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Abstract—An Information—Modeling Complex has been developed for the information support of manage-
rial decision making in the field of rational use, protection, and restoration of reservoir ecosystems. The sys-
tem successively implements three mathematical hydroenvironmental models of the system Nizhnekamskoe
Reservoir Drainage Basin—the Nizhnekamskoe Reservoir—the Kuibyshev Reservoir. The complex of mod-
els is an effective tool for studying the response of the ecological conditions of reservoirs to natural changes
and anthropogenic impact. The use of the complex as a tool for environmental forecast or an expert system
in scenario simulation of natural processes is the most promising way to solving the problems of water quality

management and reservoir production.
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INTRODUCTION

The program Restoration of the Volga is aimed to
develop and implement measures for preservation and
improvement of water quality and hydroenvironmen-
tal conditions of reservoirs in the Volga—Kama Chain
(VKC). The extremely complex and diverse processes
of the formation of water quality and quantity and the
functioning of reservoir ecosystems are governed by
the permanent interaction between the water body
(the reservoir) and its drainage basin. The high eco-
nomic development of the drainage basins of Volga
reservoirs contributes to the growing anthropogenic
load onto reservoirs by pollutants, resulting in a poorer
state of their ecosystems and water quality. A neces-
sary step in solving the problems of regulation and
control of water quality in the Volga basin is a reliable
estimate of the response of reservoir ecosystems to
external load.

The scientifically sound forecasting of the environ-
mental response to anthropogenic impact in VKC,
assessing the efficiency of various managerial deci-
sions in the rational use, protection, and restoration of
reservoir ecosystems are impossible without mathe-
matical models of water quality in both the drainage
basin and the reservoir. The use of such models as a
tool for environmental forecasting or an expert system
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within the framework of scenario modeling of natural
processes is the most promising way for solving man-
agement problems for water quality and reservoir pro-
duction. In the development of the strategy of water
quality management, mathematical models enable
taking into account the relationships between ecosys-
tem components and assessing the direction of
changes in its behavior, depending on the character
and intensity of external loads.

The developed Information—Simulation Complex
(ISC) implies the successive implementation of three
mathematical models of the system: the drainage basin
of the Nizhnekamskoe Reservoir—the Nizh-
nekamskoe Reservoir—the Kuibyshev Reservoir
with the aim to assess the effect of the drainage
basin of the largest tributary to the Nizhnekamskoe
Reservoir—the Belaya River—on water quality
transformation and the state of ecosystems in Volga
reservoirs in the <case of the high-flow
Niznekamskoe and the largest in the chain, the
Kuibyshev, reservoirs. This system can be regarded
as a prototype of an expert instrument for determin-
ing the expediency and effectiveness of managerial
decisions aimed to preserve and improve water
quality in the water bodies under consideration.
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THE MODEL OF FORMATION OF WATER
AND CHEMICAL RUNOFF
IN THE DRAINAGE BASIN
OF THE NIZHNEKAMSKOE
RESERVOIR ECOMAG

Model Structure

ECOMAG model (ECOlogical Model for Applied
Geophysics) [9, 16, 23], which has been developed to
become a technological instrument for large river
basins in Russia, can be used to reproduce and forecast
the dynamics of the fields of hydrological and hydro-
chemical variables (river runoff, the characteristics of
snow cover, soil moisture content, water pollution,
etc.) with a high space and time resolution and with
accuracy sufficient by the accepted criteria; at the
same time, the model is based on the data of standard
domestic hydrometeorological and hydrochemical
monitoring. This feature is of particular significance
because of the limited potentialities of the hydrologi-
cal models developed abroad as applied to basins in
Russia as these models have been designed in most
cases for the conditions of runoff formation other than
those in Russia and based on the source data that differ
from the same in Russia in its composition and accu-
racy. Studies [ 11, 24] use river basins in different phys-
ical-geographic conditions to discuss applications of
the model to current problems of river basin hydrol-
ogy, including the estimation of changes in water and
hydrochemical regime under the effect of climate
changes and anthropogenic load, management of
water resource systems now in operation, the effec-
tiveness of flood-control measures, etc., as well as to
the problems of operational hydrological forecasts.

ECOMAG model consists of two major blocks: a
hydrological submodel of runoff formation and a
hydrochemical submodel of pollutant migration and
transformations in river basins. The former submodel
describes the processes of the continental hydrological
cycle: snow cover formation and melting, freezing up
and thawing of soils, infiltration of snowmelt and rain
water into soil, evaporation, the dynamics of soil
moisture content, the formation of surface, subsur-
face, soil, and river runoff. The equations, algorithms,
and test results of this model block as applied to largest
river basins in the northern hemisphere (the Volga,
Lena, Amur, Mackenzie, etc.), located in different
geographic zones with different runoff formation con-
ditions, and the types of nourishment and hydrologi-
cal regimes of water bodies have been described in
many studies [6, 9—11].

The hydrochemical submodel, designed to
describe the regularities of pollutant migration and
transformation in river basins, takes into account the
processes of their accumulation on the surface of river
basin, dissolution by snowmelt and rain water, seepage
of dissolved pollutants into the soil, and the interac-
tion with soil solution and solid phase [ 16, 23, 24]. The
rate of pollution input into the surface flow is calcu-
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lated as a linear function of the difference between
pollutant concentrations in the soil and water flow. In
the presence on the basin surface of pollutants, precip-
itating from the atmosphere as a dry residue, the pro-
cess of their dissolution by liquid precipitation and
snowmelt water is described by a linear dependence of
the flow of dissolved matter on the difference of max-
imally possible and current concentration in the flow.
The process of sorption—desorption of chemicals by
soil is described by Freundlich sorption isotherm,
which relates the amount of the absorbed matter with
its concentration in solution. In the case of nutrients
(nitrogen, phosphorus), processes of biochemical
cycles in geosystem components in the river basin are
taken into account.

The transport of dissolved pollutants in a river
basin, depends on the rates of hydrological processes;
it is based on surface, subsurface, subsoil, and river
flow. Therefore, the hydrological characteristics,
determined in the hydrological module, are used as
inputs for the hydrochemical submodel.

In the model schematization of a river basin, its
surface is divided by an irregular grid into elementary
drainage areas, considering the features of relief and
river network structure. The simulation of hydrologi-
cal and hydrochemical processes at each elementary
drainage area is carried out for four levels: in the zone
of surface flow formation, for the surface soil layer
(horizon A), for the underlying deeper layer (horizon
B), and for the subsoil water storage. The scheme is
completed by the consideration of transformation pro-
cesses in river network.

For convenience of calculations under various
projects of information support in water resources
management, forecasting water and hydrochemical
regime, and researches, a computer—technological
complex (CTC) ECOMAG has been developed. The
complex incorporates a calculation module of the
physically based ECOMAG model and the means of
data and technological support of the operation of this
module: thematic digital electronic maps, technology
of automated separation of the drainage basin into
individual drainage areas and schematization of river
network, databases of various land surface characteris-
tics, databases of hydrometeorological, hydrochemi-
cal, and water management data, instruments for
database management and geoinformation data pro-
cessing, and a management module. The management
module serves to combine the GIS data for the area
with database information, to configure the required
version of calculations, to start model calculations and
to show calculation results on computer monitor in the
forms of various plots and schematic maps of the terri-
tory, including the cartographic base, calculated
hydrological maps, and maps of pollution of river
basin and channel network. In terms of their volume
and the spatial coverage of the territory of Russia, the
information resources available in CTC are enough to
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construct regional hydrological models and to carry
out calculations for any large river basin in Russia.
CTC ECOMAG is intended for a wide range of hydro-
logical and nature-protection applied problems of
diagnostics and forecasting.

The model schematization of the drainage area and
river network in the basin is carried out with the use of
CTC ECOMAG based on digital thematic maps of the
region: digital relief model, hydrographic network,
soils, and landscapes. Automated regime enables the
construction of a model tree-like structure of river
network and the identification of water-divide lines as
boundaries of model (elementary) drainage areas. In
the modeling complex CTC ECOMAG, each model
element is assigned appropriate model parameters
(soils, vegetation, etc.).

Adaptation of CTC ECOMAG to the Drainage Basin
of the Nizhnekamskoe Reservoir

The total drainage area of the Kama at the section
of the Nizhnekamskii Hydroengineering Structure is
366 thous. km?, and the partial catchment of the Nizh-
nekamskoe Reservoir (NKR) between the Nizh-
nekamskii and Votkinskii hydroengineering struc-
tures, located in the South Ural region of Russia, is
186 thous. km? in area. The drainage basin shows high
concentrations of heavy metals (HM) in natural waters
because of the considerable concentration of ore-
forming elements in soils and rocks.

The drainage area and river network in NKR basin
were schematized and the majority of physically sound
model parameters were specified using thematic maps
of the region with the use of ISC ECOMAG.

Calculations with the use of ECOMAG model are
based on the meteorological data with a daily time
step. The fields of meteorological data (daily precipi-
tation, mean daily temperature and air humidity defi-
cit) in basin territory is the input to the model. The
model calculates, in a continuous mode, the fields of
snow cover, snow melting, soil moistening and freez-
ing, evaporation, and genetic runoff components.
Runoff hydrographs at gages, water inflow into reser-
voirs over previous periods, the fields of snow cover
derived from snow surveys, and the fields of soil mois-
ture content and freezing depth by measurements at
agrometeorological stations are used in the model to
calibrate its parameters and assess the accuracy of the
hydrological block of the model.

In the hydrochemical submodel, the initial condi-
tions for pollutant concentration in soils in NKR were
specified based on maps of the concentrations of
chemical elements in the plowed soil layer given in the
Atlas [19]. Pollutant concentrations in atmospheric
precipitation and confined subsoil water, which feed
perched water in the aeration zone of soils, were taken
from regional reference books. Data on point anthro-
pogenic pollution sources for river water were taken
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from data on pollutant discharges with wastewater in
populated localities in Belaya River basin given in the
statistical report forms 2-TP (vodkhoz). Long-term
data on the dynamics of pollutant concentrations in
river water at 34 gages on the Belaya River and its trib-
utaries, collected by Roshydromet services were used
to calibrate parameters and test the hydrochemical
submodel (Fig. 1).

The results of numerical experiments with ECO-
MAG model for the drainage basin of the Nizh-
nekamskoe Reservoir [22, 24] were used

to assess the contribution of natural and anthropo-
genic components to the formation of the hydrochem-
ical runoff of pollutants;

to calculate the fields and construct maps of nor-
mal annual modules of water runoff and chemical pol-
lutant runoff;

to compile maps of normal annual concentrations
of pollutants in watercourses in the NKR basin,
including river reaches not covered by hydrochemical
observations;

to evaluate the contributions of wastewater to river
water pollution at different volumes of point pollutant
discharges in the drainage basin.

The runoff hydrographs and the dynamics of pol-
lutants calculated by ECOMAG model for the mouth
of the Belaya River along with the inflow into some
sections of NKR were used as inputs to GMV-MGU
model.

THE HYDROLOGICAL MODEL OF WATER
QUALITY TRANSFORMATION IN THE
NIZHNEKAMSKOE RESERVOIR (GMV-MGU)

The Nizhnekamskoe Reservoir was constructed in
1978 in the Kama R. valley by damming the river
(November 1, 1978) and filling the reservoir by 1979
up to the temporary level of 62.0 m BS (the design
mark of 68.0 m BS). The total volume of the reservoir
at a mark of 62.0 m BS is 2.9 km?, and its water area is
1.08 thous. km?2. The maximal width of the reservoir is
15 at the average of 4 km. The length of the reservoir is
185 km.

The Nizhnekamskoe Reservoir is a complex water
body in either the morphological or hydrodynamic
and ecological respects. The major part of water
inflow into the reservoir enters it through the Kama
River (64%) from the Votkinsk Reservoir and through
the Belaya River (31%), while the rest of its recharge is
due to the lateral inflow of small rivers in its basin. The
reservoir is operated under the conditions of perma-
nent water deficiency with its level 5—6 m below the
design normal reservoir water level; because of this,
the area of shallows with depths up to 2 mis up to 50%
of the total reservoir water area, producing an adverse
effect on water quality.



754
(1) Point and (2) diffuse
pollution sources
|
z{ [
Measured and simulated Cu e Volga Basin
concentrations, pg/L §
15 B Daily means 8-
@p. Hyryui—c. HoBocentoBo @p. benasi—r. Mimumbait S«
10 | = zh
= - w %
> || I ‘ I L L 1IREI ) % %
001.01. 0101 0101 010l 0LOL ~ OLOL 010 0LO0L. ©
2004 2005 2006 2007 2004 2005 2006 2007 75
8 _ Quarter means =
6 p. Hyrym—c. Hoocenroso p. Benas—r. MmmGaii ® =
4+ Cu concentration in soil
2 i N
0 =
LI o v 1 g ur v é
8 r Annual means at monitoring sections g‘
6F £
4 3
2 S
0

Sections

dry and wet precipitation P

T
1‘ 52
5E5
3= v

subsoil water zone " &

MOTOVILOV et al.

Information-simulation complex ECOMAG

P — pollutants
SP — dissolved P

= SSP — sorption P

DSP — desorption P

PSL — point

sources P

WBE — exchange with bottom

sediments

=

snow cover

B ¥
P accumulation, P |
export with snowmelt w: h

Paccummutation
dissolved P

surface capacity surface™

flow

ol
ol 1
E L

|
|

P

e

. surface P
PSL, WBE

— ]
f | subsurface |
o 13 runoff SP |

AN [

subsurface
| runoff SP

>
oG
1 subsoil water

= WY runoff s

Test in the basin of the Nizhnekamskoe Reservoir

Wastewater discharges
k &ywa )
bioe .

Monitoring sites i1

‘:

#, Y '32» “

[ RV -, -~
Cu concentration, tg/L

" {

mg/kg Unit area runoff of Cu, g/year km?
1 .

A
A .

2000-2700

27003700

Fig. 1. Schematic structure of model hydrochemical block, location of hydrochemical monitoring sites, and the representation

forms of the simulated hydrochemical data.

The Design and the Structure of the Model

The hydrological model of reservoirs (GMV-
MGU), developed at the Chair of Land Hydrology,
Faculty of Geography, Moscow State University, is a
box-type quasi-two-dimensional longitudinal—verti-
cal model of a reservoir, including blocks for calcula-
tion of heat- and mass-exchange (HME) and the
characteristics of water quality and production of the
reservoir (ecological block) [3, 13, 25].

The model is based on the following requirements
to calculation algorithms:

(1) reservoir schematization should take into
account its morphological structure and the hydroen-
gineering features of water intakes of the hydropower
units;

(2) the numerical algorithms for solving the equa-
tions are to be simple;

(3) the major processes that determine the hydro-
logical regime of the reservoir are to be adequately
reproduced and, as far as possible, taken into account;

(4) the calculations should reproduce the vertical
structure of the water mass of individual pools—sectors
of the reservoir with a depth step of 1 m and its changes
over time with a step of 1 day throughout the annual
cycle;

(5) the description of hydrometeorological pro-
cesses in the model should follow the procedures rec-
ommended for hydrological and water-management
calculations used in reservoir design process;

(6) the model calculations should be based on the
standard hydrometeorological data of Roshydromet
and the monitoring network of environmental pollu-
tion.

The Nizhnekamskoe Reservoir is schematized in
the model in the form of four lobes, divided into
11 pools (Fig. 2). Each lobe is divided into model
pools, taking into account their hydrodynamic and
morphometric features. All pools are divided into hor-
izontal boxes (Fig. 2b). The bathygraphic curves and
the morphometric characteristics of the pools were
obtained by planimetry of pilot charts of the Kama
No. 5 2020
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Fig. 2. Schematization of the Nizhnekamskoe Reservoir: (a) division of the reservoir into sections; (b) division of a section into
model boxes. (/) weather station, (2) boundaries of identified sections, (3) numbers of the model lobe-sections, (4) Nizh-
nekamskaya HPP, (5) inflow-flow of major rivers, (6) lateral inflow into sections

and Belaya rivers [1, 2] with correction of the obtained
results by tables of areas and static volumes of the res-
ervoir [12]. The water mass within each box is assumed
homogeneous. The thickness of the boxes is constant
(1 m), except for the surface box, the thickness of
which varies within 0.5—1.5 m.

At the successive implementation of calculations
from one pool to another, starting from the upper
reaches of the reservoir, an algorithm of the classical
one-dimensional (in the vertical direction) model,
described in detail in [20], can be applied to each pool.
Changes in the characteristics of water mass in a box
are described by balance equations accounting for the
continuity of the water medium and the conservation
law of matter and energy in each box of the pool under
the condition of complete mixing of inflowing water
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with that contained in the model box. The equation of
state of water is represented by the dependence of its
density on temperature and electric conductance for
fresh water of hydrocarbonate and sulfate classes [3].
Water discharge from the reservoir is specified through
different-level outlet sluices, taking into account the
selectivity of the water intake by Bohen and Grace
[17].

The model algorithm is structured in the form of
four blocks (Fig. 3).

Calculations by the model are based on the super-
position method in the following order for each calcu-
lation time step:

estimating transformations of weather data over
water surface of the pools;
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Fig. 3. Block scheme of the algorithm of GMV-MGU.

water balance and new water level in the reservoir;

within-mass transformation of water quality char-
acteristics in pool boxes;

heat balance and snow-ice-cover dynamics;

effective wind mixing;

forced convection in the form of Langmuir circula-
tion;

free convective mixing;

water exchange due to discharge currents;

dynamic mixing;

water exchange due to density, wind, and compen-
sation currents;

formation of files with calculation results.

At the end of each calculation step, matter and
energy balance is calculated for pools.

Model Adaptation to the Nizhnekamskoe Reservoir

All input data in the model were divided into three
groups: files of basic and initial conditions and file of
current data. The basic file contains data on the simu-
lated object, its schematization, the morphometry of
the chosen pools, drainage basins of the tributaries of
the water body, partial drainage areas of the pools,
weather stations and their attribution to the pools,
water intake characteristics, the constants of chemical
and biological reactions, hydrochemical characteris-
tics of subsoil water and precipitation in the region
near the reservoir.

The input data file contains information about the
state of the water surface (the presence or absence of
ice), the vertical distribution of hydrophysical, hydro-

chemical, and hydrobiological characteristics of water
in each pool at the start of calculations. The hydrolog-
ical regime of the Nizhnekamskoe Reservoir is calcu-
lated for a long period.

The file of current data contains mean daily
weather data for each calculation day at four weather
stations (in the cities of Elabuga, Sarapul, Birsk, and
Menzelinsk), located in the immediate vicinity to the
reservoir (Fig. 2). Water inflow into the reservoir
through the major rivers and from lateral drainage
areas of the pools is specified based on calculations by
runoff formation model ECOMAG.

The hydrological information is supplemented by
data on water quality characteristics (WQC) for each
flow entering the model pool. WQC for the Kama
River were specified using the results of spline interpo-
lation of their mean monthly values obtained by obser-
vations in the lower pool of the Votkinsk Hydroengi-
neering Structure in 1986—2001. The WQC of the lat-
eral inflow into the pools and in the major rivers was
specified using the water chemistry calculated by the
model of runoff formation on reservoir drainage basin.

Calculated Data

The hydrological block of the model calculates the
transformation of weather characteristics over water
surface, water balance and level variations in the reser-
voir, heat exchange with the atmosphere and bed soils,
the dynamics of snow and ice cover, and the distribu-
tion of incoming solar radiation over the depth of
model pools. The calculations are based on proce-
dures described in detail in [14].
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The ecological block of the model calculates the
transformation of nonconservative characteristics, the
values of which vary under the effect of a combination
of physicochemical, chemical, and biochemical pro-
cesses. The algorithm of this block enables the calcu-
lation of the following WQC:s: the biomasses of three
phytoplankton groups (cold-loving diatoms, blue-
green, and other species), dissolved oxygen, the con-
centrations of phosphate, ammonium, and nitrate
ions, unstable (readily oxidizable) and stable organic
matter (OM), zooplankton, ichthyofauna, detritus,
and the concentrations of mineral and organic partic-
ulate matter. The calculations follow mass balance
equations in accordance with the conceptual schemes
of interrelationships between these variables in aquatic
ecosystems [20].

The nutrients simulated in the model are elements
of greatest importance for the development of phyto-
plankton: i.e., phosphorus, nitrogen, and silicon.
Phosphorus occurs in the form of phosphate-ions

(PO}"), and nitrogen, in the form of ions of ammo-

nium (NHj}), nitrates and nitrites (NO, and NO;y).
Ammonium form is considered as preferable in alga
nutrition [4].

The calculation of nutrient concentrations in
model boxes takes into account the following pro-
cesses: their consumption by phytoplankton; decom-
position of detritus, unstable and stable OM; respira-
tion of phytoplankton, zooplankton, and fish; export
from bottom sediments under anaerobic conditions;
nitrification and denitrification; sorption and copre-
cipitation. The processes of sorption are described by
classical Langmuir kinetics. Changes in silicon con-
centration in the water body are determined by diatom
production.

Among other elements involved in biochemical
processes in the water body, the model simulates the
regime of manganese, iron, sulfur, inorganic carbon,
carbon dioxide, and hydrogen ions.

Mineral nitrogen and phosphorus accumulate in
bottom deposits because of detritus decomposition
and sedimentation of suspension and leave them
under anaerobic conditions.

The OM dissolved in water is represented by bio-
chemically stable and biochemically unstable OM,
which differ in the rates of their decomposition.

Modeling Results

The model was used for diagnostic, prognostic,
and scenario hydroecological calculations. The vali-
dation of GMV-MGU was based on the results of cal-
culations of hydrological regime in many reservoirs; it
was most detailed in reservoirs in Moscow oblast,
where the amount of observation data was large
enough to evaluate the quality of model calculations
by statistical criteria. For the majority of analyzed
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WQC s, the quality of their calculation could be con-
sidered “satisfactory” [3].

The values of all WQCs were calculated at daily
basis in the form of their vertical distributions in the
pools along the vertical axes of the lobes of the water
body. In addition, the model can be used to calculate
WQC values in the lower pool of the reservoir, a fea-
ture which is of extreme importance for assessing the
effect of the reservoir on water quality transformation
in this pool. Figure 4 exemplifies the course of varia-
tions of WQC values in the lower pool of the Nizh-
nekamskii Hydropower Structure in 2012.

3D SIMULATION OF HYDROPHYSICAL
AND CHEMICAL—-BIOLOGICAL PROCESSES
IN THE KUIBYSHEV RESERVOIR

The Kuibyshev Reservoir is the largest on the
Volga, it ranks third in the world and first in Europe in
terms of water area. It was created in 1955 after the
construction of the dam of the Zhigulevskaya HPP,
which dammed the Volga valley at Tolyatti City. The
length of the reservoir is 467 km along the Volga and
280 km along the Kama. Its maximal width is ~26 km
(near Kamskoe Ust’e), average depth is 9.3, and max-
imal depth is 41 m (at the dam of the Volzhskaya
HPP). The total length of its shoreline is 2604 km.
Reservoir water area is 6.45 thousand km?. The main
objectives of the reservoir construction are seasonal
runoff regulation, power production, improvement of
navigation, water supply, and irrigation.

Model Structure

Because of the large water area of the Kuibyshev
Reservoir and the areas with heavily indented shore-
line it contains, the hydrophysical and chemical—bio-
logical processes in it show pronounced space and
time heterogeneity. To correctly reproduce processes
in the ecosystem of the Kuibyshev Reservoir, includ-
ing the processes of biogenic load formation requires
the application of 3D-approach (three-dimensional),
which originally has been used in meteorology and
oceanology and later in hydrology. The history of
application of 3D-approach to the simulation of dif-
ferent types of freshwater bodies is given in mono-
graph [8].

In the recent years, a mathematical model of
inland sea hydrodynamics (MMIS), developed in the
Marchuk Institute of Numerical Mathematics, Rus-
sian Academy of Sciences [5] have become popular (at
least in Russia). The model has been successfully
tested in the simulation of the thermohydrodynamic
regime of the Caspian Sea. The equations of hydrody-
namics were discretized in this model using the finite
volume method (FVM). The basis of the FVM is the
integral formulation of the conservation laws of mass,
momentum, energy, etc. The balance relationships are
written for a small control volume, their discrete ana-
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Fig. 4. Variations of the concentrations of (C) WQC in the lower pool of the Nizhnekamskii Hydroengineering Structure in 2012:
(a) temperature (T), total dissolved solids (TDS), suspended matter (SM), oxygen concentration (O,); (b) iron (Fe) and manga-
nese (Mn); (c) ammonium (NHy), nitrates (NO3) and phosphates (POy); (d) blue-green (BG), diatoms (D), and other (Oth)

phytoplankton species.

logue is obtained by summing the fluxes of mass and
momentum over all sides of the identified volume. As
the integral formulation of the conservation laws does
not impose limitations on the shape of the control vol-
ume, FVM can be used to discretize hydrodynamic
equations on either structured or not structured grids
with different shape of cells, which, in principle, fully
solves the problem of complex geometry of the model
domain [15].

Seawater circulation in a basin of arbitrary geome-
try is described by three-dimensional thermohydrody-
namic equations. The water—air interface is free; the
spatial variation of sea surface topography and varia-
tions of the mean sea level are reproduced. The inter-
action between the atmosphere and the sea is
described by the fluxes of momentum, heat, and
moisture. When conditions become favorable for the
formation of ice, ice model is introduced to describe
the thermodynamic processes in the ice (temperature
variations, freezing over, and melting). The model
explicitly describes the flows of water and its proper-
ties (salinity and heat content) through the lateral
boundaries (river runoff and exchange through straits)
and the water—air interface (evaporation, precipita-
tion). When domains with open boundaries are simu-
lated, radiation conditions are specified on them.

The thermodynamic state of the inland sea is
described by three-dimensional functions of tempera-
ture, salinity, and flow velocity components, as well as
a two-dimensional function of the height of the inland

sea level. The model includes three-dimensional com-
plete equations of geophysical hydrothermodynamics.

Model Adaptation to the Kuibyshev Reservoir

MMIS model was adapted for the use for the fresh-
water Kuibyshev Reservoir. In particular, to account
for freshwater having a temperature of maximal den-
sity, the constitutive equations for seawater was
replaced by a quadratic equation of the state of low-
mineralization water [21]. Necessary works were car-
ried out to construct a model grid for the Kuibyshev
Reservoir with a size of 170 X 302 in horizontal plain
and 8 levels in the vertical direction. To account for
chemical and biological processes, the hydrodynamic
part of the model was supplemented by equations
describing the seasonal dynamics of phytoplankton,
OM sedimentation onto the surface of bottom sedi-
ments, the burial and mineralization of OM, mechan-
ical resuspension of the top layer of bottom sediments,
etc. Figure 5 gives a block scheme of a modified
model, which was used for calculating hydrophysical
and chemical—biological characteristics of the Kuiby-
shev Reservoir.

Modeling Results

The consistency of the model and its agreement
with the natural processes was checked by several
numerical experiments aimed to calculate the hydro-
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Fig. 5. Block scheme of the modified model.

thermodynamic and chemical—biological characteris-
tics of the Kuibyshev Reservoir over 2012 to 2015.

The characteristic chosen to simulate a dissolved
nonreactive matter was total dissolved solids. Water
chemistry in the Kuibyshev Reservoir is mostly (by
(90—95%) governed by the composition of its two
major tributaries, the Volga and Kama rivers [7]. The
total dissolved solids content of water in the tributaries
differs almost twice: its mean value for the Kama is
0.42 kg/m?, while that for the Volga is 0.24 kg/m?. The
specifics of the mixing of waters from these tributaries
in different seasons of the year is the main governing
factor for the total dissolved solids content in the entire
reservoir.

Figure 6 gives the simulation results of the spatial
distribution of the total mineralization in the Kuiby-
shev Reservoir in the freeze-up and open-water peri-
ods. As can be seen from the figures, the distributions
of total dissolved solids over the reservoir in these peri-
ods are radically different; this is due to the factors that
govern the processes of Volga and Kama water mixing
in different seasons of the year. In winter, when there
is no direct effect of atmospheric processes—mostly
wind mixing of water masses—the propagation of
waters from tributaries is mostly governed by baro-
clinic factors. In this case, water masses are mixing all
along the Volga—Kama pool to reach values of 0.37—
0.38 kg/m?>. The picture in summer is different. Under
the effect of wind, Volga and Kama waters mix all over
the depth to the values close to 0.35 kg/m?. This value
of total dissolved solids persists all along the reservoir
down to the Priplotinnyi pool.

Figure 7 gives the results of simulating the spatial
distribution of total phytoplankton biomass in the
Kuibyshev Reservoir during the vegetation period of
2014. The distribution of alga concentrations in the
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beginning of the vegetation season is mostly governed
by temperature differences between individual parts of
reservoir water area. Thus, the maximal values of bio-
mass are recorded at the mouths of tributaries and
along coastal shallows, where water temperature is
higher after freeze-up period. In the mid-summer,
maximal values of alga biomass can be clearly seen in
the well-heated shallow pools of the reservoir. This is
due to the fact that the Kuibyshev Reservoir is a eutro-
phic water body; therefore, when phytoplankton
development is not limited by nutrients, other factors
gain in importance, including water temperature. This
is true, in particular, for Cheremshanskii Bay, which is
known as the most productive area in the reservoir
[18].

CONCLUSIONS

An Information—Modeling Complex was devel-
oped for information support of decision making in
the field of rational use, protection, and restoration of
reservoir ecosystems. It incorporates the successive
implementation of three mathematical models of the
system The Drainage Basin of the Nizhnekamskoe
Reservoir—the  Nizhnekamskoe Reservoir—the
Kuibyshev Reservoir. The calculation in the system is
carried out successively, starting from the model of the
drainage basin, which is the physically based ECO-
MAG runoff formation model. The input data for this
model includes the characteristics of the drainage
basin of the Nizhnekamskoe Reservoir, weather data,
and the characteristics of anthropogenic load onto the
drainage area. The results of model calculations of the
hydrological and hydrochemical blocks of the model
are hydrographs of water inflow and pollutant inputs
from the drainage basin into the Nizhnekamskoe Res-
ervoir with a daily time step.
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Calculations on the drainage basin provide input
data for GMV-MGU model. This two-dimensional
longitudinal vertical model can be used to calculate
daily changes in various chemical and biological char-
acteristics, which determine water quality and produc-
tion characteristics of reservoir ecosystem depending
on the hydrometeorological conditions of individual
years. This model enables real-time calculation of the
distribution of chemical concentrations and hydrobi-
ont biomasses in the Nizhnekamskoe Reservoir and
the daily variations of these characteristic in water dis-
charge, i.e., in the lower pool of the reservoir.

The discharges from the Nizhnekamskoe Reservoir
largely determine the ecological conditions of the
downstream Kuibyshev Reservoir. Therefore, the cal-
culated water quality in the discharge of the Nizh-
nekamskoe Reservoir forms important input informa-
tion for calculations using the three-dimensional
hydroecological model of the Kuibyshev Reservoir,
developed in the Institute of Limnology, Russian
Academy of Sciences, based on the model hydrody-
namics of an inland sea. The latter model of the system
describes the processes of water quality formation,
migration of chemicals and phytoplankton biomass in
the Kuibyshev Reservoir.

The presented system of three models can be
promptly supplied with information about the hydro-
logical regime and the dynamics of water quality and
pollution characteristic in the drainage basin—reser-
voir system, considering their cascade position, i.e.,
considering water quality transformations at different
stages of the chain.

FUNDING

The study was supported by the Russian Science Foun-
dation, project no 17-7730006.

REFERENCES

1. Atlas edinoi glubokovodnoi sistemy Evropeiskoi chasti RF
(Atlas of the Joint Deep-Water System of RF European
Part), vol. 9, part 2, Reka Kama. Ot goroda Chaikovskii
do ust’ya reki Vyatka (Kama River. From Chaikovskii
City to Vyatka River Mouth), Perm: Administratsiya
Volgo-Baltiiskogo basseina, 2016.

2. Atlas edinoi glubokovodnoi sistemy Evropeiskoi chasti RF
(Atlas of the Joint Deep-Water System of RF European
Part), vol. 10, Reka Belaya. Ot reki Ufa do ust’ya (Belaya
River. From the Ufa River to the mouth), Perm: Ad-
ministratsiya Volgo-Baltiiskogo basseina, 2017.

3. Gidroekologicheskii rezhim vodokhranilishch Pod-
moskov’ya (nablyudeniya, diagnoz, prognoz) (Hydro-
ecological Regime of Moscow Region Reservoirs: Ob-
servations, Diagnosis, Forecasts), Edel’shtein, K.K.,
Ed., Moscow: Pero, 2015.

4. Datsenko, Yu.S., Evtrofirovanie vodokhranilishch.
Gidrologo-gidrokhimicheskie aspekty (Eutrophication of
Reservoirs. Hydrological—-Hydrochemical Aspects),
Moscow: GEOS, 2007.

WATER RESOURCES  Vol.47 No.5 2020

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

761

Ibraev, R.A., Matematicheskoe modelirovanie ter-
mogidrodinamicheskikh protsessov v Kaspiiskom more
(Mathematical Modeling of Thermohydrodynamic
Processes in the Caspian Sea), Moscow: GEOS, 2008.
Kalugin, A.S. and Motovilov, Yu.G., Runoff formation
model for the Amur River basin, Water Resour., 2018,
vol. 45, no. 2, pp. 149—159.

Kuibyshevskoe vodokhranilishche (The Kuibyshev Res-
ervoir), Leningrad: Nauka, 1983.

Menshutkin, V.V., Rukhovets, L.A., and Filatov, N.N.,
Sostoyanie i perspektivy razvitiya modelirovaniya eko-
sistem presnovodnykh ozer. Ispol’zovanie modelei dlya
resheniya zadach sokhraneniya ikh vodnykh resursov
(The Current State and Development Perspectives of
Ecosystem Simulation in Freshwater Lakes. The Use of
Models to Solve the Problems of Preservation of Their
Water Resources), St. Petersburg: Nestor Istoriya, 2013.

. Motovilov, Yu.G., Hydrological simulation of river ba-

sins at different spatial scales: 2. Test results, Water Re-
sour., 2016, no. 5, pp. 743—753.

Motovilov, Yu.G., Modeling fields of river runoff (A
case study for the Lena River basin), Rus. Meteorol. Hy-
drol., 2017, no. 2, pp. 121—128.

Motovilov, Yu.G. and Gel’fan, A.N., Modeli formiro-
vaniya stoka v zadachakh gidrologii rechnykh basseinov
(Runoff Formation Models in Problems of River Basin
Hydrology), Moscow: RAN, 2018.

Prikaz Rosvodresursov ot 28.10.2014 Ne 270 “Ob utver-
zhdenii Pravil ispol’zovaniya vodnykh resursov Nizh-
nekamskogo vodokhranilishcha na r. Kame” Order of
Rosvodresursy of October 28, 2014, no. 270, “On Ap-
proval of Regulations for Water Resources Develop-
ment in the Nizhnekamskoe Reservoir on the Kama
River).

Puklakov, V.V., Gidrologicheskaya model’ vodokhranil-
ishcha. Rukovodstvo dlya pol’zovatelei (Hydrological
Model of a Reservoir. Guide for Users), Moscow:
GEOS, 1999.

Rukovodstvo po gidrologicheskim raschetam pri proek-
tirovanii vodokhranilishch (Guide for Hydrological Cal-
culations in Designing Reservoirs), Leningrad: Gidro-
meteoizdat, 1983.

Smirnov, E.M. and Zaitsev, D.K., Finite-volume
method as applied to the problems of gas dynamics and
heat exchange in domains with complex geometry,
Nauch.-Tekhn. Vedom., 2004, no. 2.

Fashchevskaya, T.B. and Motovilov, Yu.G., Modeling
nitrogen cycle processes on a river drainage basin,
Part I. Sources of nitrogen input and nitrogen cycle
processes, Voda: Khim. Ekol., 2017, no. 3, pp. 15-26.

Khenderson-Sellers, B., Inzhenernaya limnologiya (En-
gineering Limnology), Leningrad: Gidrometeoizdat,
1987.

Ekologiya fitoplanktona Kuibyshevskogo vodokhranilish-
cha (Phytoplankton Ecology in the Kuibyshev Reser-
voir), Konovalov, S.M. and Pautova, V.N, Eds., Lenin-
grad: Nauka, 1989.

Yaparov, .M., Atlas Respubliki Bashkortostan (Atlas of
the Republic of Bashkortostan), Ufa: Kitap, 2005.

CE-QUAL-RI: A Numerical One-Dimensional Model of
Reservoir Water Quality; User’s Manual. Instruction Rep.
E-82-1. US Army Engineer Waterways Experiment



762

21.

22.

23.

Station Environmental Laboratory. Vicksburg: Miss.,
1986.

Chen, C.T. and Millero, F.J., Precise thermodynamic
properties for natural waters covering only limnological
range, Limnol. Oceanogr., 1986, no. 3, pp. 657—662.
Fashchevskaya, T.B. and Motovilov, Yu.G., Modeling
water pollution under different scenarios of zinc load on
the Nizhnekamskoe Reservoir watershed, Water. Res.,
2019, vol. 46, no. Suppl. 2, pp. S69—S80.
https://doi.org/10.1134/S0097807819080074
Motovilov, Yu.G., ECOMAG: a distributed model of
runoff formation and pollution transformation in river

SPELL: 1. OK

24.

25.

MOTOVILOV et al.

basins solution, IAHS Publ., 2013, vol. 361, pp. 227—
234,

Motovilov, Yu.G. and Fashchevskaya, T.B., Simula-
tion of spatially-distributed copper pollution in a large
river basin using the ECOMAG-HM model, Hydrol.
Sci. J., vol. 64, no. 6, 2019, pp. 739-756.

Puklakov, V., Mathematical model of the heat and mass
transfer processes in a stratified reservoir, Int. Revue ges.
Hydrobiol., 1995, no. 1, pp. 49—59.

Translated by G. Krichevets

WATER RESOURCES  Vol. 47 No.5 2020




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages false
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages false
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




