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Abstract: This paper presents the results of spectral optical measurements of hydrochemical char-
acteristics in the Angara/Yenisei river system (AYRS) extending from Lake Baikal to the estuary
of the Yenisei River. For the first time, such large-scale observations were made as part of a joint
American-Russian expedition in July and August of 1995, when concentrations of radionuclides,
heavy metals, and oil hydrocarbons were assessed. The results of this study were obtained as part
of the Russian hydrochemical expedition in July and August, 2019. For in situ measurements and
sampling at 14 sampling sites, three optical spectral instruments and appropriate software were
used, including big data processing algorithms and an AYRS simulation model. The results show
that the water quality in AYRS has improved slightly due to the reasonably reduced anthropogenic
industrial impact. Chemical concentrations in water have been found to vary along the Angara
River depending on the location of the dams. The results of in situ measurements and modeling
evaluations are given. To overcome the uncertainties in the data caused by the large monitoring
area, it is recommended to use the combined AYRS simulation model and the universal 8-channel
spectrophotometer installed on a fixed platform for continuous monitoring.

Keywords: optical spectrum; chemicals; water pollution; modelling; spectrophotometer; spectroellipsometer

1. Introduction

The Angara River is a major tributary of the Yenisei River. It flows rapidly north of
Lake Baikal for about two-thirds of its 1779 km, before turning west at its confluence with
the Yenisei River, which flows north to the Kara Sea, draining an area of about 2.58 million
km2 along a 4102 km journey. The Yenisei’s flow rate in the Kara Sea fluctuates widely,
averaging 19,800 m3/s, and up to 130,000 m3/s during the spring run-off [1]. The share
of the Angara-Yenisei river system (AYRS) in the total inflow of rivers into the Kara Sea
varies from 22.1% to 26.4%, which requires an assessment of the role of the Angara-Yenisei
River system in Arctic water pollution [2–10].

The growing interest in Siberia’s environmental problems is mainly due to the poten-
tial global consequences of Siberian rivers’ pollution, given a variety of possible sources
of pollution and their pathways of spread, including atmospheric and river transport.
As the main tributary of the Yenisei River, the Angara River flowing into an industrial
area has a negative cumulative effect on water quality and contributes to the negative
changes of the Angara/Yenisei hydrological and hydrochemical system. The Angara
River is the only run-off of Lake Baikal [4,11–15]. Very negative environmental effects
on the Angara/Yenisei river system come from biogenic substances, including nitrogen
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and phosphate compounds [13]. Existing AYRS experimental water quality measurements
reflect pollutant content mainly at local sites. Savichev and Matveenko [16] characterized
the mineralization of the surface waters of the Angara River in the Boguchan reservoir
zone as 20–40 mg/L. Sorokovikova [17] showed that many contaminants have an irregular
distribution along the Yenisey. Concentrations of nitrogen, phosphorus, and organic com-
pounds were found to increase, and their dynamics in space and time changed. Seasonal
concentrations of mineral nitrogen, phosphorus, and sulfates were estimated in [18,19].

This article examines the pollution of the Angara/Yenisei River as a whole, using
spectral optical monitoring tools. Optical measurements were obtained at a set of points
and converted to concentrations and fluxes using the AYRS Hydrologic Simulation Model
(AYRSSM). Due to the lack of access and lack of gaging, AYRSSM has been used in previous
studies to link point samples to the river as a whole [1,6,20,21]. This provides an adequate
description of the pollution of the Angara/Yenisei River flow, taking into account for the
first time the role of the riverbeds’ forms, improving the accuracy of the AYRS pollutant
concentrations in the Kara Sea [20–22]. Many authors note that the coastal waters of
the Kara Sea are characterized as moderately polluted, especially near the settlements
of Amderma and Dikson [23]. AYRSSM provides consistent modeling results for these
concentrations compared to their episodic measurements [1,24]. The difference between
data from different authors can be greater than tens of percent; AYRSSM provides stability
of modeling results, which is one percent.

The AYRS study was conducted by many authors. Savenko et al. [25] presented
much evidence from previous hydrochemical water studies at the Yenisei estuary and
in neighboring aquatories of the Kara Sea, focusing on the transformation processes of
trace elements, phosphates, and organic matter. As mentioned above, the Angara River is
one of the largest tributaries of the Yenisei River (≈24 percent of its runoff) and plays an
important role in the pollution of the Yenisei River below the village of Strelka [4,12,26,27].
The Angara-Yenisei region is characterized by significant industrial activity, including
aluminum production in Krasnoyarsk and Angarsk. Many studies on the water quality
of the Angara/Yenisei River system have focused on monitoring and improving the
evaluation process of highly reliable drinking water resources [28].

The main regulation of pollutant flows—discharged into the Kara Sea from the dis-
charge of the Angara/Yenisei River system—is the five hydroelectric dams at Krasnoyarsk
and the Sayano-Shushenskoe at Yenisei and Irkutsk, the Bratsk and Ust-Ilimsk at Angara.
These dams are responsible for fluctuations in the flow regime and water balance of the
Angara River [27]. The Angara river has an area of about 1.1106 km2, and the discharge at
its outflow from Lake Baikal is estimated at 1855–1910 m3/s, while towards the Yenisei
River it is 4350–4530 m3/s at the expense of its tributaries. A special feature of the Angara
River is the uniformity of its runoff during the year in contrast to the Yenisei River, where
the ratio of maximum to minimum runoff is equal to 80 in the Krasnoyarsk zone [19]. The
Irkutsk reservoir receives water from Lake Baikal with annual fluctuations of 15.5%. The
consequent long-term dynamics of contaminant concentrations in water and sediments is
determined by the location of the dams and the bottom relief [29–32].

The impact of industrial development in the area under consideration can be assessed
taking into account all the cities with their dams, reservoirs and industrial structures.
The main component of all pollutants discharged into the Angara River is sewage water
(85%), which is mainly distributed between the Bratsk Reservoir (45.2%) and the Ust-Ilimsk
Reservoir (39.8%). Every year, the Angara River receives 0.66 km3/year of sewage water,
about 2% of which is treated at normal water quality levels [29].

A variety of estimates of AYRS pollution levels are made in different studies, as
explained by the measurement in different years and seasons, as well as by the use of
different instrumental tools. Most in situ surveys are carried out locally in existing water
reservoirs and especially in the Angara source, the Irkutsk and Bratsk reservoirs [33].
Article [33] examines the impact of Bratsk-based economic entities on the environmental
quality, taking into account the stable sources of non-ferrous metallurgy, the thermal power
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industry, and the pulp and paper industry. Significant research was carried out in [34]
to assess changes in the hydrological regime of the Angara River before and after the
construction of the fourth dam. River regulation at the four dams alters the seasonal water
cycles of Lake Baikal and the Angara River; the long-term effects of river regulation on
pollution have not been assessed. Nemirovskaya [35] found that the wider variability of
hydrocarbon concentrations in surface waters was characteristic of the frontal zones of the
Yenisei River mouth (4.8–69 µg/L). Herrault et al. [36] have demonstrated the effectiveness
of optical remote sensing satellite observations in the operational assessment of AYRS
water quality, including dissolved organic carbon.

The main idea of this study is to combine the use of optical sensors with data pro-
cessing algorithms and modeling tools, both to develop a functional AYRS water quality
data source and to evaluate the final pollutant flow to the Kara Sea at the Yenisei’s estu-
ary. Specifically, this paper presents key empirical results from field measurements and
water sampling analysis that includes a specific list of chemicals. Concentrations of these
pollutants are used to evaluate AYRS through the optical inverse task solution based on
spectral optical observations. Because the bottom sediments are not analyzed in this study,
the results of previous relevant studies are used [11,13,37–39]. It is therefore obvious that
the present work stems from the need to extend previous studies in this field.

2. Material and Methods

The Yenisei River divides Western and Eastern Siberia. Figure 1 explains the geo-
graphical location of the Angara/Yenisei River system. As can be seen from this map,
the availability of many sites along the AYRS for in situ measurements and sampling is
low. Field measurements in AYRS outlets are constrained by limited access to sampling
sites. Therefore, real knowledge of the AYRS status under the Angara mouth is often only
possible with AYRSSM [6,21,40–42].
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Figure 1. Location of the Angara/Yenisei River system in Central Siberia, Russia.

According to the current literature, the main sources of pollution of the Angara/Yenisei
River are the main industrial centers of the cities of Krasnoyarsk, Irkutsk, Bratsk, Angarsk,
Usolye-Sibirscoe, and Svirsk. The study of these sources and the subsequent conclusions
about water quality have already been conducted by many authors [12,13,28,43,44]. Specif-
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ically, for the pollution of the Angara-Yenisei River, detailed information has been received
from various missions in the past, such as the following:

(1) In the summer of 1995, the US–Russian environmental and hydrophysical campaign
took place on the Angara and Yenisei rivers in Siberia. The following organizations
participated in this mission: US Naval Research Laboratory (Washington, DC, USA),
US Naval Academy (Annapolis, MD, USA), Global Technologies Inc. (Idaho Falls,
ID, USA), Institute of Ecoinformatics of the Russian Academy of Natural Sciences
(Moscow, Russia), Kotelnikov Institute of Radioengineering and Electronics of the
Russian Academy of Sciences (Moscow, Russia), and Irkutsk State University (Irkutsk,
Russia). The 44 main results of this mission have been published in [21,44].

(2) In the summer of 2019, a hydrochemical expedition was organized by the Institute
of Ecoinformatic Problems, Russian Academy of Natural Sciences (Moscow, Russia).
This study was based on spectral optical field measurements and water sampling.
During this mission, three optical multi-spectral devices were used to measure water
quality directly in situ and by water sampling. Water samples were delivered to the
laboratory where optical spectral and chemical analyses were performed. Maps of in
situ measurements and sample locations are shown in Figure 2.
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Figure 2. Fragments of the Angara/Yenisei River system and locations of spectral optical measure-
ments and water sampling at a distance from Lake Baikal to Lesosibirsk.

In this study, three spectral optical devices and a cluster of computer components
with suitable software were used, including data processing algorithms and AYRSSM. The
characteristics of optical devices are shown in Table 1. For example, Figure 3 shows the
main structure of the universal 8-channel spectrophotometer (US-8).
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Table 1. Characteristics of the spectral optical systems used in the study of the Angara/Yenisei
River system.

System Characteristics

Universal 8-channel spectrophotometer (US-8)

The wavelength range is 380–700 nm. The
weight of the measuring device is 6.2 kg.
Spectrum recording time is 0.8 s. The US-8 can
carry out in situ measurements (with and
without sampling).

35-channel spectrophotometer (SP-35)

The wavelength range is 300–800 nm. The
weight of the device is 3.9 kg. Spectral image
recording time is 0.5 s. Spectral measurements
are performed when water samples are
delivered.

128-channel spectroellipsometric system
(SS-128).

The spectral range is 380–780 nm. The weight
of the measuring device is 5.4 kg. The
recording time of two spectral images is 0.6 s.
Water sampling is required.
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Figure 3. View of an adaptive 8-channel optical universal spectrophotometric decision-making
system (US-8) used to study the characteristics of in situ spectral water and in the laboratory during
water sampling.

Field measurements were performed using an 8-channel universal pre-training spec-
trophotometer (US-8) to identify spectral images from 380 to 700 nm. US-8 software has
algorithms for identifying and recognizing spectral images of the aquatic environment
almost in real time. The main structure of the US-8 is shown in Figure 3. The US-8 can use
two light sources including sunlight or artificial light (a halogen bulb, a tiny xenon pulse
lamp, etc.). The use of sunlight requires a calibration process performed automatically for
a period of 1 s. The in situ measurement procedure using the US-8 consists of immersing
the sky-light adapter (1 m long) in the water environment. The measurements were made
by vessels in areas of interest and are shown in Figure 2. The incoming light reaches
the adapter and the analog-to-digital converter provides the relaxation coefficient as an
indicator of water quality. The 35-channel spectrophotometer was used to analyze a water
sample under laboratory conditions. In this case, US-8 software was used. For more accu-
rate spectral monitoring results, the 128-channel spectroellipsometer was used for spectral
analysis of water sampling. In all cases, the average measurement time was 0.5–1.0 s. The
US-8 universality consists in its adaptation to the following three measurement modes:
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• direct measurement of the water relaxation coefficient by immersing part of the sky-
adapter into the water environment;

• formation of a spectral image of the water sample located in the special reservoir; and
• formation of a spectral image of the water surface when the sky-adapter is directed

towards it.

Water quality is assessed through spectrophotometry/spectroellipsometry with in-
verse task solution or/and spectral images recognition. US-8 and SP-35 provide an S(λ)
spectrum that reflects the relaxation coefficient depending on the wavelength λ. The recog-
nition of such a spectrum is performed using cluster analysis and calculation of the distance
between the spectra based on the spectral etalons database. The most effective algorithm
for spectral image recognition is the transformation of spectral space into vector space
when the optical spectrum is changed by the vector that reflects the shape of the spectrum.
An example of a database item is given in Figure 4.
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Figure 4. Spectral images of ZnSO4 dissolved in water at concentrations shown on the curves.

Spectrum processing and optical inverse task solution are applied for the universal
case of spectroellipsometric measurements. According to the basic equation:

ρ = rp/rs = TanΨexp(i∆),

where rp and rs are complex amplitude reflection coefficients. SS-128 provides spectra for
polarizations p and s for the water sample η:

• SΨ(λ,η)—spectral distribution of the tangent of the spectroellipsometric angle Ψ.
• S∆(λ,η)—spectral distribution of the cosine of the spectroellipsometric angle ∆.

The transformation of the optical spectral space into the vector space is achieved by di-
rect evaluation of the specific characteristics of the spectrum. In this case, the spectra SΨ(λ,η)
and S∆(λ,η) are converted into two vectors: ΞΨ(η) = (C1Ψ, . . . , CnΨ) and Ξ∆(η) = (C1∆, . . . ,
Cn∆), where the values CjΨ (Cj∆) reflect the physical parameters of the spectra:

• C1Ψ (C1∆) is an area below the spectral curve.
• C2Ψ (C2∆) and C3Ψ (C3∆) are the maximum and minimum coordinates of the spectral

curves, respectively.
• C4Ψ (C4∆) is the maximum distance between maximum and minimum coordinates.
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• C5Ψ (C5∆) and C6Ψ (C6∆) are the maximum values of the first and second derivatives
of the spectral curve, respectively.

• C7Ψ (C7∆) is the number of maximum spectral curves.
• C8Ψ (C8∆) and C9Ψ (C9∆) are the values of the spectrum coordinates at selected wave-

lengths λ* and λ**.
• C10Ψ (C10∆) is the relationship between the wavelength range evaluated for the maxi-

mum and minimum coordinates of the spectral curve.

Spectral recognition of the unknown spectra SΨ(λ,x) and S∆(λ,x) is carried out by
achieving a minimum value:

δ = min
s

ρ{|Ξs
∆ − Ξ∆(x)|+ |Ξs

Ψ − ΞΨ(x)|} =

1
4n min

i

[
n
∑

j=1

∣∣∣Xj∆ − Ci
j∆

∣∣∣+√ n
∑

j=1

(
Xj∆ − Ci

j∆

)2
]
+

1
4n min

i

[
n
∑

j=1

∣∣XjΨ − CjΨ
∣∣+√ n

∑
j=1

(
XjΨ − CjΨ

)] (1)

Another approach assumes that spectrum formation is linearly dependent on fluctua-
tions in the concentration of contaminants. In this case, the solution of the optical inverse
task is solved by the following system of algebraic equations:

a11x1 + . . . + a1mxm = S(λ1, X)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ak1x1 + . . . + akmxm = S(λk, X)
(2)

where xj (j = 1, . . . , m) is the concentration of the jth contaminant in the water environment.
The coefficients aij are evaluated during the training procedure considering the facts of the
over-defined (m > k) or unspecified (m < k) system [45].

The AYRSSM block diagram is shown in Figure 5, where its blocks are selected from the
model functions. A description of the AYRSSM blocks is given in Table 2. The operational
capabilities of the AYRSSM are more general than those required when considering the
AYRS water quality assessment.

In addition, it is important to estimate the concentrations of chemicals in the water
of the Yenisei estuary. These evaluations were performed using the AYRSSM described
in detail by Krapivin et al. [21] and Krapivin and Varotsos [42,44]. The AYRSSM was
improved by further examination of the AYRS structure, including four dams located along
the Angara River and the bottom profile [38]. The AYRS watershed has an area Ω separated
from the uniform geographic grids Ωk (k = 1, . . . , N) located along the AYRS and other
adjacent areas Ωij as sources of pollutant fluxes to AYRS. Cells Ωk are located along the
AYRS starting with Ω1 at the source of the Angara River to ΩN at the mouth of the Yenisei
River. Balance equations are used to parameterize the dynamics of water quality and
pollutant concentration [21,22,26,45].

The AYRSSM versions were calibrated as follows:

• monitoring of water quality in the Nuok Ngot Lagoon (South Vietnam) [41,42].
• study of heavy metal radionuclear pollutants in the AYRS and the Arctic Basin [9,20,21,44];

and
• monitoring of water quality in Lake Sevan (Armenia) [40].

The AYRSSM calibration procedure in this study is mainly based on the estimation of
model sensitivity and the stability of the modeling results with variations in the number
and location of sampling sites shown in Figure 2. Shifting and subtracting 25% of the
sampling sites give the deviation of modeling results not more than 3%.
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Table 2. List of main blocks of AYRSSM.

Block Description of the Block

MRRO Model of the river run-off.

SPMM Simulation procedures for modeling the water masses’ motion.

SMPE Set of models to parameterize the evaporation process.

CWQA Criteria for water quality assessment.

MWR Model of water regime in a water body.

MSR Model of spreading the river run-off across the river-bed.

MI Model of infiltration.

MSSC Model of the sink, taking into account the effect of vegetation and soil cover.

MVU Model of vertical uplifting of ground water during evaporation, feeding, and
exfiltration.

MF Model of filtration.

EMP An empirical model of precipitation.

SMT A specified model of transpiration.

MSM Model of snow melting and evaporation from the snow surface.

SMSA A simulation model of sedimentation and biological assimilation of pollutants.

FAFP The formation of anthropogenic fluxes of pollutants.

MPWT Model of the process of the water temperature formation.

MKPW Model of kinetics of chemical pollution of water.

FDSE Formation of database of spectral etalons.

CFS Choice and formation of scenario for the simulation experiment.
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The AYRSSM verification process involves the comparison of modeling results with in
situ measurements. The range of modeling results at sampling sites (Figure 2) was 2.2% to
3.4%.

3. Results and Discussion

Figure 2 illustrates the sites for optical spectral measurements and water sampling.
Table 1 shows optical decision-making systems used for in situ spectral measurements and
analyses of water samples in laboratory conditions.

The combined process of water quality monitoring, algorithms, and AYRSSM allow
the results to characterize the spatial distribution of contaminants along the Angara River
and the Yenisei River after its intersection with Angara starting from the Strelka Village.
The content of radionuclides in the river bottom sediments and their transport to the Kara
Sea was studied earlier [21,45–47]. The analysis of the existing data on the radioactive pol-
lution of Angara and Yenisei waters shows that continuous self-removal of radionuclides
is observed. For example, the self-removal of 137C is estimated at 0.19 1/year, which corre-
sponds to a half-purification time of 3.6 years for a 600 km section of the Angara/Yenisei
riverbed [43,46]. Therefore, radioactive pollutants are not taken into account in this study.

The original source of pollution in Angara is Lake Baikal, whose water is affected by
industrial activities located on the shores of the lake, according to Russian Federal Law
defining the protection zone of the lake [47–50]. Industrial systems and cities along the
Angara River add pollutants to the water. Downstream of the tributary junction, the water
quality of Yenisei and Angara is determined by the average water properties. Further
quantitative assessment of the pollutant budget in the Angara/Yenisei river system is
assessed using a mass balance model [2,51]. The results of optical monitoring and model
calculations are given in Tables 3–6 and Figures 6 and 7.

Table 3. Concentration of heavy metals (µg/L) in the water samples of the Angara River evaluated
on the basis of the US-8 data.

In-Situ Water Sampling As Cd Cr Cu Ni Pb Zn

20 km of Angara from Baikal 3.15 0.21 0.09 1.21 10.2 0.36 10.5

30 km upstream from Irkutsk 3.42 0.22 0.11 1.24 10.4 0.41 10.6

Angarsk (Angara) 8.3 0.36 0.23 1.43 13.3 1.07 11.2

Bratsk (Angara) 11.2 1.15 0.32 2.48 15.4 1.09 13.6

Bratsk, 0.5 km above the dam (15
July 2019) 11.2 1.17 0.32 2.52 15.6 1.12 13.6

Bratsk, 0.5 km below the dam (15
July 2019) 10.7 1.13 0.27 2.39 11.2 0.98 13.2

Bratsk, 0.5 km above the dam
(August 15, 2019) 8.21 0.97 0.34 1.87 14.8 0.84 12.7

Bratsk, 0.5 km below the dam
(August 15, 2019) 9.16 1.14 0.41 2.25 15.3 1.13 14.2

Kazachinskoe (Yenisey) 10.4 1.17 0.19 1.54 15.3 1.13 13.7

Strelka (Angara flows into Yenisei) 7.6 1.32 0.24 1.67 16.9 1.19 12.2



Land 2021, 10, 342 10 of 16

Table 4. Average hydrochemical parameters of the Angara River evaluated during the 2019 expedition.

Site
Distance from

Lake Baikal, km

Selected Trace and Toxic Heavy Metals,
µg/L PO−3

4 ,
mg/L

NO−3
+NO−2
mg/L

NH−4
mg/L

HCO−3
mg/L

SO2−
4

mg/L
Cd Fe Ni Pb As

1 27 0.22 76.3 10.4 0.34 3.52 0.009 0.017 0.002 58.9 4.75

2 68 0.22 84.4 10.6 0.34 5.91 0.011 0.019 0.013 64.2 5.44

3 109 0.33 84.8 10.9 0.67 4.34 0.012 0.021 0.011 62.7 4.51

4 123 0.44 84.5 11.1 0.73 6.28 0.034 0.017 0.018 65.8 5.89

5 142 0.69 87.6 11.8 0.66 3.46 0.026 0.039 0.019 65.9 5.11

6 157 0.78 93.2 11.4 0.46 2.75 0.021 0.081 0.016 64.1 4.72

7 178 1.01 98.2 13.1 0.29 5.92 0.023 0.074 0.021 68.2 5.44

8 547 1.14 95.3 12.4 0.73 7.12 0.059 0.067 0.033 63.6 5.98

9 561 1.17 100.5 12.4 0.69 6.33 0.128 0.052 0.029 65.3 6.32

10 643 0.95 114.4 13.3 0.59 7.34 0.112 0.067 0.035 68.4 6.13

11 670 0.97 124.1 14.2 0.82 8.13 0.193 0.055 0.032 67.3 5.56

12 1665 1.21 120.3 16.1 0.67 7.92 0.178 0.076 0.019 71.7 6.18

13 1779 1.16 115.4 16.1 0.79 7.58 0.153 0.082 0.008 72.8 4.78

14 1888 1.18 116.7 16.3 0.92 7.66 0.195 0.089 0.003 73.4 5.31

Table 5. Comparison of concentrations of heavy metals and oil hydrocarbons in the Angara/Yenisei River system carried
out in 1995 and 2019.

Site
1995 2019

Heavy Metals,
µg/L

Oil Hydrocarbons,
mg/L

Heavy Metals,
µg/L

Oil Hydrocarbons,
mg/L

(1) Angara source 7.5 0.016 7.3 0.023

(2) Irkutsk, reservoir origin 8.9 0.019 7.7 0.034

(3) Irkutsk, below dam 8.7 0.021 7.6 0.045

(4) Above the Angarsk 10.3 0.041 9.6 0.062

(5) Angarsk City zone 11.5 0.054 9.9 0.067

(6) Below the Angarsk 11.8 0.057 10.3 0.072

(7) Usolye Sibirskoe 13.7 0.077 11.4 0.083

(8) Bratsk Sea 12.6 0.084 11.6 0.088

(9) Bratsk City zone 12.8 0.089 11.8 0.094

(10) Osinovka 11.5 0.114 10.9 0.092

(11) Below energetic 10.9 0.091 10.7 0.099

(12) Angara, Strelka 12.4 0.182 11.6 0.176

(13) Yenisei, Strelka 13.6 0.099 12.7 0.112

(14) Angara/Yenisey, below
Strelka junction 13.7 0.095 12.5 0.064



Land 2021, 10, 342 11 of 16

Table 6. Model evaluation of the hydrochemical characteristics of water delivered from the Yenisei River to the Kara Sea.

Distance
from the
Angara

Junction
(Strelka) to
Kara Sea,

km

Heavy
Metals, µg/L PO−3

4 , mg/L
NO−3 +NO−2

mg/L

Oil Hydro-
carbons,

mg/L

HCO−3 ,
mg/L

Mineralization,
mg/L

SO2−
4

mg/L

Strelka, 0 12.7 0.153 0.082 0.112 72.8 87.5 4.78

Lesosibirsk,
45 12.1 0.188 0.089 0.083 72.9 89.3 5.22

Novoselovo,
543 9.2 0.176 0.067 0.098 68.7 75.4 6.21

Igarka, 1161 7.7 0.088 0.034 0.066 64.5 62.1 6.33

Dudinka,
1405 6.9 0.063 0.012 0.045 57.3 54.8 5.25

Karaul, 1837 5.7 0.013 0.0052 0.043 45.1 41.6 4.92

Dickson,
2338 4.4 0.0015 0.0019 0.039 35.4 39.7 4.44
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The Angara River, the main subject of this study, has its source in the northern Lake
Baikal and flows at the junction with the Yenisei River below the village of Strelka. The
current of the Angara River is characterized as fast, with the existence of many jumps and
rifts. These peculiarities play a significant role in the distribution of contaminants in the
Angara waters [1,4,18,25,48].

Almost all heavy metals are irregularly distributed in the Angara and Yenisei Rivers.
This appears to be the result of the high velocity, turbulent flow, and coarse (gravel or
cobble) bed of the rivers, including bedforms where heavy metals accumulate and are
episodically remobilized. In portions of these rivers upstream of dams, the deposition
of heavy metals on the river bed can result in reduced concentrations of metals in the
water [9,26,44]. Indeed, the Bratsk, Irkutsk, and Ust-Ikimsk reservoirs manage fluctuations
in the water level of the Angara River and thus provide the links between the content of the
chemicals. According to Vyruchalkina [27], water discharges from the Angara River area
near reservoirs and dams increased from a minimum in April to a maximum in September.
As shown in Tables 2 and 3, heavy metals such as As, Ni, Fe, and Zn have high fluctuations
in their concentrations depending on the distance from the Angara mouth. This result can
be explained by their irregular concentrations in local waste waters, as defined by the types
of industrial and socio-economic production.

An analysis of the monitoring results presented in Table 4 shows the reduction of the
Angara pollution level almost all the way from Lake Baikal to the junction with the Yenisei
River as part of the comparative expedition of Strelka Village in 1995 [44]. This result is
explained by the reduction of industrial activity and the use of new technologies in the
commercial sector.

In practice, measurements of concentrations of different chemical elements at sampling
sites 1–14 indicate that the Angara River has a low level of mineralization and can be
transferred to the hydrocarbon’s category. A special role in shaping the water quality
is played by the reservoirs located along the Angara River with their narrow spots and
the widening of the lake-type, which significantly affect the process of turbulence and
sedimentation. Mazaeva et al. [39] studied the dynamics of coastal processes with a digital
relief model and showed that friction processes play a dominant role in the sedimentation
of contaminants and the movement of bottom sediments. These explain the occurrence of
instability in the data listed in Tables 3–6. Overall, according to Table 4, the concentrations
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of heavy metals in the water have decreased in recent years, but the concentrations of oil
hydrocarbons have increased slightly.

The model was used for the Yenisei River at a distance from the Angara junction to
the Kara Sea. The modeling results are shown in Table 6. The sedimentation and self-
decomposition processes cause the chemical concentration to decrease slowly as Yenisei
water moves toward its estuary.

It should be noted that the accuracy of the spectral optical systems used in this study
was evaluated by Krapivin et al. [22] (see Figure 9.22 in [22]), where it was shown that
the accuracy of the evaluation of the contaminant concentration did not exceed 2.7% for
concentrations below 10%. The accuracy of optical decision-making systems changed by
up to 5.6% when the aqueous solution of chemical elements was increased by up to 12.7%.

This paper demonstrates the possibility of spectral optical monitoring in the evaluation
of water quality for the Angara/Yenisei River system taking into account hydrological,
hydrochemical, and anthropogenic processes. Overall, this paper covers the results of the
2019 hydrochemical expedition study on water quality in the Angara/Yenisei River system,
considering the location of existing man-made objects located along the Angara Cascade.
Knowledge of the movement of pollution and its concentration at different distances from
Lake Baikal allows the assessment of the concentration of contaminants in Lake Baikal and
the Kara Sea. Monitoring of water quality from the Angara source provides important data
for assessing the current anthropogenic impacts on Lake Baikal. According to the data
in Tables 3 and 4, the water quality at site 1 can be considered to correspond to chemical
requirements for drinking water quality, which is in line with the conclusion of Suslova
and Grebenshchikova [50] based on field measurements in September, 2019.

The use of spectral optical devices for the analysis of Angara water quality allows
the functional distinction of the hydrochemical characteristics and the formation of their
long-term indicators to control the instability characteristics in their distribution along
the Angara Cascade [28]. During the 2019 mission, limited series of measurements were
performed at different times of the day, and it was found that the concentration of heavy
metals in the water during the day could change by ±2.8% in reservoirs, regardless of the
distance from the Lake Baikal. This result is mainly explained by the irregular outflow
of domestic and industrial wastewater in Angara and proposes the synthesis of such a
monitoring system, which will use tools and means of information modeling, providing a
complex examination of the possible natural and man-made effects on the water quality of
the Angara River [22,49].

The problem of functional water quality control in the Angara/Yenisei River system
can be simplified by using AYRSSM, taking into account its 3D bed model [50,51]. Digitiza-
tion of bed relief is possible on the basis of pilot maps. The combination of such models
and in situ measurements in individual areas can optimize a process for assessing water
quality. According to Krapivin et al. [22], the hybrid geoinformation system can be set up
on the basis of information-modeling instrumental technology with the decision-making
function to minimize economic factors for progress in assessing the anthropogenic impact
on water quality in Lake Baikal, the Angara/Yenisei River system, and the Kara Sea. More-
over, the US-8 spectrophotometer can be mounted on a fixed platform and could provide
hydrochemical characteristics at a frequency of several seconds [45].

In situ measurements at 14 selected sites have shown the existence of spatial and
temporal variability of the concentrations of chemical elements. Water samples collected
in the Irkutsk reservoir in July and August at the same site show that HCO−3 and SO2−

4
concentrations are 66.51 ± 1.3 mg/L and 4.53 ± 0.47 mg/L, respectively. Computer
experiments show that the entry of heavy metals into the Kara Sea from AYRS has a
constant value with a depression of ±26%. The impact of the AYRS ecosystem on the
heavy metal conversion process does not exceed 2.8%. Heavy metals concentrations in
samples taken up the Angara River upstream of the Angara-Yenisei junction are estimated
to vary ±1.4 mg/L. Table 5 shows that comparative concentrations of heavy metals and oil
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hydrocarbons in 1995 and 2019 are decreasing and increasing on average 9.7% and 5.6%,
respectively.

4. Conclusions

The results presented in this paper illustrate the features of the combined use of optical
spectral instruments for in situ measurements and water sampling analysis to assess the
water quality of such a large-scale water system as the Angara-Yenisei River. An advantage
of the method developed in this study is the ability to form a database of spectral images
of AYRS elements recorded during the year, which allows the estimation of trends in
changing AYRS water quality. Comparing spectral images that are made at the same times
of different years can help us decide on possible in-situ measurements.

Finally, according to this study and many literature data, the main difficulty in as-
sessing water quality in the Angara/Yenisei River system is the significant variations in
hydrochemical characteristics, both during the year and during the day, explained by
the irregular water flow and its structure of the bottom relief. The special feature of the
AYRS function is determined by the Siberian climate, when the lowest temperatures from
October to March are below zero and the AYRS drainage area (3.479 × 106 km2) is covered
by snow that accumulates air pollutants. It should be noted that this should be taken
into account when developing AYRSSM. Therefore, the composition of the information
modeling system, based on the suitable hydrochemical model and the fixed position of the
US-8 at selected sites, can optimize the solution of the operational control problem and
detect dangerous water quality disturbances in the AYRS.

In general, the water quality of the Angara River depends on the feeders from the
drainage basin, with an area of 1.039 × 106 km2. In particular, the AYRS model takes into
account this situation of what is possible with the use of remote sensing tools to assess the
structure of land cover and soil moisture content. Remote sensing tools have been devel-
oped to diagnose water surface and vegetation and are widely used to solve many tasks [6].
Effective diagnosis of vegetation and soil cover is made using microwave instrumental
tools based on wavelengths of centimeters [6,52]. Microwave remote sensing tools help to
collect data on the spottiness of oil products on the water surface. The detection of pollutant
spills can be performed simultaneously with optical and microwave instruments, which
improves the precision of AYRSSM input data. The future modernization of the AYRSSM
can be achieved with additional blocks, some of which are intended to parameterize the
functional dependencies of hydrochemical processes on nonlinear climatic parameters and
socio-economic decisions [49,53–55].

The results of this study show the adaptability of the developed information-modeling
instrumental technology to monitoring the water quality of every river system, which
can improve and increase the productivity of monitoring systems dedicated to water
quality. The actual application of AYRSSM to control the water quality of other river
systems requires a review of big data clouds, the spatial pixel structure, and the vegetation
coverage. The fixed position of the US-8 optical spectral sensor at sites for the formation of
spectral images of local water sampling provides an automatic monitoring regime. The
implementation of this monitoring regime is the subject of the relevant scientific project.
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