parameters described above, and (P, D, Q) follow
the same definitions, but refer to the seasonal component of
the time series. The parameter s defines the periodicity of the
time series (4 - quarter periods, 12 - year periods, etc.). In our
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FIGURE 1. Concentration of heavy metals along the Ishim River, mg/dm?3.

concentartion, Copper, mg/dm3

15042019 15102019 15042020 15102020 15042021 15042022 15092022

—— Ishim river Lake Maybalyk lake Taldykol = lake Zhariykol

FIGURE 2. Copper concentration in the studied water bodies of Akmola
region, mg/dm3.

case, 6-half-year periods were taken due to spring and autumn
sampling.

The concentration of heavy metals along the Ishim River is
shown in the following graph (Figure-1). In order to optimize
data processing, it was decided to predict them by the type
of heavy metal (Copper, Manganese, Nickel) and depend-
ing on the sampling location (Ishim, Taldykol, Zharlykol,
Maybalyk).

According to the results of the conducted studies of the
Ishim river, the limit of the concentration of manganese has
been exceeded in it. Determination of the concentration of
manganese in water was carried out after filtration of water
through a membrane filter with a pore size of 0.45 microns,
that is, dissolved forms of manganese were detected. The
MPC in water are 0.1 mg /1 for manganese. A mutagenic
effect can be observed in organisms that are in their turn
due to the high marginal concentration of manganese in the
environment. The existence of this element leads to the fact
that there is an overspending of livelihood in the body. During
the analysis of the dynamics of manganese concentrations in
the Ishim water in 2019-2022, it was found out that in the
surface layer of water, the increase in the concentration of
manganese is largely influenced by natural conditions created
in winter and spring. Using the results of laboratory analysis,
we graphically compared the values of the concentration of
heavy metals of the Ishim River with the indicators of the
lakes Zharlykol, Taldykol and Maybalyk (Figures 2-4).

According to the graphs of Manganese concentration,
we can notice the stationarity of time series, according
to the graphs of Copper and Nickel concentration, the
non-stationarity of time series, according to the definition,
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concentartion, Manganese (Mn) , mg/dm3
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FIGURE 3. Manganese concentration in the studied water bodies of
Akmola region, mg/dm3.
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FIGURE 4. Nickel concentration in the studied water bodies of Akmola
region, mg/dm3.
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FIGURE 5. Graph of the approximating function for making forecasts
based on statistical data for Manganese, Nickel, Copper.

a one-dimensional time series is called stationary if its prob-
abilistic characteristics (parameters of a random variable) are
constant.A time series is called non-stationary if at least one
of the probabilistic characteristics is unstable. Such a graph
is typical for a random walk, i.e. a process of approximately
the form y, = y;—1 + u; [24]. Next, we are faced with the
task of obtaining a stationary series. We obtain stationarity
using a logarithm, then we test the series for stationarity
using the methods described above: visual analysis of the
graph, visual analysis of ACF and PACF (Fig. 5,6)., tests
for unit roots. If a stationary series is obtained, then we
proceed to the next point, if not, then we apply the operator of
taking a sequential difference and repeat the testing. In prac-
tice, the sequential difference is taken, as a rule, no more
than twice. For stationary series, it is advisable to calculate
auto-correlation function (ACF) and partial auto-correlation
function (PACF), since there is a correlation between the
values. Therefore, it makes sense to calculate ACF and PACF,
since the correlation between random variables standing on
the steps can vary over time.

VOLUME 11, 2023



M. Zhartybayeva et al.: Monitoring and Forecasting of Water Pollution by Heavy Metals

IEEE Access

Series yManganese

0.75 06

025 | | %_' 02 |
) I
T £
0.25 : | I l 02 | |

0.75 06

ACF
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FIGURE 7. AR and MA roots.
TABLE 3. AIC and BIC coefficients.
Model coefficients
Manganese Copper Nickel
AIC BIC AIC BIC AIC BIC
Modell -65.228 -65.644 -79.823 -79.931 -79.823 -79.931
Model2 -81.284 -81.609 -71.926 -72.967 -71.926 -72.967
model3 -77.747 -77.963 -66.632 -67.257 -66.633 -67.257

The autocorrelation diagram shows that the autocorrelation
value basically does not exceed the boundary value, although
the autocorrelation value of the 1st order exceeds the bound-
ary, we will consider this an accident, and the autocorrelation
value will not exceed a significant boundary in other cases.
And we can expect that from 1 to 20 will sometimes exceed
the 95% confidence interval.

For non—seasonal series, Rob Hyndman recommends tak-
ing lag, h=10, for seasonal h=2m, where m is the periodicity
of seasonality, i.e. h=24 for monthly data.

For ARMA (p, q), can see where the roots of the AR and
MA parts are located (Fig 7):

Our models for the values of the Manganese concentration
in the Ishim River are as follows, from them we must choose
the best one according to the Akaike information criterion
(AIC) and Bayesian information criterion (BIC) coefficients,
and then make a forecast based on it. We have selected
3 models with the following values

modell <- arima(y, order = c(1, 1, 0))

model2 <- arima(y, order = ¢(3, 2, 1))

model3 <- arima(y, order = c(2, 3, 1))

Calculate the coefficients AIC and BIC (table -3).
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FIGURE 9. Forecast of Nickel and Copper concentration indicators in the
Ishim River (a - Nickel, b-Copper).

Let’s select the best model according to the AIC penalty
criterion:

AIC = -2Inl + 2k

where In /- the logarithm of the likelihood function, and k-
the number of model parameters.

The more parameters, k, the more complex the model, the
higher the AIC. The lower the likelihood function, 1, that is,
the lower the probability of obtaining the available data for
a given model, the higher the AIC. And the BIC indicator is
determined by:

BIC =2InL +1Inn-k.

The lower the value of one of these criteria for a number of
models under study, the better the model will match the data.
As we can see, out of the three models, the second ARIMA
model turned out to be the best according to the AIC and BIC
criteria (3,2,1) (figures 8-9, table 4).

We will do the same work for the Nickel and Copper
concentration indicators in the Ishim River.

Next, a forecast was made using the Arima method for
data obtained from the Ishim rivers, Maibalyk, Taldykol and
Zharlykol lakes of the Akmola region of the Republic of
Kazakhstan by laboratory studies.

Next, we calculated the coefficients according to the
Akaike AIC, BIC criterion to determine the best models
(Table 5).
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TABLE 4. Quantitative indicators of predicting the concentration of heavy
metals in the ishim river.

Date Manganese, mg\dm”3 Copper, Nickel,
mg\dm”3 mg\dm
"3

Foreca Low High Low High Forecast Forecast

st 80 80 95 95
15.04.23 0,0273 0,0250 0,0296 0,0238 0,0308 0,0039 0,0039
15.10.23 0,0319 0,0297 0,0341 0,0285 0,0353 0,0043 0,0043
15.04.24 0,0325 0,0301 0,0349 0,0288 0,0362 0,0046 0,0046
15.10.24 0,0378 0,0352 0,0403 0,0338 0,0417 0,0050 0,0050
15.04.25 0,0379 0,0348 0,0410 0,0331 0,0426 0,0053 0,0053
15.10.25 0,0423 0,0392 0,0453 0,0376 0,0470 0,0056 0,0056
15.04.26 0,0436 0,0401 0,0470 0,0383 0,0488 0,0060 0,0060
15.10.26 0,0477 0,0441 0,0513 0,0422 0,0532 0,0063 0,0063
15.04.27 0,0487 0,0447 0,0526 0,0427 0,0547 0,0067 0,0067
15.10.27 0,0527 0,0488 0,0566 0,0467 0,0587 0,0070 0,0070
15.04.28 0,0543 0,0499 0,0586 0,0476 0,0609 0,0074 0,0074
15.10.28 0,0579 0,0534 0,0624 0,0510 0,0648 0,0077 0,0077
15.04.29 0,0594 0,0546 0,0642 0,0521 0,0667 0,0080 0,0080
15.10.29 0,0631 0,0582 0,0680 0,0556 0,0705 0,0084 0,0084
15.04.30 0,0649 0,0596 0,0701 0,0568 0,0729 0,0087 0,0087
15.10.30 0,0682 0,0628 0,0736 0,0599 0,0764 0,0091 0,0091
15.04.31 0,0701 0,0644 0,0758 0,0614 0,0788 0,0094 0,0094
15.10.31 0,0734 0,0676 0,0793 0,0645 0,0824 0,0098 0,0098
15.04.32 0,0754 0,0693 0,0816 0,0660 0,0849 0,0101 0,0101
15.10.32 0,0786 0,0722 0,0849 0,0689 0,0882 0,0104 0,0104

The following figures show a graphical visualization of the
forecasting results (figure 10, 11)

We compared the prediction results obtained using
ARIMA with the results of mathematical modeling. The
comparison showed that the relative error was 5.2%, which
indicates that the calculated data of the two models are in
good agreement.

As we can see from the graphs obtained as a result of
forecasting, the concentration of heavy metals will increase.
Obviously, when summed up, the concentration of heavy
metals is a great danger. To reduce the activity of some
enzymes (beta-glucosidase, catalase), even a low concentra-
tion of heavy metals (up to 0 mg per 1 kg) is sufficient.
As a rule, elevated concentrations of copper and manganese
are recorded during the flood period, the waters of which
are mostly formed on the surface of the catchment area.
At the same time, there are differences in the seasonal dynam-
ics of metals. The highest values of copper concentration
were recorded in November. Then it can be assumed that
the autumn concentration peaks are most likely associated
with anthropogenic influence. Attention is drawn to the fact
that if the “‘natural” course of the concentration of metals
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TABLE 5. Coefficients according to the akaike aic, bic criterion.

Model coefficients
Manganese Copper Nickel
AIC BIC AIC BIC AIC BIC
Modell_ -45,058 -45,166 -80,853 -80,961 -80,853 -80,961
Taldykol
Model2_ -33,001 -34,043 -60,266 -61,307 -60,266 -61,307
taldykol
Model3_ -25,237 -26,799 -63,839 -64,463 -63,839 -64,463
Taldykol
Modell _ -71,055 -71,163 -59,881 -59,989 -80,853 -80,961
Maybaly
k
Model2_ -54910 -55,951 -43,741 -44,782 -60,266 -61,307
maybaly
k
Model3_ -40,286 -41,848 -45,259 -45,884 -63,839 -64,463
Maybaly
k
Modell_ -27,830 -29,058 -49,018 -50,245 -49,018 -50,245
Zhyltyrk
ol
Model2_ -43,281 -44,322 -71,926 -72,967 -60,266 -61,307
zhyltyrk
ol
Model3_ -16,929 -19,633 37,101 -39,805 37,101 -39,805
Zhyltyrk
ol
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FIGURE 10. Graphical visualization of the forecasting result.
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FIGURE 11. Graphical comparison of forecasting data obtained using

mathematical modeling and Arima (a - manganese, b-Copper, c- Nickel).

were determined solely by the runoff, then during August-
December their accumulation should have been at the same
level [25].
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VI. CONCLUSION

Calculations and comparisons have shown that in hydromon-
itoring, along with traditional methods, we can use mathe-
matical modeling. Mathematical modeling allows not only
to determine the qualitative and quantitative composition of
natural waters exposed to man-made impacts, but also to
predict the course of some chemical and physico-chemical
processes that occur in the aquatic ecosystem, taking into
account the hydrological and hydrochemical indicators of
the aquatic environment. The disadvantage of this method is
that the development of such models should be limited to a
small number of factors that take into account the spread of
pollutants, but mathematical modeling is able to predict the
behavior of pollutants not only in a temporary order, but also
in the long term.

Special software has been developed that implements the
ARIMA family models in the software environment of the
R language. More than 700 sets of annual data with a
small length were studied in the work. The data were pro-
cessed using the forecast and forecast.arima libraries from
the CRAN repository. To determine the stationarity of the
series, the Dickey-Fuller test was used. The stationarity of the
time series allows you to make better forecasts. The Akaike
information criterion was used to select the best model.

According to the unified classification system, in the 2nd
half of 21, the water quality of water sources in Akmola
region is estimated as follows: Ishim (Nur — Sultan city), Nura
River, Taldykol, Maybalyk and Zhaltyrkol Lakes belong to
the 4th class, and the Ishim River (Arnasay reservoir) — (>5th
class) corresponds to the norm.

The result of our research is that water samples taken
from water bodies are within the norm. It can be seen
that in most water samples there is a high concentration of
manganese. Sulfates, in turn, are considered as indicators
of the level of contamination. Based on the hydrochemical
indicators obtained from the research work, we have sup-
plemented the database of aquatic ecosystems in Akmola
region.

To reduce the adverse impact on the environment in the
industry, it is necessary to adhere to high environmental
requirements. To prevent such situations, it is necessary to
introduce new performance standards that take into account
past negative experience, and promote a culture of safe work.
Develop technical and technological means to prevent the
risk of such situations. It is also necessary to conduct peri-
odic environmental monitoring: take water samples, control
the species composition of aquatic biota. Also, an ecologist
should be constantly at the emission sites, who will control
all processes and look to see that everything goes within the
framework of environmental standards.

Surface and underwater vehicles, sensors are also
promising methods of monitoring water. The research group
is currently working on the development of a mobile robotic
complex for monitoring reservoirs and collecting bathy-
metric and hydrographic data within the framework of the
AP09058557 project. The results of the launch of the mobile
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robotic complex will be subsequently published in the form
of scientific publications.

Industrial complexes are considered as a source of heavy
metals entering water sources as pollutants. In order to pre-
vent the impact of anthropogenic factors on the environment,
the concentration of each heavy metal was estimated with the
participation of the above researchers.

The data obtained from the annual calculation of the results
of samples taken from common water sources prove the need
to organize measures to protect water sources from external
pollutants in the future. According to the forecasting made
by researchers, the concentration of heavy metals in water
sources is increasing from year to year. According to fore-
casts, the concentration of heavy metals (manganese, nickel
and copper) in the Ishim River may increase to 95% in the
next decade. This, in turn, can lead to a decrease in the
diversity of aquatic biota and the flowering of water sources.
Among the proposed actions, installation of treatment plants
in industrial complexes that cause pollution to water sources,
timely inspection of treatment plants, and annual quality
monitoring of water sources. We supplemented the database
of water ecosystems in Akmola region on the basis of hydro-
chemical indicators obtained from research works.
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