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Simulation of spatially-distributed copper pollution in a large river basin using the
ECOMAG-HM model
Yury G. Motovilov and Tatiana B. Fashchevskaya

Laboratory of River Basin Hydrology, Water Problems Institute, Russian Academy of Sciences, Moscow, Russian Federation

ABSTRACT
The semi-distributed physically-based model ECOMAG-HM was developed to simulate cycling of heavy
metals in large river basins: on the surface, and in soil, groundwater and river water. The model was
applied to study the spatial distribution and temporal dynamics of copper concentrations in water-
courses of the Nizhnekamskoe Reservoir watershed in Russia. This watershed is characterized by high
background concentrations of heavy metals due to wide occurrence of ore deposits and considerable
concentrations of ore-parent elements in rocks. The model was found to adequately reproduce the
spatial variation of the mean annual copper concentrations at different monitoring points of the river
network. The mean annual specific copper washoff, with the surface and subsurface components of
river runoff, and the total copper washoff from the watershed into the river network were calculated
and mapped. The contributions of natural and anthropogenic factors to river water pollution by copper
were evaluated.
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1 Introduction

The microcomponents of surface water chemistry related to
heavy metals (HMs) are involved in biochemical processes of
vital activity in aquatic animals, and they can be limiting
factors or, at higher concentrations, toxicants. Heavy metals
are conservative pollutants, i.e. they do not decompose in
natural water but could be consumed or transported. The
major processes of self-purification of watersheds and water
bodies from HM compounds are their removal from water-
sheds by surface and subsurface runoff, transport with river
discharge, and settling with sediments into the bottom depos-
its (Linnik and Nabivanets 1986).

Usually, the HM concentrations in water bodies show
considerable variability in space and time due to natural
and anthropogenic factors. The soil-geological and climatic
conditions in a watershed, along with the features of runoff
genesis in different water regime phases, govern the dynamics
of HM concentrations coming from diffuse sources.
Additional inflow of HMs could be from point sources due
to economic activities in the watershed (industrial and muni-
cipal wastewater). The anthropogenic pollution of water
bodies by HMs is most noticeable in places where mining
works and heavy industry are concentrated. When the open
method of ore deposit extraction is applied, emission of HM
and other pollutants in the atmosphere occurs due to intense
dusting. All stages of the technological process of extraction
and processing of minerals are accompanied by the formation
of large volumes of wastewater. Pollutants accumulate in
places of permanent wastewater releases from industrial
enterprises and downstream in the bottom sediments of
watercourses. Pollution of groundwater occurs in the areas
of oil fields, near the storage of liquid and solid wastes from

various industries, and in places of storage of solid wastes
(landfills). The major pathways for metals to enter water
bodies from anthropogenic sources are: polluted precipitation
from the atmosphere onto the watershed surface, surface
washoff, leaching from the subsurface, wastewater discharge,
and inflow from polluted aquifers or bottom sediments.

According to Russian State statistical reports, the dis-
charge rates of industrial wastewater and the amounts of
pollutants they contain has dropped considerably in recent
decades (Barenboim et al. 2013). Partly, this decrease was
due to the closure of some industrial enterprises in the
post-Perestroika period. Another reason was the implemen-
tation of measures at industrial enterprises for protection
of water bodies: better water treatment facilities and water
saving technologies which contributed to the reduced dis-
charge of polluted wastewater to water bodies. However,
this has not led to improvement of water quality in many
water bodies, as could be expected. In our opinion, this is
due to the absence of reliable knowledge about the con-
tributions of natural and anthropogenic sources to the
pollution of water bodies. The development of strategies
to manage quality of water resources in river basins
requires studying processes that influence river water qual-
ity, and quantitative assessment of pollutant inputs from
sources that differ in genesis, and spatial and temporal
characteristics. For studying the spatial distribution and
temporal dynamics of HMs in river basins and forecasting
changes in the hydrochemical regime resulting from water
protection measures, considering also possible changes in
climate, land use and economic activities, one needs a
deterministic process-based mathematical model, which
includes all these processes and their interrelations.

CONTACT Yury G. Motovilov motol49@yandex.ru

HYDROLOGICAL SCIENCES JOURNAL
https://doi.org/10.1080/02626667.2019.1596273

© 2019 IAHS

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/02626667.2019.1596273&domain=pdf&date_stamp=2019-04-27


The development of methods for simulating pollution of
river catchments by nutrients started in the 1960s, mostly due
to the environmental pollution caused by the application of
fertilizers in agriculture. In the beginning, these methods were
based mainly on empirical relationships for calculating pollu-
tant washouts from polluted areas using correlations with
hydrological parameters (Bedient et al. 1980). The CREAMS
model (Chemicals Runoff and Erosion from Agricultural
Management Systems; CREAMS 1980) was one of the first
conceptual field-scale models of water quality that included a
description of processes. A review of many modifications of
conceptual models describing water quality formation in
areas with nonpoint spatial pollution can be found in Yang
and Wang (2010), Gao and Li (2014), Harmel et al. (2014)
and Krysanova et al. (2009).

Since the 2000s, spatially-distributed or semi-distributed
models of pollutant washoff and river water quality have
been used to solve problems of diffuse and point-source
pollution. Small sub-catchments, or so-called hydrological
response units (HRUs) within them, which are homoge-
nous with respect to soil type, land use and elevation, are
used as calculation units in such models. Among others,
the Soil and Water Assessment Tool (SWAT) model is
widely used for simulation of river discharge and pollution
loads at different scales: from the continental scale
(Abbaspour et al. 2015), through the regional scale
(Santhi et al. 2008), to the scale of individual river catch-
ments (Galvan et al. 2009, Zhang et al. 2013). The SWAT
model may evaluate the effects of different management
scenarios on watershed hydrological processes as well as
on point and nonpoint source pollution. There are SWAT
applications investigating heavy metal pollution as well
(Galvan et al. 2009, Leebai et al. 2016).

Being especially successful, the semi-distributed models
were used for the rivers of Germany in the implementa-
tion of the European Water Framework Directive for the
evaluation of measures to reduce contaminant loads and
improve ecological status of water bodies. For example, in
Fuchs et al. (2017), the pathway-oriented conceptual
model MoRE (Modelling of Regionalized Emissions) was
used to simulate regionalized emissions of different pollu-
tant sources with yearly temporal resolution for the stra-
tegic planning of specific measures to reduce the overall
pollutant emissions into water bodies of Germany. A
geographical information system (GIS)-based conceptual
model METALPOL was validated using the measured
heavy metal loads in the Elbe River basin (Vink and
Peters 2003), and applied for analysis of scenarios, which
indicated that the currently proposed measures are not
stringent enough to achieve substantial reductions in
heavy metal loads. It was shown that future management
strategies should focus more on the reduction of emis-
sions from diffuse sources, which contribute more than
70% of the total heavy metal emissions. A more detailed,
process-oriented model, the Soil and Water Integrated
Model (SWIM), was calibrated and validated against the
observed water discharge and water quality data for
gauges located in the Elbe River basin (Hess and
Krysanova 2016). After that the model was applied to

assess impacts of changes in climate and land use on the
water regime and nutrient transport in the river network
at the watershed scale.

In this study, the spatio-temporal dynamics of copper in
a watershed is analysed using the semi-distributed, physi-
cally-based model ECOMAG-HM (ECOlogical Model for
Applied Geophysics – Heavy Metals), which consists of two
major blocks: hydrological and hydrochemical submodels.
The hydrological model ECOMAG (Motovilov et al. 1999a,
1999b, Motovilov 2016a) has been tested successfully for
many river basins in different physiographic zones at dif-
ferent spatial scales: from small catchments in Scandinavia
(Motovilov et al. 1999b), with drainage areas of several
square kilometres, to the great Volga and Lena rivers,
with watershed areas exceeding one million square kilo-
metres (Motovilov 2016b, 2017). The model was proved
to be efficient for simulating both river discharge in differ-
ent points of the river network and the dynamics of hydro-
logical fields (soil moisture content, snow water equivalent
and runoff) in large river basins. Since 2004, the ECOMAG
model has been utilized in operational mode for the simu-
lation of hydrological characteristics and water inflow into
the Volga-Kama and Angara-Yenisey reservoir cascades in
Russia (Gelfan and Motovilov 2009), among the largest
reservoir cascades worldwide.

The hydrochemical submodel ECOMAG-HM was used to
assess the contribution of the Pechenganikel’ Mining
Company to anthropogenic river water pollution in the
northwestern part of the Kola Peninsula (Motovilov 2013).
For many years, the rivers in this region were among the most
strongly polluted by heavy metals in Russia. The simulation
results showed that, in the case of the plant’s operation being
fully terminated, it would take about three decades for river
waters to purify to the background level.

The focus of this study is the spatial and temporal
dynamics of runoff and copper in the large watershed of
the Nizhnekamskoe Reservoir (NKR). For several decades,
copper compounds have been among the most widespread
pollutants of surface water in this region due to the wide
occurrence of ore deposits, with considerable concentra-
tions of ore-parent elements in rocks, and intensive extrac-
tion and use of these natural resources. Another factor in
favour of the choice of this study basin was the availability
of detailed hydrochemical monitoring data (Fashchevskaya
et al. 2018), as well as data on the spatial distribution of
heavy metals in soils of the region (Yaparov 2005). The
main purpose of the study was to quantify the contribu-
tions of direct anthropogenic (wastewater) and diffuse
components to pollution of water bodies by copper,
which is necessary for planning measures to reduce copper
pollution in the watershed. The specific objectives of the
study were to assess the ECOMAG-HM model potential for
(a) simulation of the hydrological and hydrochemical
regimes of river discharge and copper concentrations; (b)
simulation of the spatial fields of runoff and copper washoff
to the river network; (c) simulation of the pathways of
copper washoff in a spatial mode; and (d) assessment of
the contributions of diffuse and point anthropogenic
sources to copper pollution in the NKR watershed.
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2 Materials and methods

2.1 Semi-distributed hydrological model ECOMAG-HM

The hydrological submodel of ECOMAG-HM describes the
processes of a land hydrological cycle, i.e. snow cover forma-
tion and snowmelt, freezing and thawing of soil, infiltration
of rain and snowmelt water into soil, evaporation, dynamics
of soil moisture content, as well as surface, subsurface and
groundwater flows and river discharge. The equations, algo-
rithms and testing results of the hydrological submodel are
described in several papers (Motovilov et al. 1999a, 1999b,
Motovilov 2016a, 2016b, 2017).

The hydrochemical submodel, aimed at the description of
migration and transformation of conservative pollutants in
catchments, accounts for processes of 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 (Motovilov 2013). Dissolution
of pollutants, which fall from the atmosphere onto the land
surface as dry deposition, is described as a linear function of
the difference between the maximum possible and current con-
centrations in the surface flow. The rate of pollutant added from
soil to surface flow is calculated as a linear function of the
difference between their concentrations in soil and flowing
water. The process of sorption–desorption of chemicals in soil
is described by the linear Henry sorption isotherm relating the
amount of a sorbed matter and its concentration in the solution.
Complete and instantaneous solute mixing is assumed for each
water storage under consideration.

The lateral diffusive inflows of dissolved pollutants to the
river network by the surface, subsurface and groundwater
flows depend on the intensity of hydrological processes.
That is why hydrological variables determined in the hydro-
logical submodel are used in the hydrochemical submodel.
The transfer and transformation of pollutants in the river
system are described taking into account the lateral diffusive
inflow of pollutants, the load of pollutants from point sources
to the river and exchange of pollutants between the river
water and riverbed.

In the schematization of a river basin for modelling, its
surface is divided by an irregular grid into elementary water-
sheds using GIS, taking into consideration relief and river
network structure. The hydrological and hydrochemical pro-
cesses in each elementary watershed are simulated at four
levels (Fig. 1): on the surface, in the upper soil layer (horizon
A), in the underlying deeper soil layer (Horizon B), and in the
groundwater storage. In the cold season, snow-cover storage
is also taken into account.

The main equations of the ECOMAG–HM model are
listed in the Appendix.

2.2 Study area

The watershed of the Nizhnekamskoe Reservoir is located on
the Kama River, the largest tributary of the Volga River (Fig. 2).
The NKR watershed occupies the area between the
Nizhnekamskiy and Votkinskiy hydropower plants. Most of
the NKR watershed is the basin of the Belaya River, the main
river in the southern Urals. A considerable part of the
watershed lies within the Republic of Bashkortostan (RB),
with its capital Ufa city. The catchment of the NKR has an
area of 186 000 km2. About two-thirds of the watershed area,
its western and central parts, is flat, whereas its eastern part
belongs to the Ural Folded Mountain Area. The average height
of the basin is 392 m a.s.l., and its highest elevation – Yaman-
Tau Mountain – is 1654 m a.s.l. Forests account for about 50%
of the territory, and the lake area is very small. The soils in the
area (chernozem, sod-podzol and grey forest soil) have a high
humus content and heavy texture. Well-drained mountain
soils are widespread in the eastern part of the watershed.

The location of the basin in the huge Eurasian continent,
far from seas and oceans and close to the semi-deserts of
Kazakhstan and Caspian Lowland, determines its continental
climate. The Ural Mountains create conditions for the basin
to be subject, on the one hand, to the effects of warm and wet
water masses from the Atlantic, and, on the other hand, to the
effects of the severe continental climate of Siberia. Therefore,
one can see a variety of climate conditions here: from semi-

Figure 1. Structure of (a) the hydrological submodels and (b) the hydrochemical submodels of ECOMAG-HM.

HYDROLOGICAL SCIENCES JOURNAL 3



arid steppe regions, with annual precipitation of 300–400 mm
and mean annual air temperature of about 3°C, to wetter
regions (northeastern and eastern mountain-forest areas),
with annual precipitation exceeding 600 mm and mean
annual air temperature lower than 1°C. The climate differ-
ences in the watershed area cause distinct latitudinal zonality
of vegetation (steppe, forest-steppe and forest zones), addi-
tionally complicated by the vertical zonality in the Ural
Mountains zone.

The intra-annual distribution of river runoff in the region
characterizes the water regime as a typical snow-dominated
one. The spring flood accounts for more than 60% of the
annual runoff. The mean annual lateral water inflow to the
NKR is 36.5 km3, of which 26.1 km3 are delivered by the
Belaya River. The surface water bodies are the main sources
of water supply to the economy and population of the region.
However, water resources show considerable spatial and sea-
sonal variability. The specific runoff in the central and wes-
tern sub-regions, where the majority of the population reside,
is three to five times lower than that in the eastern mountain
sub-region. Due to that, water resources become deficient in
some areas in dry years. That is why about 400 reservoirs and
ponds with volumes above 100 000 m3 and many smaller
ponds are in operation in the basin.

The rivers of the region are exposed to pollution by copper
compounds to a large degree. In particular, the recurrence of
copper concentrations in river water in the examined
watershed rising above the maximum allowed concentration
(MAC) for waters used for fisheries (0.001 mg L−1) is 50% or
more (Chernogayeva 2017). The main reason for that is a
specific feature of the geological structure of the area, with
wide occurrence of ore deposits and high concentrations of
ore elements in rocks, resulting in higher background con-
centrations of metals in groundwater and surface water. More
than 3000 deposits and manifestations of different types of
raw materials have been discovered in RB territory
(Bashkortostan 1996). The soils inherit the chemical compo-
sition of the soil-forming rocks. The metals in soils form

stable complexes with humic substances and leave them
very slowly: the period for soil copper content reduction by
a half exceeds 1000 years (Maistrenko et al. 1996).

Additional sources of metals in soils and water bodies are
economic activities in the region. In the eastern part of the
region, these include mining plants; in its western and central
parts, these are oil production and processing, chemical and
petrochemical, metallurgical, mechanical engineering, and
power generation plants, as well as storage facilities for pro-
duction and consumption wastes. The industrial development
of the region, which started more than 300 years ago, con-
sisted mostly in exploitation of mineral deposits, and was
carried out without any ecological limitations. In the late
18th century, copper-smelting plants were already in opera-
tion in the region, accounting for more than 50% of copper
production in Russia at that time (Bashkortostan 1996). At
present, the eastern part of the region (lowland Transuralia)
contains large deposits of copper sulfide ore. The ore lies near
the land surface and can be mined from open pits; these have
been mined with variable intensity over a long time. In the
open-pit mining of ore deposits, all process operations (the
separation of rocks from the massif by drilling or explosions,
their fragmentation, sorting, transportation to storage sites,
and accumulation in dumps) are accompanied by intense
amounts of dust and release of HM and other pollutants
into the atmosphere. As they are washed out from the atmo-
sphere, precipitating onto the soil and accumulating in its top
layer, the metals create local technogenic anomalies in soils
around the pollution sources. As a result, the concentration of
copper in soils near industrial centres and mining regions can
be more than one order of magnitude higher than the average
mass fraction of copper in soils of the world (20 mg kg−1)
(Ezhegodnik 2011, Gosudarstvennyi 2005).

All stages of the extraction and processing of raw materials
produce large amounts of wastewater. Wastewaters of mining
plants are extracted along with useful minerals (open pit and
mine drainage, drainage water), and form in the process of
ore beneficiation (process tailings etc.), or result from

Figure 2. Location of the Nizhnekamskoe Reservoir watershed (2) in the Volga River basin (1).
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precipitation (rainwater, snow melting in mine sites and
under-dump water). Unfortunately, mining wastewater often
reaches beyond the sanitary zone of the enterprise, it may not
be localized, and may be discharged into surface water bodies
without treatment. Pollutants enter the groundwater in areas
of oil field development, near collectors of liquid wastes from
plants of different industrial sectors, and at the storage sites of
solid domestic wastes.

A considerable amount of HM enters water bodies with
wastewaters from large populated localities, containing plants
of various industrial sectors. Storm sewage forms from pre-
cipitation, which accumulates pollutants from the air and
wash-settling aerosols, as well as street and road garbage,
from urban territories and industrial sites. The composition
of industrial wastewaters is governed by the chemical and
petrochemical sector plants, mechanical engineering and
metalworking, nonferrous and ferrous metallurgy, and the
fuel industry (Fig. 3(a)). The result of this is high anthropo-
genic loads on water bodies, which influences their chemistry,
including HM concentrations (Fig. 3(b)). A sharp drop in
copper load after 2009 was due to a change in the calculation
statistical method.

Thus, the major anthropogenic sources of copper (Cu) in
the streams are “ancient” anthropogenically transformed
mining landscapes, modern industrial plants for mining and
processing mineral resources, large settlements, and their infra-
structure facilities. The main paths of metal entering the
streams from anthropogenic sources are as follows: precipita-
tion from the atmosphere onto the water area and watershed
surface, surface washout from the watershed, wastewater dis-
charge, input from polluted aquifers or bottom sediments.

2.3 Model set-up for the NKR watershed

The model set-up for the catchment area and river network of
the NKR was performed using the specific GIS tool Ecomag
Extension (Motovilov 2016b), using digital thematic maps of
the region: a digital elevation model (DEM, Fig. 4(a)), hydro-
graphic network, soils and landscapes. First, a tree-type struc-
ture of the river network was constructed based on the DEM,
and the boundaries of elementary watersheds were deter-
mined. The essence of this procedure is construction of
streamline and pathline fields, and fields of flow accumulation
based on a DEM. The cells with large values of flow

Figure 3. (a) Anthropogenic sources of copper in wastewater discharged to water bodies of the NKR basin and (b) dynamics of the total annual amount of copper in
the discharged wastewater in 2003–2016 (Gosudarstvennyj 2005).
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accumulation form the model hydrographic network. After
that, a procedure for the partition of the basin into elemen-
tary watersheds, representing partial drainage areas between
the nodes (tributary confluence points) of the river network,
was applied. These elementary watersheds are the smallest
spatial elements used to simulate processes in the model.

The second stage of the river network construction is
the structure–hydrographic analysis of the channel net-
work. The Ecomag Extension tool uses two approaches for
possible coding of the order of tributaries. In the first
approach, according to the Shreve method, all streams
that have no tributaries are assigned the first order. The
order of the streams increases from the source to the
mouth. At the confluence of two streams, their orders are
added, and the sum is assigned to the downstream stream
segment. In the second approach, which is used most often
in Russia, the river orders are coded in another manner.
The main river is assigned the zero order, its tributaries are
assigned first order, those flowing into the first-order tri-
butaries are assigned second order, and so on. The second
coding procedure is algorithmically implemented in the

ECOMAG-HM model for water and pollution routing in
a branching river system.

At the final stage, data on the structure of the elementary
watersheds and river network are transferred to the
ECOMAG-HM model system, where the necessary model
parameters of relief, soil, vegetation, etc. from appropriate
databases are assigned to each elementary watershed.
Overall, 503 elementary watersheds were delineated in the
NKR watershed (Fig. 4(d)), with an average area of about
400 km2. In addition to the main river, the modelled river
network includes 50 first-order tributaries, 131 second-order
ones, 63 third-order ones, and eight fourth-order tributaries
(Fig. 4(c)).

2.4 Input data and boundary conditions

Data from 56 meteorological stations were used to specify the
boundary conditions for the ECOMAG-HM model in the
form of daily fields of weather characteristics (precipitation,
air temperature and humidity) in the watershed area for the
period 1978–2013.

Figure 4. Location of monitoring gauges and maps used for the model set-up for the Nizhnekamskoe Reservoir basin: (a) digital elevation model (DEM), hydrological
gauges (triangles) and points of wastewater discharge (squares); (b) hydrochemical monitoring gauges; (c) schematization of the river network; and (d) sub-basins
delineated based on the DEM.
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Data on the daily water discharge at five gauges (Fig. 4
(a)) were used to calibrate the model parameters and to
test the hydrological submodel. An additional test was
carried out by comparing the map of the simulated
mean annual runoff in the basin with the map from
SNIP (1985). The latter is usually used in Russia for
determination of the hydrological characteristics in the
design of hydraulic structures on rivers in the absence of
hydrometric observations. This map was created as a
contour map of the mean annual runoff for the former
Soviet Union using measured streamflow data from about
6000 gauging stations. The streamflows at these gauging
stations were considered to be natural (i.e. unaffected by
upstream reservoirs) and representative of local condi-
tions of runoff generation. For this study, the contours
of mean annual runoff (SNIP 1985) were digitized and
interpolated to produce a smooth grid using a GIS, and
the mean annual runoff for each elementary watershed in
the NKR area was estimated.

The initial conditions in the hydrochemical submodel
for the spatial distribution of copper concentrations in soils
were specified based on a map of copper concentrations in
the ploughed layer of soils in the Republic of
Bashkortostan, provided in the Atlas (Yaparov 2005). For
adjacent administrative units a simple extrapolation of data
was applied.

Unfortunately, no spatially-distributed data on copper
concentrations in precipitation were available to specify the
upper boundary conditions for the hydrochemical submodel.
Therefore, a constant concentration of copper in precipita-
tion was specified based on the weighted mean concentra-
tions in Chernogayeva (2017). In a similar manner, copper
concentration in the confined groundwater, which feeds
perched water in the aeration zone, was specified as a con-
stant value derived from data in Abdrakhmanov et al.
(2007). The intensity of dry deposition of the atmospheric
pollutants to the land surface was taken to be 0, due to the
lack of any measurement data on it.

Data on the point anthropogenic sources of river water
pollution by copper were taken from the information on
copper discharge with wastewater in the 12 largest munici-
palities (Fig. 4(a)), provided in the state annual statistical
environmental reports of industry, settlements and commu-
nal services. It should be noted that there is an opinion
among experts that the reliability of these data is not high.
This can be seen from the balance of hydrochemical data on
the rivers before and after point sources of pollution
(Fashchevskaya et al. 2006).

In addition, data on copper concentrations in river
water at 34 stations of the Russian State Monitoring
Survey (Fig. 4(b)) were used to calibrate the model para-
meters and to test the hydrochemical submodel. As a rule,
copper concentrations at the gauges were measured on a
monthly basis. The monitoring data on wasterwater dis-
charge and copper concentrations in river water were col-
lected over the period 2004–2007. Due to the short series of
hydrochemical observations, the calibration was performed
for all four years of observations without validation on
independent data.

2.5 Model parameters

The hydrological submodel of ECOMAG-HM contains about
20 parameters. Most of them are physically meaningful and
can be assigned from the regional reference books on proper-
ties of soils, landscapes and other data sources, or derived
through available maps of land cover characteristics
(Motovilov et al. 1999a, 1999b, Gelfan et al. 2015). The values
for some of the most sensitive parameters (vertical and hor-
izontal saturated hydraulic conductivities of soils, evaporation
index in the Dalton formula, degree-day factor of snowmelt,
etc.) were first specified using a step-by-step model calibra-
tion procedure against data on fields of soil moisture content
and snow-water equivalent (available for the whole Volga
River basin) over a long period (Motovilov et al. 2016b).
Next, these parameters were corrected by calibration against
the daily runoff hydrographs at the gauging stations in the
study area. Additionally, the parameter of the elevation gra-
dient for precipitation was calibrated against the difference
between the simulated and estimated maps of the mean
annual specific runoff in the basin.

The most sensitive parameters of the hydrochemical sub-
model are the sorption equilibrium constant of the Henry
isotherm in soils, and the parameter accounting for metal
exchange between the water mass and bottom sediments in
rivers. The initial value of the former was chosen using data
in Sauve et al. (2003). In addition, corrections were intro-
duced for the values of copper concentrations in precipitation
and confined groundwater. All these parameters were cali-
brated against data on copper concentrations in river water at
34 gauging stations of hydrochemical monitoring.

3 Results and discussion

3.1 Testing the hydrological module

The parameters of the hydrological submodel for the NKR
watershed were calibrated against runoff hydrographs at five
gauges over the period 2001–2007, and validated over the
period 2008–2013. For that, the Nash-Sutcliffe efficiency cri-
terion (NSE) for the daily hydrographs, and the PBIAS criter-
ion, which characterizes the long-term differences of the
observed annual runoff volumes against the simulated ones
(in %), were applied. In addition, the hydrological submodel
was validated against data on the hydrographs of lateral
inflow into the NKR over the period 1978–2000. The results
of tests for the periods of calibration and validation of the
model are presented in Table 1, which shows that the agree-
ment between the simulated and measured values of runoff
characteristics is satisfactory (Moriasi et al. 2007).

The runoff characteristics in the rivers not covered by hydro-
metric observations were evaluated using mapping of the mean
annual specific runoff (MASR). The method used to compile the
map was as follows. Data from meteorological stations were
used to construct daily fields of weather characteristics in the
whole drainage area of the basin, and the hydrological submodel
of ECOMAG-HM was applied to simulate runoff in the nodes
(centres of gravity) of the elementary watersheds over many
years. After that specific runoff (L s−1 km−2) was used to calcu-
late the MASR values and put them on a map.
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Figure 5(a) and (b) shows maps of MASR estimated in
SNIP (1985) and simulated by our model. As one can see
from the maps, the spatial distributions of the fields of
specific runoff are similar: a zone of low specific runoff is
located in the southwestern part of the basin, and a zone
of high values in the eastern part. The fields of specific
runoff on the two maps differ in sub-areas of the NKR
watershed by not more than one step in the legend grada-
tions. The estimated values of the specific runoff vary
within the range 3.8–14.0 L s−1 km−2, whereas the range
of simulated values is 2.8–15.5 L s−1 km−2. The values of
the estimated and simulated specific runoff, averaged over

the NKR watershed area, are 6.88 and 6.95 L s−1 km−2,
respectively, and the volumes of the average annual inflow
into the NKR (integrals of the fields of the specific runoff
values over the area) are 40.4 and 40.7 km3, respectively.
The difference between these values, obtained by a carto-
graphic method, and the runoff volume at the outlet sec-
tion, estimated from hydrometric data (36.5 km3), is
about 10%, a value that falls within the admissible error
limits (Moriasi et al. 2007).

For a more detailed estimation of errors in the field of
simulated specific runoff, Figure 5(c) depicts the field of
relative errors calculated for each cell of a 1 km × 1 km

Table 1. Statistical criteria of the daily and annual simulated runoff in comparison with the observed runoff for periods of calibration and validation of the model.

River, gauge Drainage area (km2) Calibration Validation

NSE PBIAS (%) NSE PBIAS (%)

Nugush, Nugush 2 870 0.70 18.6 0.71 12.8
Ufa, Pavlovsk 46 500 0.85 –7.7 0.67 –15.9

Belaya, Ufa 100 000 0.89 6.7 0.88 7.7
Belaya, Birsk 121 000 0.80 1.6 0.86 –5.4
Nizhnekamskoe Reservoir, Naberezhnye Chelny 184 400 0.86 –0.5 0.75 –3.6

Figure 5. Mapping of river runoff characteristics in the Nizhnekamskoe Reservoir basin: (a) estimated and (b) simulated maps of the mean annual specific runoff
(L s−1 km−2); (c) relative errors in estimation of specific runoff; and (d) simulated mean annual water discharge in the river system (m3 s−1).
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grid in the river basin by dividing the difference between
the estimated and simulated specific runoff values by the
estimated value. As can be seen from this map, the rela-
tive errors fall between −0.5 and 0.5 almost everywhere in
the river basin. In addition to the model errors, another
possible source of errors is lack of reliable data of hydro-
metric observations for the construction of the map of the
estimated MASR (SNIP 1985). For example,
Voskresenskiy (1962) used data from 5690 gauges for the
development of one of the most detailed maps of specific
runoff for the USSR territory, and half of these gauges
were in operation for less than 5 years, which is far from
long enough for estimating reliable average long-term
runoff characteristics.

The simulation results of the hydrological submodel of
ECOMAG-HM were also analysed with the use of GIS for
all elements of the modelled river network. Figure 5(d)
shows the distribution of the simulated mean annual
water discharge in the river system of the NKR watershed
over 1979–2013. The thickness of the curve corresponds
to water discharge in the river network in accordance with
the legend.

3.2 Testing the hydrochemical submodel

The copper concentrations were simulated in the river
network of the NKR watershed at a daily time step
using the hydrochemical submodel ECOMAG-HM, and

the simulated and measured concentrations were com-
pared. According to Moriasi et al. (2007), the agreement
of the modelling results with episodic data of measure-
ments cannot be tested using strict statistical criteria
adopted in hydrological practice, such as the Nash-
Sutcliffe efficiency criterion. In such a case, we can com-
pare the balance estimates based on simulation outputs
and measurement data averaged over long periods.
Besides, the agreement between the simulated and mea-
sured concentrations can be assessed by comparing dif-
ferences between them with the estimated measurement
error of hydrochemical concentrations. At the confidence
level of p = 0.95, the error of copper concentration
measurement within its variation range is about 50%
(MUK 2003).

Figure 6(a) and (b) shows examples of the comparison
of simulated copper concentrations on a daily basis with
data of episodic measurements at two hydrochemical
monitoring stations. The comparison shows that, in most
cases, the discrepancy between the calculated and mea-
sured concentrations is comparable with the measurement
errors.

Figure 6(c) and (d) depicts the simulated and observed
intra-annual copper concentrations for the same two sta-
tions, averaged over three months in four years. However,
correlation analysis for all 34 gauge stations showed that
the correlation coefficient between the simulated and
measured averaged values was statistically significant

Figure 6. Observed (green) and simulated (red) copper concentrations (µg L −1) in river water at the hydrochemical monitoring gauges over the period 2004–2007: (a, b)
daily dynamics; (c, d) average intra-annual concentrations; (e) long-term mean annual concentrations at the hydrochemical monitoring gauges in the Belaya River.
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(R = 0.55) only for the spring period, when maximum
values of copper concentration occur. The long-term
mean annual copper concentrations are presented in
Figure 6(e) for 34 hydrochemical monitoring points on
the river network in the order of their location from the
upper reaches of the Belaya River toward its inflow into
the NKR. It shows that the model adequately reproduces
spatial differences in copper concentrations in the drai-
nage basin, and the coefficient of correlation between the
observed and simulated mean annual values is 0.58.

3.3 Spatio-temporal dynamics of copper washoff to the
river network

The modelling results were used to analyse the spatio-
temporal dynamics of copper washoff to the river network
also in areas of the NKR watershed not covered by the
hydrochemical observations. The maps of the mean annual
specific copper washoff into the river network by surface
and subsurface flows as well as by total flow were created
based on the initial data and simulation outputs. The
analysis of maps presented in Figure 7 shows that two
components of the mean annual specific copper washoff,
with subsurface flow (Fig. 7(d)) and with total water flow
(Fig. 7(b)), are closely correlated with the initial spatial
distribution of copper concentrations in soils (Fig. 7(a)).
Higher values of the total washoff are simulated in the
eastern part of the river basin, with peaks in the north-
eastern part. The second important factor affecting the
spatial distribution of copper washoff is the rate of water
exchange. A comparison of the maps of copper washoff
(Fig. 7(b) and (d)) with the map of mean annual specific
runoff (Fig. 5(b)) shows that the higher specific water run-
off at the southeastern margin of the basin (the upper
reaches of the Belaya River) leads to higher specific copper
washoff, though no anomaly can be seen in the distribution
of copper concentrations in soils of this area.

Figure 7(c) shows copper washoff with the surface runoff
component. The values are generally low in the eastern
part of the basin (due to higher permeability of soils in
the piedmont of the southern Urals) and in river valleys.
Comparison of the surface (Fig. 7(c)), subsurface (Fig. 7
(d)) and total (Fig. 7(b)) washoff components shows that
the copper transport with surface runoff is relatively small.
This can be seen better in Fig. 7(e), which shows the ratio
of copper washoff with surface and subsurface flows in the
basin. This map indicates that the surface component of
copper washoff does not exceed one-half of the subsurface
component in most parts of the basin. Only in a few small
sub-areas of the western part of the basin is the surface
component of copper washoff larger than the subsurface
component; this may be due to the low local concentra-
tions of copper in soils (Fig. 7(a)).

Figure 7(f) provides a map of the simulated mean annual
copper concentrations in river water, obtained by averaging
the daily concentrations of copper in the elements of the
modelled river network over the period 2004–2007. The
model estimates show that river water quality in the NKR
watershed fails to meet the requirements of water bodies used

for fisheries, and the mean annual copper concentration in
river water exceeds the MAC by two to eight times. The
simulated copper concentrations are maximal (up to
8 µg L−1) in the tributaries of the middle reaches of the Ufa
River, i.e. in the areas with the maximum values of MASR
(Fig. 5(b)). High concentrations can also be seen in the mid-
dle reaches of the Belaya River and its tributaries. The lowest
concentrations were simulated in the lower reaches of the
Belaya River.

The maps of annual precipitation and specific runoff over
the period 2004–2007 are shown in Figures 8 and 9, respec-
tively, for a more detailed analysis of the processes. As one
can see from these maps, on the whole the spatial distribu-
tions of the fields of characteristics are similar: zones of low
values are located in the southwestern part of the basin, and
zones of maximum values are confined mainly to areas of
high relief in the central and eastern parts of watershed on the
spurs of the southern Urals (see Fig. 4(a)). In Figure 8 the
inter-annual variability of annual precipitation may be seen:
in 2004, 2006 and 2007 the fields are quite similar (mean
annual precipitation averaged over the area of watershed was
642, 657 and 627 mm, respectively), but in 2005 precipitation
was very low (460 mm).

Figure 9 shows the inter-annual variability of specific
runoff fields. The lowest values of the watershed MASR
averaged over the area were observed in 2004 and 2007
(5.4 and 5.1 L s−1 km−2, respectively) and the highest
values in 2005 and 2007 (7.0 and 9.0 L s−1 km−2, respec-
tively). Comparison of the maps in Figures 8 and 9, as
well as average annual precipitation and specific runoff
values for the period 2004–2006, does not show a tem-
poral correlation between these characteristics. This is
confirmed by Figure 10, which shows a comparison of
the measured and simulated lateral inflow hydrograph in
the NKR for that period. It is shown that the spring runoff
in years with maximum annual precipitation (2004 and
2006) is small, and the hydrograph of spring runoff in
2005 with minimum annual precipitation is high. This is
due to the fact that winter soil moisture has a significant
impact on the spring runoff in addition to snow water
equivalent. In the years with small winter soil moisture a
significant part of snowmelt waters is spent on replenish-
ment of moisture reserves in soil and groundwater, and
spring flood runoff turns out to be insignificant. The
reverse pattern is observed in years with high soil moist-
ure. The simulated mean watershed soil moisture supply,
averaged over the area, in the upper 50-cm layer on 1
January for the years 2004–2007 was 71, 124, 67 and
113 mm, respectively. This explains the low spring runoff
(and annual specific runoff) in years with dry soils (2004
and 2006) and high runoff in years with significant winter
soil moisture (2005 and 2007).

Figure 11 shows the maps of specific copper washoff over
the period 2004–2007. Comparison of these maps with the
maps of annual precipitation and specific runoff (Figs 8 and
9) shows a close spatial-temporal correlation with the latter.
Maximum values of the mean specific copper washoff, aver-
aged over the area of the watershed, are observed in years
with maximum specific runoff (2005 and 2007).
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3.4 Assessment of the contribution of different
components to the total copper load

The balance model simulations were used to estimate the
contributions of different components to the total copper
load from the NKR watershed, including the effects of

point anthropogenic sources for the period 2004–2007.
The results are summarized in Table 2. The actual annual
load of copper from the catchment into the NKR (the last
column in Table 2) was estimated by multiplying the
observed annual discharge of inflow into the NKR by

Figure 7. Mapping of copper washoff characteristics in the Nizhnekamskoe Reservoir watershed: (a) initial copper concentrations (mg kg−1) in soils, based on
Yaparov (2005); (b), (c) and (d), respectively, total, surface and sub-surface simulated mean annual specific copper washoff (g year−1 km−2) over the period 2004–
2007; (e) ratio of the surface and subsurface specific washoff of copper; and (f) simulated mean annual copper concentrations in the river water (µg L−1).
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the observed average annual concentration of copper at
the last monitoring station on the Belaya River (Dyurtuli
gauge).

The following conclusions can be drawn from Table 2:

(a) The total copper inflow into the NKR consists of
about 80% subsurface and 20% surface washoff, on
average.

(b) On average, about 45% of copper washed out from the
drainage area is bound to sediments and settled to
bottom deposits in the river network.

(c) The share of copper entering the river network with
wastewater discharge is small, accounting for about
1% of the total copper washed off from the drainage
watershed area.

(d) Comparison of the simulated and actual total copper
inflow into the NKR shows that the model adequately
reproduces temporal copper dynamics in the water-
sheds and trends. The differences between these values
are due to both the model errors and the low accuracy
in determining the average annual concentrations of
copper in river water.

4 Conclusions

In this study, the Nizhnekamskoe Reservoir (NKR) watershed
was used as an example to demonstrate the abilities of the
ECOMAG-HM model in evaluating the hydrological and
hydrochemical characteristics of large river basins based on
standard hydro-meteorological data, digital maps, databases of
hydrophysical and geochemical characteristics of soils and land-
scapes, and characteristics of anthropogenic load on the rivers.

The verification of the hydrological submodel against data
on river runoff at five gauges showed a satisfactory agreement
between the simulated and observed runoff characteristics.
Comparison of the simulated map of mean annual surface
runoff (MASR) in the NKR watershed area with the estimated
map given in SNIP (1985) showed that the variation ranges of
the simulated and observed specific runoff are very similar, as
well as the average values of runoff over the whole watershed
area, and the volumes of average annual runoff. The relative
errors in the simulated specific runoff do not exceed 50% in
most parts of the watershed.

Testing of the hydrochemical submodel showed that it
adequately reproduces the average intra-annual variations of

Figure 8. Mapping of annual precipitation (mm year−1) over the period 2004–2007.
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copper concentrations in river water and spatial variations of
mean annual copper concentrations at various hydrochemical
monitoring points. The model reflects the inter-annual
dynamics of copper inflow into the NKR quite well. The
model enables assessment of copper pollution dynamics
with a higher spatial and time resolution than the existing
hydrochemical monitoring network allows. The quantitative
estimates and maps depict the mean annual specific copper

washoff with the surface, subsurface and total water flows in
the watershed area. It was shown that the subsurface compo-
nent predominates in the total copper transport in most parts
of the drainage area, and in only a few places in the western
part the surface component of copper transport is larger.

The contributions of the direct anthropogenic (waste-
water) and diffuse components to the total copper washoff
in the NKR watershed were assessed. The model balance

Figure 9. Mapping of simulated specific runoff (L s−1km−2) over the period 2004–2007.

Figure 10. Observed (blue) and simulated (red) daily discharges of lateral inflow into the NKR over the period 2004–2007.
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estimates averaged over the basin area showed that the copper
washoff into the river network from the soil-ground stratum
accounts for about 80% of the total copper washoff, and the
rest 20% comes with surface runoff. About 45% of the total
copper washed out from the drainage basin into the river
network accumulates in the riverbed with sediments.
According to our estimates based on published data, the
direct anthropogenic component of copper pollution of
river water from wastewater (combined industrial and muni-
cipal components) is relatively small, accounting for about 1%
of the total copper inflow into the NKR from the watershed.

The obtained results can be of use in scientific-methodo-
logical studies and applications for assessing diffuse pollution
and the contribution of the direct anthropogenic component
to river water pollution, as well as for planning measures for
water quality control of water resources in large river basins.
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Appendix

Table A1. Main equations of the ECOMAG-HM model. See Table A2 for notation.

Hydrological cycle submodel Hydrochemical submodel

Surface storage on elementary watershed (index 0)
1
2
dh0
dt ¼ R� V0 þ Vf ;1 � Q0=F

V0 ¼ K1 1� expð�R=K1Þ½ �
Q0 ¼ bi1=2h0

5=3=n

Soluble pollutant:
dG0
dt ¼ CRðR� V0Þ þ kτh0ðCmax � C0Þ þ Vf ;iCi � C0Q0=F
C0 ¼ G0=h0
Sorbed pollutant:
dU0
dt ¼ qa � kτhVðCmax � CRÞ � kτh0ðCmax � C0Þ

Soil horizons (index i, i =1 for soil horizon A, i = 2 for soil horizon B)
Capillary porosity (index c):
Zi dWi

dt ¼ Vc;i � Ei
Vc;i ¼ Vi�1 1� ðWi=FCMiÞβ

h i

Ei ¼ ks;iked for Wi >We;i

ks;ikedðWi �We;iÞ for Wi � We;i

�

Non-capillary porosity (index nc):
Di
2
dhi
dt ¼ ðVnc;i þ Vf ;iþ1 � Vf ;i � ViÞ � Qi=F

Vnc;i ¼ Vi�1 � Vc;i;;

Vi ¼ Kiþ1 for hi > 0
0 for hi ¼ 0

�

Qi ¼ bKx;i ihi

Soluble pollutant:

dGi
dt ð1þ ρi kα;i

Wm;i
Þ ¼ qi�1 þ Ciþ1Vf ;iþ1 � CiðVi þ Vf ;iÞ � CiQ =F

q0 ¼ CRV þ kτhVðCmax � CRÞ
q1 ¼ CiV2
Wm;i ¼ ZiWi þ Dihið Þ=Zi;
Ci ¼ Gi= Wm;iZi

� �

Sorbed pollutant:
Cu;i ¼ ρikα;iCi;Ui ¼ ρiZikα;iCi

Groundwater zone (index 3)

D3
dh3
dt ¼ ðV2 � Vg � Vf ;3 � E3Þ � Q3=F

E3 ¼ ks;3ked
Q3 ¼ bKx;3 ih3

dG3
dt ¼ C2V2 � q2 � C3Vf ;3 � C3Q3=F

q2 ¼ C2Vg for Vg � 0
CdVg for Vg < 0

�

C3 ¼ G3= P3h3ð Þ
River runoff (index r)
1
2
dhr
dt ¼ ðQlat þ Qr;i � Qr;2Þ=Fr

Qlat ¼ Q0 þ Qi þ Q2 þ Q3

Qr ¼ ir1=2hr
5=3br=nr

Pollutants in river water:
dGr
dt ¼ ðXlat þ Gpoint � Gbed þ Cr;iQr;i � CrQr;2Þ=Fr
xlat ¼ C0Q0 þ CiQi þ C2Q2 þ C3Q3
Gbed ¼ FrðkbðCb � CrÞ � ksedCrÞ
Cr ¼ Gr=hr
Pollutants in riverbed:
dUr
dt ¼ kbðCr � CbÞ þ ksedCr
Cb ¼ Ub=hb

Winter season
Snow cover formation and snowmelting (index 4)

ρi
ρw

d
dt ðI4h4Þ ¼ Rs � Es � ST þ Sf

d
dt ðW4h4Þ ¼ RW þ ST � EW � V4 � Sf
dh4
dt ¼ ρw

RS
ρn
� STþES

ρi I

h i
� vðh4; I4;W4Þ

V4 ¼ ðW4 �WHCÞh4=δt for W4 >WHC
0 for W4 � WHC

�

dG4
dt ¼ qa þ CRR4 � expðksV4=WsÞ
Ws ¼ ρi I4 þ ρwW4ð Þh4=ρw
C4 ¼ G4=Ws

Thermal conditions in snow and soil

Qf
dHf
dt ¼ λf T0

Hf
� λT Tg

Hg�Hf

HT ¼ ðHf
2 þ 2λT T

Qf
δtÞ0;5

T0 ¼ λSTHf
λSHfþλf h4

Qf ¼ ρwLf ðWi �WuÞ

Surface storage
Soluble pollutant:
dG0
dt ¼ C4ðV4 � Vf Þ þ kτh0ðCmax � C0Þ þ Vf ;iCi � C0Q0=F
C0 ¼ G0=h0

Sorbed pollutant:
dU0
dt ¼ kτhVðCmax � C4Þ � kτh0ðCmax � C0Þ

(Continued)
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Table A1. (Continued).

Hydrological cycle submodel Hydrochemical submodel

Frozen soil (index f)
Infiltration into frozen soil:
Vf ¼ Ki;f ½1� expðV4=Ki;f Þ�
Ki;f ¼ KiðPi��I�WPi

Pi�WPi
Þ4=ð1þ ki~IÞ2

�I ¼ ρw
ρi

Hf�HT
Zi

ðWi �WuÞ

Horizon A of soil
Soluble pollutant:
dGi
dt ð1þ ρi kα;i

Wm;i
Þ ¼ q0 þ C2Vf ;2 � CiðVi þ Vf ;iÞ � CiQi=F

q0 ¼ C4Vf þ kτhV Cmax � C4ð Þ
Wm;i ¼ ZiWi þ ZiIi þ Dihið Þ=Zi
C1 ¼ Gi= WmZið Þ

Table A2. Notation and dimensions.

Symbol Description Units, model Units, SI

Common

t Time day, d s
δt Time step period day, d s

Geometrical characteristics

B Width cm m
L Length cm m

F Area cm2 m2

Z Thickness cm m

i Slope cm cm−1 m m−1

Meteorological characteristics

D Deficit of air vapour pressure mb Pa

R Rate of precipitation cm d−1 m s−1

T Air temperature °C K

Hydrophysical constants

ρi Density of ice g cm−3 kg m−3

ρw Density of water g cm−3 k gm−3

Lf Latent heat of ice fusion cal g−1 J kg−1

Main hydrological variables

h Depth of water layer cm m
hV Depth of infiltrated water layer in time step δt cm m

Q Horizontal water flux (discharge) cm3 d−1 m3 s−1

V Vertical water flux cm d−1 m s−1

Vc Rate of penetration into capillary zone of soil cm d−1 m s−1

Vnc Rate of penetration into non-capillary zone of soil cm d−1 m s−1

Vf Rate of return inflow from deeper soil horizons cm d−1 m s−1

Vg Rate of water exchange between groundwater zone and dipper layers cm d−1 m s−1

W Volumetric content of water per unit of volume cm3 cm−3 m3 m−3

I Volumetric content of ice per unit of volume cm3 cm−3 m3 m−3

E Rate of evapotranspiration cm d−1 m s−1

Soil-ground constants

ρ Volumetric density of soil g cm−3 kg m−3

P Total porosity cm3 cm−3 m3 m−3

FC Field capacity cm3 cm−3 m3 m−3

WP Wilting point cm3 cm−3 m3 m−3

Soil-ground characteristics

K Vertical saturated hydraulic conductivity cm d−1 m s−1

Kx Horizontal saturated hydraulic conductivity cm d−1 m s−1

D = P – FC, Non-capillary porosity cm3 cm−3 m3 m−3

We = (FC – WP)/2, Critical soil moisture for E cm3 cm−3 m3 m−3

FCM Maximum value of FC cm3 cm−3 m3 m−3

ke Potential evaporation parameter cm d−1 mb−1 m s−1 Pa−1

ks, kg Portioning parameters for evapotranspiration dl dl
β Parameter of pore space distribution dl dl

(Continued)
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Table A2. (Continued).

Symbol Description Units, model Units, SI

Snow cover

Rr Rate of rain precipitation cm d−1 m s−1

Rs Rate of snow precipitation cm d−1 m s−1

ST Rate of snowmelting cm d−1 m s−1

Sf Rate of frost of meltwater in snow cm d−1 m s−1

T0 Temperature on soil-snow surface °C K

WHC Water holding capacity cm3 cm−3 m3 m−3

V Velocity of snow compaction cm d−1 m s−1

ρn Density of new snow g cm−3 kg m−3

Frozen soil characteristics

Kf Saturated hydraulic conductivity cm d−1 m s−1

ki Soil frost parameter dl dl
Hf Soil frost depth cm m

HT Soil thaw depth cm m
Hg Depth of constant ground temperature Tg cm m
Wu Volumetric content of unfrozen water in soil cm3 cm−3 m3 m−3

λf, λT, λs Heat conductivity of frozen, unfrozen soil and snow cal (cm d °C)−1 W (m K)−1

Surface characteristics

N Manning roughness coefficient d cm−0.33 s m−0.33

Main hydrochemical variables

C Concentration of soluble pollutant μg cm−3 kg m−3

Cmax Saturated concentration (solubility) of pollutant in water μg cm−3 kg m−3

CR Concentration of pollutant in precipitation μg cm−3 kg m−3

Cd Concentration of soluble pollutant in deeper groundwater μg cm−3 kg m−3

Cb Concentration of pollutant in riverbed layer of thickness hb μg cm−3 kg m−3

G Amount of soluble pollutant μg cm−2 kg m−2

U Amount of sorbed pollutant μg cm−2 kg m−2

Cu Concentration of sorbed pollutant μg cm−3 kg m−3

Gpoint Anthropogenic point source of pollutant μg d−1 kg s−1

qa Dry aerosol deposition of pollutant from atmosphere μg cm−2 d−1 kg m−2 s−1

kα Partitioning coefficient of Henry sorption isotherm cm3 g−1 m3 kg−1

kτ Constant of pollutant dissolution by rain or meltwater d−1 s−1

kb Constant of pollutant exchange between river water and sediment of riverbed cm d−1 m s−1

ksed Constant of pollutant sedimentation in river cm d−1 m s−1

Indices

m Mean value of the variable
0 Characteristics for surface storage

1 Characteristics for Horizon A of soil
2 Characteristics for Horizon B of soil

3 Characteristics for groundwater zone
4 Characteristics for snow cover

r Characteristics for rivers
w Characteristics for liquid water
i Characteristics for ice
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