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Abstract

The semi-distributed physically based ECOMAG-HM model
was applied to simulate the cycling of the heavy metals (HM)
Cu, Zn, and Mn, and to identify spatial and temporal patterns of
heavy metal pollution in water bodies of a large river catchment
of the Nizhnekamskoe reservoir (NKR) in Russia. The main
river of the catchment is the Belaya River, one of the most
polluted rivers in the Southern Urals. The model was tested
against long-term data on hydrological and hydrochemical
monitoring of water bodies. It is shown that the pollution of
rivers is formed mainly due to diffuse wash-off of metals into
rivers from the soil-ground layer. Numerical experiments to
assess the impact of water economic activities on river pollution
were carried out by modeling scenarios of changes in the amount
of metal discharged with wastewater, a disaster with a salvo
discharge of pollutants, and the exclusion of anthropogenic
impact on the catchment to assess self-purification of the basin.
Modeling of chemical runoff in accordance with the delta-
change climatic scenario showed that significant changes in
water quality characteristics should not be expected in the near
future up to 2050.

Keywords

ECOMAG-HM model; river basin; heavy metals; pollution
modeling; climate and management change impacts
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Introduction

Heavy metals (HMs) are one of the most dangerous pollutants of
the environment. The main anthropogenic sources of HM are
various enterprises of ferrous and non-ferrous metallurgy,
mining enterprises, chemical enterprises, fuel installations,
cement plants, electroplating industries, and transport. HM
released into the environment are not decomposed, but rather
only redistributed between its individual components. HMs
accumulate relatively easily in soils, but their removal is slow.
For example, the period of semi-removal of zinc from the soil is
up to 500 years, while copper takes up to 1500 years [1]. In
micro guantities, HMs are necessary for the processes of vital
activity of organisms. Excessive amounts of HM are easily
accumulated by the organs and tissues of hydrobionts and
humans, adversely affecting their health and increasing the
environmental risks of morbidity [2,3]. One of the main factors
of the temporary detoxification of natural waters from HM ions
is their adsorption by suspended particles, deposition in the form
of poorly soluble inorganic compounds, and burial in bottom
sediments.

HMs are one of the most common pollutants in the surface
waters of Russia [4]. Their content in water bodies often exceeds
the maximum allowed concentrations (MAC) established by the
Russian Federation (Table 1), not only for fisheries and water
use, but also for drinking water. Cases of high and extremely
high pollution of HMs are recorded in individual water bodies,
at which their concentrations reach values of 30-50 MAC or
more.
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Table 1: Maximum allowed concentrations (MAC) for some heavy metals

(HM) in the Russian Federation (mg-L™).

HM MAC in Water Bodies
for Drinking Water for Fisheries

Cd 0.001 0.005
Mn 0.1 0.01
Cu 1.0 0.001
As 0.01 0.05
Ni 0.02 0.01
Hg 0.0005 0.00001
Pb 0.01 0.006
Zn 1.0 0.01
Cré 0.5 0.07
Cré* 0.05 0.02

In recent decades, a significant decrease in the amount of
wastewater discharged through point sources and, accordingly,
the amount of pollutants, has been observed in most river
catchments of the Russian Federation [5,6]. However, the
expected decrease in the HM content in many water bodies is
not marked [4,7]. This discrepancy indicates the need to deepen
the understanding of the influence of various processes
occurring in river basins on the formation of river water quality.
Such investigations are complicated by a number of
circumstances.  Firstly, the existing network of state
hydrochemical monitoring of water bodies in Russia has large
spatial and temporal sparsity, which makes it difficult to reliably
identify the regularities of the hydrochemical regime and the
formation of the quality of river water under the influence of
changing natural and anthropogenic factors. Secondly, due to the
imperfection of the accounting system of water user enterprises
that provide statistical reports on wastewater discharges, it is
quite difficult to correctly assess the contribution of point
sources to water pollution [8-10]. Third, monitoring of diffuse
sources of pollution in the catchment area is not carried out. The
best indicators of diffuse pollution are medium and, especially,
small rivers, but hydrochemical monitoring points are mainly
located only in large rivers in places of organized wastewater
discharge: Individual large industrial enterprises, thermal power
plants, nuclear power plants, as well as in the locations of cities
and large settlements. Prospects for studying the patterns of HM
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content in river basins, predicting its changes with possible
changes in climate and economic activity, and planning water
protection measures in low-light conditions with observational
data are associated with the construction of mathematical models
describing these patterns.

Modeling the water quality of river catchments has a relatively
long history. Intensive development of methods for assessing
river pollution associated with the use of fertilizers in agriculture
began in the 1960s. These methods were based mainly on
empirical relationships for calculating pollutant washouts from
agricultural fields using correlations with climatic and physico-
geographic parameters [11].

One of the first conceptual field-scale models of water quality
was the CREAMS model (Chemicals Runoff and Erosion from
Agricultural Management Systems) [12]. The model includes a
description of processes in hydrology, erosion, plant, and
chemistry sub-models and is used in agricultural management
practices. The main limitations of the CREAMS are related to
the small size of the simulated area bound by the agricultural
field. The ideology of the CREAMS model was the impetus for
the creation of many modifications of conceptual models,
describing water quality formation in areas with nonpoint spatial
pollution (reviews can be found in [13-16]).

Since the 2000s, semi-distributed models of the river runoff and
water quality formation have been used to evaluate the effects of
alternative management decisions on water resources and non-
point source pollution in river basins. Among others, the Soil
and Water Assessment Tool (SWAT) is widely used for the
simulation of river discharge and pollution loads at different
scales: From the continental scale [17], through the regional
scale [18], to the scale of individual river catchments [19,20].
There is evidence in using semi-distributed models for the
evaluation of measures to reduce contaminant loads and improve
the ecological status of water bodies in Germany (SWIM, Soil
and Water Integrated Model [21]; MONERIS, Modeling
Nutrient Emissions in River Systems [22]; METALPOL model
[23]) and in Sweden (HYPE, Hydrological Predictions for the
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Environment [24]) in the framework of the implementation of
the European Water Framework Directive. In semi-distributed
models, the watershed is divided into several subbasins—
Hydrological Response Units (HRUs). Each HRU is divided into
several layers, and the vertical and horizontal fluxes of water,
sediment, and nutrients loadings that move into the river
network are modeled. Previous authors [24] drew comparisons
between several semi-distributed water quality models based on
their complexity, input data constraints, and performance of the
models. Overviews of the water quality formation models can be
found in [25-28].

Most of the semi-distributed models of water quality formation
in river basins were used mainly for biogenic elements (nitrogen
and phosphorus). Much less research is devoted to modeling the
formation, transport, and transformation of heavy metals in
rivers, which may create serious environmental problems in the
region. Such models are usually developed for mining areas [29]
with widespread waste rock dumps, tailing dumps [19], and
contaminated soil [30], as well as in areas with a wide spread of
“dirty” industries [31]. For example, in [19], the load of HM
transported by the highly contaminated mine drainage river has
been assessed using a combination of the SWAT model (for
hydrological simulation) and an empirical equation statistically
relating local discharge with the concentration of elements. A
statistical approach using a multilayer perceptron neural network
model was also used in [29] to forecast the content of HM
pollutants in stormwater sediments on the basis of atmospheric
data and catchment physico-geographic characteristics. In [31], a
detailed heavy metal transport and transformation module was
developed and combined with the SWAT model for the purpose
of simulating the fate and transport of metals at the watershed
scale. This modification of the SWAT-HM model was calibrated
and validated to simulate Zn and Cd dynamics in the watershed,
which has been impacted by mining activities for decades. The
authors noted that the developed model has a high potential for
application in environmental risk analysis and pollution control
to provide scientific support for pollution control and
remediation decisions.
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One physically based model of runoff and water quality
formation in river basins developed in Russia is the ECOMAG-
HM model (Ecological Model for Applied Geophysics—Heavy
Metals) [30,32]. The model is well adapted to the description of
processes in river basins with a snow-type water regime, as well
as the structure and composition of hydrometeorological
information in Russia. The hydrological module of the
ECOMAG model has been repeatedly tested on many large river
basins and is used in the practice of hydrological calculations,
forecasts, and water resource management in the Russian
Federation [33]. The hydrochemical module was applied to
assess possible changes in river water pollution under various
scenarios of the Pechenganikel mining complex in the north-
west of the Kola Peninsula, which creates environmental
problems in the region [30]. Besides, the model was verified
using hydrochemical monitoring data in a large river basin to
study the regime of HM concentrations in the watercourses of
the Nizhnekamskoe reservoir (NKR) catchment in Russia (for
copper [32] and zinc [34]) [35].

The main purpose of the study is to assess the ECOMAG-HM
model’s potential to study spatio-temporal patterns of HM runoff
formation in a large river basin (with the example of the NKR
basin) to quantify scenarios of the water protection measures
under possible changes in water economic activity and climate.
The specific objectives of the study were (a) to evaluate the
capabilities of the model for assessing HM pollution of river
waters in various sections of the river network to solve the
problem of designing a hydrochemical monitoring network; (b)
to assess the contributions of diffuse and point anthropogenic
sources to HM pollution in the NKR watershed; (c) to assess
changes in water quality of water bodies under various scenarios
of anthropogenic load on the river basin; and (d) to assess
changes in the hydrological and hydrochemical regime of rivers
under a scenario of possible climatic changes. In this paper, in
the section of the testing results of the model, more attention is
paid to the study of the spatio-temporal patterns of manganese in
river waters. The results of the copper and zinc simulations in
the river system are used for comparison with the manganese
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regime, as well as to illustrate the HM regimes under various
scenarios of changes in water economic activity and climate.

Materials and Methods
Study Area: The Nizhnekamskoe Reservoir Watershed

The Nizhnekamskoe reservoir was created in the valley of the
Kama River (the largest tributary of the Volga River) in 1979.
The area of the NKR watershed between the Nizhnekamsk
(Naberezhnye Chelny sity) and Votkinsk (Tchaikovsky sity)
hydropower plants is 186,000 km?, most of it (142,000 km?)
occupied by the basin of the Belaya River River (Figure 1).
About 2/3 of the catchment area in the western and central parts
is flat territories, and the eastern part is the Ural folded mountain
region. The average height of the basin is 392 m, and the highest
is 1654 m (Yaman-Tau Mountain). Forest occupies about 50%
of the territory.
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Figure 1: Map of the Nizhnekamskoe Reservoir (NKR) watershed and
location of monitoring posts: Hydrological gauges (circles) and hydrochemical
monitoring points (triangles). The inset shows the location of the NKR
watershed (pink) in the Volga basin (gray) and Eurasian continent.

The climate of the territory is continental. There are a number of
transitions from the climate of semi-arid steppe regions, where
the annual precipitation ranges from 300-400 mm and the
average annual air temperature is about 3 °C, to more humid
areas (north-eastern and eastern mountain-forest), where the
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annual precipitation exceeds 600 mm and the average annual air
temperature is below 1 °C. The rivers are mainly fed by snow.
More than 60% of the annual runoff passes during the spring
flood. The average annual lateral inflow of water to the NKR is
36.5 km?, of which 26.1 is accounted for by the flow of the
Belaya River. To compensate for the shortage of water
resources, which often occurs in low-water years, about 400
reservoirs and ponds with a volume of more than 100,000 m?, as
well as many smaller ponds, operate in the basin. The largest
reservoirs are Pavlovskoye on the Ufa River, Nugushskoye on
the Nugush River, and Yumaguzinskoye on the Belaya River.

A feature of the geological structure of the territory is the wide
distribution of ore deposits and the significant concentration of
ore elements in rocks. More than 3000 deposits and
manifestations of various types of minerals have been
discovered in the NKR basin [36]. The soils of the catchment
area (chernozems, sod-podzolic, gray forest) are characterized
by a high content of humus and heavy mechanical composition.
Well-drained mountain soils are common in the east of the
region. Soils inherit the chemical composition of soil-forming
rocks. In the soil, HMs are included in the composition of humic
substances, forming strong complexes with humic and fulvic
acids, and are not removed from it for hundreds and thousands
of years [1]. The heavy mechanical composition of soils
contributes to the increased accumulation of HM. About 60% of
the studied territory is erosively dangerous land as a result of
water and wind erosion. Eroded soils enriched with trace
elements contribute to the entry of HMs into water bodies with
sediments [36,37].

The industrial development of the region began almost 300 years
ago, was associated with the development of mineral deposits,
and took place without taking into account environmental
restrictions.  “Ancient”  anthropogenic-transformed  mining
landscapes, modern industrial enterprises for the extraction and
processing of mineral resources, large settlements, and their
infrastructure objects are sources of additional metal supply to
the catchment area. In the eastern part of the catchment, such
sources are mining enterprises, while in the western and central
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parts, they are enterprises of oil production, oil refining,
chemistry and petrochemistry, metallurgy, mechanical
engineering and energy, and objects of storage of production and
consumption waste.

As mentioned above, in recent decades, the volume of pollutants
entering water bodies from controlled point sources has been
decreasing for reasons that are not fully established: Perhaps due
to the decrease in water consumption [5,6] or due to the decrease
in the number of monitored water users providing statistical
environmental reports of industry, settlements, and communal
services on the 2-TP (vodkhoz) form [8]. In [38], an assessment
of the correctness of the information contained in the reporting
forms of 2-TP (vodkhoz) was evaluated. According to the results
of the assessment, a large number of cases were revealed when
the amount of metal actually contained in wastewater
significantly exceeded the statistical data, and in some cases, the
excess was 1-2 orders of magnitude. The revealed differences
can be explained by the shortcomings of the existing system for
monitoring the composition of wastewater at enterprises. In the
absence of automatic continuous monitoring of the HM content
in wastewater at enterprises, the assessment of the HM discharge
is carried out either on the basis of individual episodic water
samples, or indirectly by the number of products produced. Such
approaches inevitably introduce significant errors in determining
the actual HM discharges from point sources [9,10].

ECOMAG-HM Model

The semi-distributed physically based ECOMAG-HM model
[30,32] was developed to simulate the spatio-temporal dynamics
of hydrological and hydrochemical cycle components in large
river basins. The model operates with a daily time step and
consists of two main blocks: The hydrological submodel of
runoff formation and the hydrochemical submodel of pollutant
migration and transformation. The first submodel describes the
main processes of a land hydrological cycle: Vertical fluxes
(infiltration of rain and snowmelt water into the soil, percolation
of water into deeper soil horizons and groundwater zone,
evapotranspiration), changes in water and energy contents in
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different components of the geosystem (snow cover formation
and melting, soil freezing and melting, surface water, soil
moisture, groundwater level), and lateral fluxes (formation of
surface, subsurface, groundwater flow), which form the river
runoff.

The hydrochemical submodel describes the processes of
migration and transformation of conservative pollutants in
catchments. It accounts for pollutant accumulation on land
surfaces, dissolution by melt and rainwater, penetration of
dissolved forms of pollutants into soil, and interactions with soil
solution and soil solid phases. Pollutants are transported by
surface, subsurface, and groundwater flows to the river network
and form the lateral diffuse inflow into rivers. The submodel of
the transfer and transformation of pollutants in the river system
include the lateral diffuse inflow and load of pollutants from
point anthropogenic sources to the rivers and routed through the
river network to the outlet of the catchment, taking into account
the exchange of pollutants between the river water and riverbed.

The Information-Modeling Complex (IMC) ECOMAG was
developed for easy use and adaptation of the model for river
basins under various projects of information support in water
resources management, forecasting water and hydrochemical
regimes, and research. The IMC computer technology contains
the calculation module of the mathematical model, databases,
and instruments for information and technological support of
this module. Thematic digital maps (a digital elevation model,
hydrographic network, soils, and landscapes) are applied for
automated division of the river basin into elementary watersheds
(model cells, analog HRU in SWAT) and a schematization of
the river network using the specific GIS tool Ecomag Extension.
Data on hydrometeorological, hydrochemical, and water
management monitoring as well as instruments for
geoinformation processing of these spatial data are involved in
the IMC ECOMAG for calibration of the model parameters,
verification, testing of the model, and calculations for various
projects.
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The concept, algorithms, equations, and results of the
application of the hydrological module in operative water
management and forecast practice were described in many
studies [33] and applied to river basins of different scales
(including the largest in the northern hemisphere: The Volga,
Lena, Selenga, Amur, Mackenzie, etc.) located in different
geographic zones with different runoff formation conditions and
hydrological regimes of water bodies. The geography of
application of the hydrochemical module of the ECOMAG-HM
model for environmental problems is more moderate. A
description of the hydrochemical module and results of
validation of the model were published in [30,32,34,35].

Data Preparation and Model Setup

For calculations on the model, boundary conditions were set in
the form of daily spatial meteorological fields, concentrations of
heavy metals in atmospheric precipitation, and pressure
groundwater feeding the upper groundwater zone. Daily data on
56 meteorological stations located in the NKR watershed for the
1979-2011 period were used to construct meteorological fields
of air temperature, precipitation, and air humidity deficit. The
concentrations of metals in atmospheric precipitation were set by
constant values based on the weighted average concentrations
given in [39]. Furthermore, the concentrations of metals in the
pressure groundwater were set as constant values, based on the
data given in [40]. In addition, as information on the point
anthropogenic sources of river water pollution, mean annual data
on metal discharges with wastewater in 12 large settlements in
the Belaya River were set on the basis of State statistical
reporting forms 2-TP (vodkhoz) for the 2002—2007 period. Maps
of heavy metals content in the arable soil layer on the territory of
the Republic of Bashkortostan [41], which occupies a large part
of the NKR catchment area, were used to set the initial
conditions for the hydrochemical module of the ECOMAG-HM
model.

To calibrate the model parameters and verify the hydrological

module, data on daily river discharge at 5 hydrological gauges
were used. The data of observations of HM concentrations at
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points of the Russian State Monitoring Survey on the Belaya
River and its tributaries were used to calibrate the parameters
and test the hydrochemical module: For copper and zinc, at 35
points for the 2004-2007 period; for manganese, at 26 points for
the 2002-2007 period. As a rule, observations of the metal
content in river waters were carried out once a month.

The spatial schematization of the catchment area and the river
network in the NKR basin was produced using the Ecomag
Extension tool on the basis of a digital elevation model. As a
result, 503 elementary watersheds were identified in the
catchment; their average area is about 400 km?.

The values of most of the model parameters were set from the
IMC ECOMAG databases using available maps of land surface
characteristics (relief, soil, vegetation) or were determined on
the basis of literary data [42]. Some parameters of the model
were corrected using the calibration procedure by comparisons
with daily runoff hydrographs and observations of HM
concentrations in river waters at observation stations within the
framework of hydrological and hydrochemical monitoring of
water bodies. Numerical experiments have shown that the most
sensitive parameters of the hydrological submodel are the
saturated hydraulic conductivities of soils, the evaporation
index, and the degree—day coefficient of snow melting. In the
hydrochemical submodel, the constants of the sorption
equilibrium of HM in soils and the parameter accounting for the
exchange of metals between river water and bottom sediments
were refined by calibration.

Scenarios of the Water Economic Activity Changes
Experiments

In order to assess the impact of water economic activity changes
on river water pollution, a series of numerical experiments was
evaluated, in which the following scenarios were performed:

1. An increase in the amount of metal in the wastewater of all
localities with controlled wastewater discharges;
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2. A salvo of a significant amount of HM into the watercourse
as a result of an emergency discharge in one of the localities;

3. Complete exclusion of anthropogenic impact on the
catchment.

Scenario 1: Change in the Amount of Wastewater Entering
the River Waters

Water pollution was simulated under various scenarios of
changes in the amount of metal discharged in wastewater at 0.1,
10, 20, 40, 60, 80, and 100 times in relation to the existing level
(represented as 2-TP (vodkhoz) forms) in all localities. In fact,
such changes may be due to an increase in industrial production,
or in some cases, as a result of more objective and correct
presentation of information in the 2-TP (vodkhoz) reports on the
amounts of HM discharged by water users in some localities
[9,10,38].

Scenario 2: The Simulation of a Disaster

The simulation of an extreme situation that led to a significant
amount of HM entering the watercourse was carried out. The
reason for this situation may be accidents at liquid waste storage
facilities, multiple discharges of wastewater as a result of
unstable operation of enterprises, unauthorized discharges of
contaminated wastewater without treatment, etc. The algorithm
of events was as follows. As the input to the model, various
amounts of metals were dumped at a certain point in the river
network during the day. Then the concentrations of metals in the
river network below the emergency point were calculated.

Scenario 3: Exclusion of Anthropogenic Impact on the
Catchment Area

The estimation of the time scale of self-cleaning of the
catchment from HM in the scenario of complete exclusion of
anthropogenic impact on the NKR basin was performed. It was
assumed that HMs were not dumped in the wastewater, and the
entry of metals into the atmosphere with industrial emissions
was also excluded (the concentration of metals in precipitation
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was equal to zero). The concentration of metals in the pressure
groundwater decreased to the lowest level in the range of typical
values for the underground water of the studied region. Under
these conditions, numerical experiments were carried out to
estimate the dynamics of heavy metals in river waters for 400
years ahead. A series of historical data of meteorological
observations at weather stations for 33 years, from 1979 to 2011,
was used as a meteorological forcing. The final results of
calculations of the river basin characteristics for 31 December
2011 were recorded at the starting point of 1 January 1979, and
thus the calculations for the 33-year time series were repeated
many times.

Description, Evaluation, and Processing of Climate
Scenario Data

To construct a scenario of the future climate for the NKR basin,
the trends in annual temperature, precipitation, and runoff for
several meteorological and hydrological stations located in the
watershed area over the period of 1956-2007 were analyzed. It
was found that at the turn of the 1980s, there were changes in
climate signals between the climate parameters for two periods.
The average air temperature for the 19802007 period increased
by about 1 °C compared to the previous period of 1956-1979.
The increase in annual precipitation over the 1980-2007 period
compared to the previous period averaged for the whole
considered meteorological stations was about 10%. The
difference in the mean annual runoff was about 10% in the
gauges of the Belaya River during these periods (see examples
in Figure 2). Modeling the water and chemical runoff for the
future period, up to 2050, was carried out using the so-called
“delta change” (DC) climatic scenario, assuming changes in
climate parameters to be the same as for the previous
observation periods. So, the obtained increments of the annual
daily air temperature of 1 °C and daily precipitation multiplied
to 1.1 were introduced to the corresponding historical daily
series of climate parameters for the last observation period. It
should be noted that similar trends in runoff changes for the
region under consideration over the past decades and in the near
future are given in the review [43].
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Figure 2: Changes in mean annual air temperature (a) and precipitation (b) in
Ufa station and the mean annual discharges (c) of the Belaya River at Birsk
gauge for the 19562007 period (dotted lines are trends).

Results and Discussion
ECOMAG-HM Testing of the Model
Model Verification

The hydrological submodel was calibrated and verified by
comparing the observed and simulated runoff hydrographs at
several hydrological stations in the NKR basin over the 1978—
2013 period. The results of the tests showed satisfactory
agreement between the observed and simulated runoff
characteristics according to the Nash-Sutcliffe efficiency
criterion for the daily hydrographs, and the PBIAS criterion for
the annual runoff volumes [32,33]. Figure 3 shows these
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comparison results at four stations over the 2002-2007 period,
which will be later used for the simulation of hydrochemical
characteristics.

An additional successful test of the model for the rivers not
covered by hydrometric observations was performed by
comparing the map of the mean annual specific runoff estimated
on the basis of averaging the simulated daily runoff in the nodes
(centers of gravity) of elementary watersheds over many years
with the map of specific runoff given in SNIP-2.01.14-83
[32,44]. The latter is used in Russia for the estimation of the
hydrological characteristics in the design of hydraulic structures
on rivers in the absence of hydrometric observations.

The hydrochemical submodel was tested by comparing observed
and simulated concentrations of copper [32] and zinc [34] in
different sections of rivers of the NKR basin. The rare frequency
of observations at the hydrochemical monitoring points (usually
up to 12 observations per year), as well as significant errors in
determining HM concentrations in water samples (~50%), do not
allow the full use of traditional statistical hydrological criteria
for comparing the results of model calculations of intra-annual
HM concentrations and episodic data of hydrochemical
measurements [45]. Characteristics averaged over longer time
periods can be determined more reliably based on such data.
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Figure 3: Observed (blue) and simulated (red) hydrographs of the Belaya
River and inflow into NKR.

Examples of the comparison of the intra-annual distribution of
Mn concentrations (daily and averaged over quarter (three-
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month) periods) are shown in (Figure 4). As can be seen,
seasonal changes in the Mn content are characterized by
increased concentrations during high-water periods (snowmelt
and rainfall runoff) and a decrease during the summer and winter
low-flow periods. Correlation analysis showed that the maximal
correlation coefficients, R, between the observed and simulated
concentrations at all monitoring points in the basin, averaged by
three months (quarters), were obtained for copper in the second
quarter (the spring flood period, R = 0.55), for zinc in the second
and third quarters (R = 0.50 and R = 0.69, respectively), and for
manganese in all quarters (R varies in the range from 0.68
(fourth quarter) to 0.85 in the first quarter).

Spatial differences in the long-term mean annual HM
concentrations in the Roshydromet hydrochemical monitoring
points located in the order from the upper reaches of the Belaya
River toward its inflow into the NKR differ significantly (Figure
5). Table 2 shows the correspondences between the observed
and simulated HM concentrations and the range of changes in
monitoring points. The correlation coefficients between
simulated and measured concentrations are 0.58 for copper, 0.60
for zinc, and 0.80 for manganese.

Additional verification of the model was carried out by
comparing the calculated and actual inflow of pollutants into the
NKR. The model allows for calculating the balance of chemical
components entering the river network and estimating the
contribution of point (controlled wastewater discharges) and
diffuse sources to river water pollution. As the information on
point sources, yearly data on metal discharges with wastewater
in 12 large localities were used. The actual inflow of metals
from the catchment area to the NKR was estimated by
multiplying the observed annual lateral inflow of water into the
reservoir by the measured average annual concentration of metal
at the last hydrochemical monitoring station on the Belaya River
before its confluence with the NKR (Dyurtuli station) (Table 3).

Model balance calculations show that the total wash-off of

metals in the rivers from the NKR catchment averaged over the
period of simulation is formed by approximately 80-85% due to
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leaching from the soil-ground layer. Surface wash-off of metals
into rivers usually does not exceed 20%. The share of HM
entering the river network with wastewater discharges is small
and amounts to ~1% of the total load of copper, ~4% of zinc,
and 0.1% of the total load of manganese. A significant
proportion of metals washed out from the catchment area
accumulate with sediments in the river bottom: On average,
~46% copper, 62% zinc, and 30% manganese. These estimates
are in good agreement with the results of HM retention in the
Elbe River systems obtained using the METALPOL model [23]:
For copper, on average, 51% with a range of variation from 35
to 60% for different tributaries; and for zinc, on average, 45%
with a range of variation from 30 to 54%.

Table 2: Observed and simulated HM concentrations and its ranges of changes
in monitoring points (ug-L™1).

HM Long-Term  Mean | Range of Changes in Long-Term
Annual Annual HM Concentrations at the
Concentration Monitoring Points
Averaged over | min max
Monitoring Points
Observ. Simul. Observ | Simul. Observ | Simul

Cu 3.94 4.28 2.38 2.59 6.29 7.10

Zn 4.48 4.65 2.36 2.72 9.03 10.24

Mn 84.4 77.1 424 424 188.0 116.1

Table 3: Simulated components of HM load into the river network from the
NKR watershed and the actual and simulated HM load into the NKR (t-year?).

H HM Load Actual HM Total HM Load into
M Load Setting | NKR
With With of HM onto Simul | Actual
Surface Subsurfa | by Riverb | ated
Water ce Water | Wastew ed
Flow Flow ater
Cu | 40.3 174.3 2.3 99 118 119
Zn | 35.8 197.5 8.9 144.3 98 114.5
Mn | 685 3093 3.2 1134 2651 2651
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Figure 4: Observed (green) and simulated (red) Mn concentrations at certain
hydrochemical monitoring points over the 20022007 period: On the left, the
dynamics with daily resolution; on the right, the mean intra-annual
concentrations by quarters.

An example of the inter-annual dynamics of various sources of
river water pollution and a comparison of the actual and
simulated Mn load in the NKR is shown in Figure 6. The
differences between the compared annual values can be largely
explained by significant errors in determining the concentration
of heavy metals in river water.
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Figure 5: Observed (green) and simulated (red) long-term mean annual heavy
metal (HM) concentrations at the hydrochemical monitoring points located in
the order from the upper reaches of the Belaya River toward its inflow into the
NKR: (a) Cu; (b) Zn; (c) Mn. The arrow shows the direction of river flow.

Inter-annual changes in the HM load in the river network and
NKR are characterized by the increase in high-water years
(2002, 2007), decrease in medium years (2003, 2005), and
minimum values in low-water years (2004, 2006). Such inter-
annual changes in the HM load occur when HMs enter the river
network mainly from diffuse sources from the catchment area,
which are affected by climatic factors. Thus, the results
presented in this section indicate that, on the whole, the model
adequately reproduces the main spatio-temporal patterns of HM
runoff formation in the river basin and HM content in the river
network.
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Figure 6: Inter-annual dynamics: (a) Simulated components of Mn load in the
river network; (b) The actual and calculated Mn load in the NKR.

Mapping of the Simulated HM Characteristics

Regularities of water quality formation in river basins are
associated with the study of genetic components of river and
chemical runoff; therefore, among the mapped characteristics,
we will consider the HM concentrations in river waters and the
HM wash-off with various genetic components of river runoff.
The algorithm for determining spatial distributions of
components of HM runoff based on the developed model was as
follows. Daily fields of weather characteristics in the catchment
area were constructed using data of meteorological stations, and
the ECOMAG-HM model was applied to simulate runoff and
HM removal in the local river network by surface, soil, and
ground flow for all elementary watersheds. By averaging the
daily fields over a multi-year period, maps of the mean annual
specific HM load in the river network by various genetic
components were obtained for cooper [32] and zinc [34].

The analysis of these maps demonstrates the spatial differences
in the predominance of various genetic components in the
formation of hydrochemical metal runoff in the NKR basin.
Over most of the catchment area, the total HM load into the river
network was formed mainly due to subsurface (soil and ground)
runoff. The HM wash-off by surface water is almost an order of
magnitude smaller, except for the western province of the basin,
where the wash-off by surface runoff was comparable or slightly
higher than the HM leaching by subsurface runoff.
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The map of the mean annual Cu, Zn, and Mn load in the river
network shows the close correlation with the spatial distribution
of the initial HM content in soils (Figure 7) due to the
predominance of HM leaching from the underground zone in the
water quality formation.

Figure 7: Initial HM contents in the soils, long-term mean annual HM wash-
off, and long-term mean annual HM concentrations in the river network.

In turn, the spatial distribution of HM load affects the
distribution of HM concentrations in the river network. A map
of the simulated mean annual HM concentrations in river water
was created (Figure 7) to analyze the spatial distribution of HM
content in the NKR drainage basin, including the rivers not
covered by hydrochemical observations. This map was obtained
by averaging the simulated daily HM concentrations in the
elements of the modelled river network over the period of
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simulation. The line thickness indicates the HM concentration in
the river network in accordance with the legend.

As can be seen from Figure 7, small rivers that mainly flow near
foci with a high content of HM in soils have higher levels of HM
pollution. These areas with increased river pollution are
delineated with shafts. Figure 7 clearly shows that a narrow area
of increased concentrations of zinc in rivers is formed near the
focus of increased zinc content in the soil in the area of the Ufa
River catchment. The area with a high copper content in the
rivers is noticeably larger and mainly covers the north-eastern
part of the NKR basin. The distribution of the increased content
of manganese in the soil in the catchment area is spotty;
therefore, foci of increased concentrations of manganese in the
river water are found everywhere, with the exception of the
southwestern part of the basin. The maximum mean annual HM
concentrations in these streams exceed the similar average for
the other part of the NKR basin by 2-6 times and reach 11
ug-L! for copper, 29 pg'L™! for zinc, and 166 pg-L™' for
manganese. When small, polluted tributaries flow into larger
rivers, HM concentrations in river waters decrease as a result of
dilution by cleaner water in larger watercourses. A similar effect
was obtained in the results of simulating HM concentrations in
river waters near polluted areas in the Liuyang River basin in
China impacted by mining activities using the SWAT-HM
model [31]. As already noted, hydrochemical monitoring points
are usually located on large and medium-sized rivers in the
immediate vicinity of large settlements and industrial
enterprises, so the existing monitoring network does not cover
small rivers that are most susceptible to diffuse pollution.

The analysis of simulated results shows that the water quality in
the river monitoring points does not meet the MAC standards for
fishing use regarding copper (by 2—7 times) and manganese (by
4-19 times). The entire range of changes in zinc concentrations
is within the MAC standard. The water quality regarding copper
and zinc in all monitoring points is suitable for drinking use. The
content of manganese in river water exceeds the MAC standards
for drinking use only at several points in some seasons of the
year.
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Modeling the Impact of Economic Activity on River
Water Pollution
Change in the Amount of Metals Discharged in Wastewater

Intra-Annual Distribution: Figure 8 shows the simulated
dynamics of the copper content in the Belaya River at Ufa city
with actual wastewater discharges, as well as with the 60-times
increase in copper content in wastewater. At the current level of
the copper content in wastewater, its maximum concentration in
the river water is simulated during high water periods (snowmelt
and rainfall runoff) as a result of the metal load, mainly from
diffuse sources. When the multiplicity of the increase in the
content of metals in wastewater relative to the existing level
exceeds a certain critical value, the following pattern occurs:
During periods of high water, the lowest concentrations of
metals begin to be observed in contrast to the original case
(Figure 8). This occurs as a result of diluting highly polluted
industrial wastewater in rivers with significantly less polluted
snow and rainwater. Nomograms can be constructed for
hydrochemical monitoring stations, showing the “critical” levels
of anthropogenic load (the multiplicity of increase in metals
discharged from wastewater relative to the existing level), at
which such changes occur based on the results of numerical
experiments. In particular, in the example shown in Figure 9, the
relationship between the river discharges and maximal
concentrations of copper in the Belaya River at Ufa city is
reversed, when the discharge of copper into the river increases
by 20 or more times.

Numerical experiments have shown (Figure 9) that with an
increase in discharge of the Belaya River near the city of Ufa
over 3500 m?3s!, copper concentrations in river water
asymptotically approach the value of ~6 pg-L™' under various
scenarios of wastewater loads. In other words, the contribution
of point sources of pollution due to dilution is minimized during
periods of high water, and the concentration of metals in river
water is mainly determined by the maximum exchange capacity
of the catchment leaching of HM from the watershed by surface
and subsurface flow during intensive snowmelt or rainfall that
forms the maximum runoff. This constant concentration can be
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named the equilibrium concentration of diffuse saturation of the
river basin for this type of HM.
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Figure 8: Simulated hydrograph (blue) and dynamics of the copper content in
the Belaya River (Ufa city) with the actual content of copper in wastewater (1)

and with an increase in the copper content by 60 times (60) over the 2004—
2007 period.
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Figure 9: Relationship between water discharges at the Belaya River (Ufa city)
and the concentration of copper in river water with the actual content of copper

in wastewater (1) and under scenarios of its change at 0.1, 10, 20, 40, 60, 80,
100 times.

Mean annual Characteristics: With an increase in the HM
content in wastewater, the contribution of point sources to the
river’s pollution in the NKR basin increases (Figure 10a). Thus,
with a 20-fold increase in HM content in wastewater, the mean
annual contribution of point sources to river water pollution is
~20% for copper, 44% for zinc, and 2% for manganese. A 100-
fold increase in HM load increases the contribution of point
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sources to river pollution to ~53%, 80%, and 8%. An increase in
the content of HM in wastewater also leads to an increase in
their inflow by river water to the reservoir (Figure 10b). Thus, a
100-fold increase in metals causes an increase in the inflow into
the NKR of copper by ~2 times, zinc by ~4 times, and
manganese by 1.1 times.
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Figure 10: Simulated anthropogenic impact on the NKR basin with changes in
the metal content in the wastewater: (a) Contribution of point sources to the
river water pollution, (b) wash-off of metals to the NKR.

Simulation of a Disaster with a Salvo Discharge of Pollutants

Figure 11 shows simulated changes in the maximum
concentration of copper along the length of the river under
various scenarios of copper salvo discharge (5000, 4000, 3000,
2000, 1000, 500, and 100 kg-day') into the Belaya River near
Salavat city. As the contamination spot is removed from the site
of the salvo discharge, the concentration of copper decreases
intensively due to the dilution by the tributaries that flow into
the Belaya River, and copper deposits on the river bottom along
with sediments. As early as passing Ufa city (~300 km from the
accident site), the maximum concentrations of copper are
reduced by about two orders of magnitude.
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Figure 11: Changes in the maximum concentration of copper at several
hydrological stations along the Belaya River under various scenarios of copper
dumping in the Salavat city (5,000 kg,...,100 kg).

Simulation of Self-Cleaning of the NKR Watershed under
Exclusion of Anthropogenic Impact on the Catchment

The estimation of time scales of the catchment’s self-purification
from HM according to scenario 3 was carried out by simulating
the dynamics of HM reserves with the complete exclusion of any
anthropogenic impact on the basin over a 400-year period. Based
on the maps of metal content in the soil [41], it was determined
that in the NKR catchment, the initial reserves of copper are
~1000, zinc ~550, and manganese ~11,350 thousand tons
(Figure 12a). The annual flow of copper, averaged over a 33-
years period, from the catchment to the river network at the
beginning of the calculation period was 147, zinc ~156, and
manganese ~1745 t-year! (Figure 12b). After 200 years,
calculations showed a decrease in the removal of copper, zinc,
and manganese from the catchment area, respectively, to 140,
147, and 1700 t-year!. After 400 years, the average annual
removal of metals from the river network continued to decline,
and amounted to 135, 140 t, and 1640 t year !, respectively.
Thus, in the absence of external impacts, the catchment area was
slowly cleared and the content of copper in soils decreased to
~950, zinc to ~500, and manganese to ~ (Figure 12a) thousand
tons. As a result of the reduction of metals reserves in the
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catchment area, their content in the river water decreased.
Calculations have shown that over a 400-year period, due to the
self-cleaning of the NKR basin, the average annual
concentrations of copper, zinc, and manganese in river water
decreased slightly by 6-8%.
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Figure 12: Changes in Mn reserves in soils (a), wash-off intensity, and Mn
concentration in river waters (b) over a 400-year self-purification period.

Sensitivity of the Water and Chemical Runoff to
Climatic Changes

Modeling the water and chemical runoff for the future period, up
to 2050, was carried out using a DC climatic scenario, assuming
changes in the climate parameters to be the same as the previous
observation periods (increments of the daily air temperature of 1
°C and daily precipitation of 10%). Table 4 presents the results
of numerical experiments for the simulation of river runoff
characteristics under both historical data series and the DC
scenario for the 2002—-2007 period.

The mean annual inflow into the NKR under the DC scenario
increased by 7% with a range from 4 to 12% in different years
compared to the runoff simulated under historical
meteorological data. Increments of the maximal discharges of
the spring runoff in different years are multidirectional and vary
from —14 to 22%. Both increments of runoff and changes in
maximal discharges are not related to the amount of annual
runoff. They are determined by the conditions of runoff
formation during spring in specific years, and in particular, by
the factor of “friendly” spring. Let us analyze this in more detail
on the example of flow hydrographs for 2002—2003 (Figure 13).
The winter and pre-spring period of 2002 was characterized by
an unstable temperature regime with frequent thaws. The
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increase of 1 °C in the DC scenario caused earlier snowmelt and
the formation of a much larger first wave of spring runoff than
those simulated from historical meteorological data. The
maximum discharge in the second wave of spring runoff
decreased by 14% due to the fact that a significant part of the
snow water equivalent was consumed during the first wave of
spring runoff.

The winter and pre-spring season of 2003 was much more severe
in terms of temperature conditions than in 2002. Therefore, the
increase in temperature by 1 °C did not cause earlier snow
melting. The increased maximal snow water equivalent due to
both the addition of precipitation in the winter season and more
intense snowmelt in the spring under the DC scenario caused a
22% increase in maximal discharge of spring runoff, with the
peak 18 days earlier than under the historical scenario.
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Figure 13: Simulated hydrographs of lateral inflow into the NKR under
historical (blue) and DC scenarios (red) over the 2002—2003 period.

It is more difficult to generalize the patterns of the influence of
climate change on the characteristics of water quality. On the
whole, the mean annual Mn concentrations in the last
downstream hydrochemical station on the Belaya River (Durtuli
gauge) averaged over 7 years in the DC scenario increased by
5% compared to those modeled based on historical
meteorological data (Table 5).
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Table 4: Simulated runoff characteristics under historical data series (Hist.) and DC scenario (DC) for the 20022007 period.

Years Annual Runoff (km3) Maximal Discharge (m3-s™)
Hist. DC Changes (%) Hist. DC Changes (%)

2002 50.3 54.1 8 5503 4750 -14
2003 385 40.1 4 3911 4790 22

2004 35.0 39.1 12 3877 3898 1

2005 434 45.6 5 8263 8199 -1

2006 324 35.2 9 3038 3382 11

2007 55.2 58.6 6 9900 -5
Mean 42.5 45.4 7 5842 5820 -0.4

Table 5: Simulated water quality characteristics under historical data series and DC scenario for the 2002—-2007 period.

Years Mn annual Concentrations, Durtuli Gauge Maximal Concentrations, Durtuli Gauge Annual Mn Loads into the NKR
(MgL™) (HgL™) (tyear™)
Hist. DC Changes (%0) Hist. DC Changes Hist. DC Changes
(%) (%)
2002 70.5 72.4 3 88.3 92 4 3257 3553 9
2003 64.5 66.2 3 145 140 -3 2474 2650 7
2004 55.5 59.4 7 96 90 —6 1811 2139 18
2005 61.3 64.8 6 100 92 -8 2845 3032 6
2006 54.8 58.5 7 77 85 -10 1582 1841 16
2007 66.3 715 8 116 113 -3 3936 4337 10
Mean 62.2 65.5 5 104 102 —2 2651 2925 10
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The changes in annual Mn loads into the NKR in different years
are proportional to increments in the mean annual runoff
multiplied by the changes in annual concentrations at the last
monitoring gauge on the Belaya River. The maximum Mn
concentrations averaged over a 7-year period decreased slightly
by 2%, and the range of changes in different years vary from 4
to —10%.

Let us compare these values with assessments of the climate
change impact on the quantity and quality of water in the Elbe
River basin performed using the process-oriented SWIM model
[21]. Using climate change scenarios close to the one we
employed, river runoff will increase by an average of 11% by
the middle of the century. The predicted changes in the
concentrations of nitrogen and phosphorus nutrients show
multidirectional changes. Uncertainties and high spatial
variability of characteristics within the basin may be associated
with the schematization of the Elbe basin into a number of
separate tributary catchments and with the need to calibrate the
model parameters for each of these sub-catchments. In the
ECOMAG-HM maodel, the whole basin and spatial variability of
characteristics are simulated with a single set of model
parameters.

Conclusions

The semi-distributed, physically based ECOMAG-HM model
developed for modeling the hydrochemical cycle of heavy
metals at the catchment scale was calibrated and verified for the
large watershed of the Nizhnekamskoe reservoir according to
hydrometeorological, hydrochemical, and water management
monitoring data. The model was performed by comparing the
observed and simulated river runoff hydrographs and behavior
of HM (Cu, Zn, and Mn) concentrations in monitoring points on
rivers of the NKR basin. Comparing results showed that
seasonal changes in the metal content are characterized by
increased concentrations during the high-water period (snowmelt
and rainfall runoff). Inter-annual changes in the observed and
simulated HM load into the river network and NKR are
characterized by its increase in high-water years and minimum
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values in low-water years. Such seasonal and inter-annual
changes in the HM load occur when HMs mainly enter the river
network from diffuse sources of pollution on the catchment area
caused by climatic factors. Model balance calculations have
shown that the mean annual wash-off of metals into the rivers
from the NKR catchment is approximately 80—-85% attributed to
leaching from the soil-ground layer, and the surface wash-off of
metals usually does not exceed 20%. The contribution of HMs
entering the river network with wastewater discharges is small
and does not exceed 4%. A significant part (from 30 to 62%) of
metals washed into rivers accumulate with sediments at the river
bottom.

The simulated map of the total HM wash-off into the river
network closely correlates with the spatial distribution of the
initial content of HM in soils due to the predominance of HM
leaching from the soil-ground zone in the diffuse sources of river
pollution. The initial HM content in soils affects the distribution
of HM concentrations in the river network to a large degree. As
a result, the most polluted small rivers flow near areas with a
high content of HM in the soils. This leads to the important
consequences: Without maps of the initial content of heavy
metals in soils, it is impossible to simulate spatial differences in
water pollution in the river network.

Numerical experiments have shown that with an increase in
discharge of the Belaya River more than a certain critical value,
the contribution of point sources of pollution is minimized, and
the concentration of metals in river water is mainly determined
by the maximum exchange capacity of the catchment leaching
HM from the watershed by surface and subsurface flows during
intensive snowmelt or rainfall that forms the maximum flow; for
the city of Ufa, the critical discharge is about 3500 m3-s™!, above
which the copper concentrations in river water asymptotically
approach the value of ~6 pg-L™!' under various scenarios of
wastewater loads. This constant concentration can be called the
equilibrium concentration of diffuse saturation of the river basin
for this type of HM.

The simulation of time scales of the catchment’s self-
purification from HMs under the scenario with complete
exclusion of anthropogenic impacts on the basin has shown that
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over a 400-year period, the mean annual HM concentrations in
the river water decreased by 6-8%. The low rate of reduction of
heavy metal concentrations allows us to recommend their
current annual values as background values in the NKR basin.

Modeling the river runoff for the future period up to 2050 under
a DC climatic scenario showed that the mean annual inflow into
the NKR increases by 7% with a range from 4 to 12% in
different years. No significant changes in the characteristics of
water quality for heavy metals should be expected in the near
future. For example, averaged over 7 years, the mean annual Mn
concentration increased by 5%, the maximum Mn concentration
decreased slightly by 2%, and the annual Mn load into the NKR
increased by about 10% compared to those modeled based on
historical meteorological data.

The presented results show that the ECOMAG-HM model can
be used as an information support tool for assessing water
quality characteristics under possible climatic and anthropogenic
changes in scientific and applied projects.
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