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Abstract. This two-part study presents an approach to designing a sustainable management sys-

tem for the environmental socio-economic systems (ESESs) of floodplain territories based on 

modeling their structure dynamics and hydrotechnical projects on their hydrological regime stabi-

lization. The objective of management is to achieve and maintain the optimal stationary complex 

structure of a floodplain territory, which is characterized by the best design-achievable corre-

spondence between the functional purpose of its fragments and the nature of their spring flooding. 

The approach rests on the complex structure dynamics model of a floodplain territory that com-

bines variable hydrological and permanent functional properties. This dynamic model, supple-

mented by an expert model of the socio-economic potentials of the floodplain territory state, 

yields optimal parameters of hydrotechnical and socio-economic projects. Implementing the ap-

proach for a particular floodplain ESES involves optimization, expert assessment, geoinformation 

and numerical hydrodynamic modeling, high-performance computing, and the statistical analysis 

of natural observation data and the results of computational experiments. The retrospective, mod-

ern, and forecasted complex structures of the northern part of the Volga–Akhtuba floodplain are 

numerically built considering the spatial heterogeneity of the riverbed degradation effect of the 

Volga. These numerical results are used to develop an algorithm for finding the parameters of 

hydrotechnical projects to ensure an optimal sustainable complex structure of the floodplain terri-

tory. The algorithm and the results of its numerical implementation will be presented in part II of 

the study.  
 

Keywords: sustainable development, territorial structure control, hydrotechnical projects, high-performance 

computing, hydrodynamic modeling, Volga–Akhtuba floodplain.  
 

 

 

INTRODUCTION  

Floodplain environmental socio-economic systems 

(ESESs) are characterized by an increased dependence 

of their condition on the hydrological regime. The 

complex structure of the channel system and flood 

inundation  zones  determines  the  mosaic  arrangement  
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of the functional zones of floodplain territories. The 

efficient management of floodplain ESESs is based on 

an optimality measure of correspondence between the 

territorial distribution of water resources and the func-

tional distribution of floodplain fragments.  

The territorial distribution of water resources in 

floodplain ESESs is formed mainly by the dynamics 

of their flood inundation (the volume of spring floods, 

channel structure, and the topography of the territory). 

The construction of a hydroelectric power stations sys-
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tem on large rivers, in addition to hydroelectric power 

generation systems, creates an opportunity to regulate 

spring floods, which are transformed into the spring 

discharges of hydroelectric power stations (HPSs). 

This regulation provides favorable conditions for the 

operation of floodplain ESESs. However, the gradual 

erosion (depression) of the riverbed in significant 

(more than a hundred kilometers) channel zones in the 

downstream of HPSs due to the violation of the dy-

namic equilibrium between washout and deposition of 

bottom soil particles is the reason for the slow lower-

ing of river levels. For example, the decreases in river 

levels over the years of HPS operation are as follows: 

for the Kama at the Votkinsk HPS, –1.1 m; for the 

Volga at the Nizhny Novgorod HPS, –1.3 m; for the 

Volga at the Volzhsk HPS, from –1.7 m to –1.8 m 

(low-water conditions) and from –1.25 m to –1.35 m 

(spring floods) [1–7]. This is the reason for the de-

creasing volume of flood waters entering the flood-

plains [1–8]. 

This decrease results in a progressive narrowing of 

the stable flooded area, which is the biotope of its en-

vironmental system, and the expansion of the unstable 

flooded area, least valuable for ESESs. Thus, unlike 

the floodplains of unregulated rivers suffering from 

floods, those of regulated ones suffer from anthropo-

genic aridization. Therefore, an urgent problem of 

their water resources management is to ensure the sta-

bility of ecosystems and sustainable socio-economic 

development under water scarcity.  

In past decades, the problem of achieving a ration-

al balance between socio-economic and environmental 

needs in river systems has been the subject of inten-

sive research [7–26]. The rich list of recent-year publi-

cations can be divided into studies on monitoring, de-

tection, and modeling of environmental and socio-

economic problems and risks (e.g., see [7–18]) and 

studies on the design of decision systems [19–25] and 

risk management [26–29]. Note that the first group of 

studies involves relatively accurate quantitative 

(geoinformation, hydrodynamic, and statistical) meth-

ods and technologies, whereas the second group is 

mainly based on qualitative methods of management 

and expert assessment. Here, the objective reason is 

the multidimensional uncertainty in the sustainable 

management of floodplain ESESs. 

The sustainable development of river systems and 

the closely related problem of ecological and econom-

ic management of regional ESESs are also the subject 

of many studies [30–35]. The authors [30–33] focused 

on the problem of reducing the quality of life and eco-

nomic efficiency under the anthropogenic degradation 

of floodplain landscapes and ecosystems. The research 

topics were methods and technologies for identifying 

the parameters of sustainable development as well as 

ensuring their achievement and maintenance. In [33], 

the problem of sustainable development was analyzed 

using system compatibility indices; they are calculated 

based on the objective functions of actors and sustain-

ability criteria for ecosystems. The resulting domain of 

admissible parameter values is equivalent to the do-

main of normative lossless actions for the economic 

agents of the corresponding ESES within its ecological 

and economic management system [34]. Note that, 

being adequate for stable systems, these approaches 

lose their efficiency when analyzing the floodplain 

ESESs of regulated rivers under developing natural 

and technogenic degradation. The identification and 

control of such parameters are significantly complicat-

ed due to the absence of long-term deterministic con-

ditioning of flood inundation maps of the territory by 

the river hydrograph (the time dependence of water 

discharge through the river channel cross-section). 

Therefore, the main ground for the sustainable devel-

opment of floodplains is the long-term stabilization of 

their hydrological regime.  

This paper develops an approach to creating a sus-

tainable management system for floodplain ESESs 

through optimizing hydrotechnical and socio-

economic projects. The objective of management is to 

achieve and maintain the optimal stationary complex 

(C) structure of the floodplain territory, which deter-

mines the efficiency of the ESES. Optimality is char-

acterized by the best design-achievable correspond-

ence between the functional purpose of floodplain 

fragments and the nature of their spring flooding. The 

management problem is solved using geoinformation 

and numerical hydrodynamic modeling, dynamic pro-

gramming, high-performance computing, heuristic 

optimization and expert assessment, and statistical 

analysis of natural observation data and the results of 

computational experiments. 

The approach is implemented for the northern part 

of the Volga–Akhtuba floodplain (VAF) located with-

in the Volgograd Region, occupying an area of 867 

km
2
 with a total length of large and small channels of 

about 800 km. The Volgo–Akhtuba floodplain has 

high natural diversity as well as favorable conditions 

for agriculture, limited housing construction, and eco-

logical tourism. The creation of the Volga hydroelec-
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tric power stations system (especially, the Volzhsk 

HPS in 1961) was the main factor in the formation, 

operation, and subsequent degradation of the VAF [9, 

10]. During spring flooding, over 70% of the VAF 

territory is flooded from the Akhtuba, a branch of the 

Volga. During the operation period of the Volzhsk 

HPS, the average share of water entering the Akhtuba 

from the Volga during spring flooding has decreased 

three times [35, 36]. A peculiarity of the Volzhsk HPS 

is that a significant part of the territory (37%) has the 

indeterminate cadastral type of land use. 

Some elements of the approach and their imple-

mentation results were presented in the previous pub-

lications. For example, the paper [37] described the 

concept of the C-structure of a floodplain territory as a 

tool for analyzing its territorial potential. The strategic 

management problem of a floodplain territory was 

formulated as follows: achieve the C-structure maxim-

izing the value of the aggregated territorial environ-

mental socio-economic (ESE) potential. The ESE po-

tential of a certain kind was defined as the weighted 

sum of the products of the area of territorial fragments 

attributed to that kind by the value of a function char-

acterizing the measure of correspondence between the 

functional purpose of those fragments and the nature 

of their spring flooding. The problem was numerically 

investigated for the modern relief of the VAF territory 

controlled by a system of dams with variable cross-

sections in large and small floodplain channels, and 

the corresponding simulation results were provided. 

The paper [38] described a model of long-term 

natural and technogenic dynamics for the C-structure 

of the floodplain territory. This model is based on a 

simplified spatially homogeneous regression model of 

the technogenic depression of the floodplain channel. 

Also, the dynamics of the aggregated 12-element C-

structure and three ESE potentials of the VAF territory 

were forecasted up to 2050. 

In this paper, we present a long-term dynamics 

modeling method for the C-structure of the floodplain 

territories of regulated rivers that includes the follow-

ing elements: an algorithm for building a set of flood 

modeling maps (FMMs), a regression model of the 

spatially heterogeneous depression of the main flood-

plain channel, an approximate algorithm for building 

retrospective and forecasted flood inundation maps, a 

24-element model of the C-structure of the floodplain 

territory, and an algorithm for building retrospective 

and forecasted C-structures. This method is numerical-

ly implemented for the northern part of the Volga–

Akhtuba floodplain and the corresponding results are 

presented. These numerical results are used to develop 

an algorithm for finding the parameters of hydrotech-

nical projects to ensure an optimal sustainable com-

plex structure of the floodplain territory. The algo-

rithm and the results of its numerical implementation 

will be presented in part II of the study.   

1. THE METHODS AND TECHNOLOGIES OF THIS STUDY 

1.1. Water Dynamics Modeling Tools  

Calculations of water dynamics in river channels 

and the interfluve of the Volga and Akhtuba are based 

on shallow water equations that consider hydraulic 

resistance in the Manning model [39, 40]. The 

EcoGIS-Simulation software package is used for the 

numerical modeling of surface water movement [41, 

42], with a digital elevation model (DEM) of the 

northern part of the Volga–Akhtuba floodplain [43, 

44] as one module. The computational core of 

EcoGIS-Simulation involves CSPH-TVD, a numerical 

two-step algorithm for integrating hydrodynamic 

equations that combines the Lagrange and Euler ap-

proaches (Smoothed-ParticleHydrodynamics and To-

talVariationDiminishing, respectively) [45, 46]. Paral-

lel computations are performed on NVIDIA Tesla 

GPUs [39, 47]. 

 

1.2. The Set of Flood Modeling Maps 

The calculations of water dynamics during the 

spring discharge of the HPS in year τ  (see subsection 

1.1) yield a series of flood inundation maps 
in in

τ ( ) ( ( ), ),k kt Q t t 
 0[ , ]kt t t , max1,...,k k , 

where 0t  denotes the time instant of discharge start 

and ( )Q t  is the hydrograph of the spring discharge of 

the HPS in year τ  ( τQ  is the flow rate, and t indicates 

time, h). The digital flood inundation map of a territo-

ry is a two-dimensional array, where each element 

( , ),i j 1,..., , 1,..., ,i N j M   at each time instant kt  

shows the water height ( )ij kh t  and its velocity vector 

( )ij kv t . Due to the geoinformation and hydrodynamic 

modeling error gε , it is required to calculate the mini-

mum flood height minh : under the inequality 

min( )ij kh t h , the corresponding cell of the digital map 
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is “flooded” at the time instant kt . (The origin, algo-

rithm, and results of calculating the values gε  and minh  

were described in [48].) With each map 
in ( ( ), )kQ t t  

we associate the map ( ( ), )kQ t t , where each cell con-

tains the variable {0, 1},ijm 
 

1,..., ,i N  

1,..., :j M 0ijm 
 

if min( ) ,ij kh t h
 

and 1ijm   if 

min( ) .ij kh t h  In each of the numerous computational 

experiments with the real and model hydrographs 

( )Q t , there was a time instant 
maxt  with the largest 

number of flooded cells in the map max( ( ), )Q t t . 

Such maps are used in this paper. 

When varying ( )Q t  and the control vector u  that 

changes the relief of the flooded territory or the safe 

flooding conditions, the computational complexity of 

building a large number of digital maps 
in max( ( ), , )Q t t u  and the corresponding maps 

max( ( ), , )Q t t u  can be reduced by replacing, with an 

error gε εc  , each multistage hydrograph ( )Q t  with 

a constant hydrograph 
max( , ),c cG Q t  characterized 

by the constant flow 
cQ  and the duration 

max .t  Note 

that 1ε max(ε ,..., ε )с L , where the errors 

ε ( 1,..., )l l L  characterizing the relative differences 

between the maps 
(1) ( ( ))l Q t  and 

(2) ( , )c

l Q t  are giv-

en by  

(1) ( 2) (1) ( 2)

1

1 1 1 1 1 1

ε min ,
M N M N M N

l ijl ijl ijl ijl

j i j i j i

m m m m



     

  
    

  
   , 

where 
( )

0
p

ijlm   if the cell ( , ),i j  1,..., ,i N

1,..., ,j M  of the digital map 
( ) ( 1, 2)p

l p   is not 

flooded, and 
( )

1
p

ijlm   otherwise. The hydrographs are 

replaced by a heuristic algorithm: on each time inter-

val 0[ , ]t t , the step hydrograph ( )Q t  is replaced by a 

constant hydrograph of equal volume with the corre-

sponding flow rate 
c

t
Q . The value 

(1) argmax[ ]c

t
t

t Q  

preliminarily estimates the maximum flood time in-

stant. This value is refined by calculating the relative 

difference function ε (η)  between the maps 

(1) ( ( ))Q t  and max
η

(2) max

η η( , )c

t
Q t , where 

max (1)

η 1 01 η( )t t t t    (1) 1

0( )t t  , and 1t  is the root 

of the equation (1) 1( )c

t
Q Q t . The most accurate esti-

mate is *

max

η
t , where * argmin ( )


    . Let us denote 

*

max maxt t


 .  

The maps max( , )cQ t  are built using the set of 

FMMs, which contains an array of floodplain inunda-

tion maps with constant hydrographs ( , )c c

ij i jG Q t  

and the modern topography of channel bottom and 

flooded territory. This set is formed so that the relative 

differences between the maps ( )c

ijG  and 1,( )c

i jG   as 

well as between the maps ( )c

ijG  and , 1( )c

i jG   do 

not exceed gε . The map ( )c

ijG

max

1 1( , )c c c

i i j jQ Q Q t t t    
 
is selected as the map 

max( , )cQ t  for calculating target flooding and envi-

ronmental safety conditions. The map 1, 1( )c

i jG  
 
is 

selected as the map max( , )cQ t  for calculating socio-

economic safety conditions.  

 

1.3. The Regression Model of Main Channel Depression 

and the Approximate Algorithm for Building Floodplain 

Inundation Maps 

The progressive natural-technogenic depression of 

the main channel is modeled by the regression de-

pendence ( , , ),ch Q L
0 0( [ , ]N    , in years) of the 

water level h  on the hydrograph 
cQ  at the distance L  

from the downstream of the HPS according to the 

long-term measurements of water levels 

0 0( ( ), , ), 1,..., , 1,..., , [ , ],i j ih Q t L i I j J N      

 at I  gauging stations located at the distances iL  from 

the downstream of the HPS. The regression equation 

describing the spatial heterogeneity of the channel de-

pression effect has the form  

T T

3

1 2 3 , 1

( ) ( , ) , ( , , ) ,

( , , ), .

с

ij i j

h w a w w Aw b w Q L

a a a a A a


    

 
    (1) 

The expression (1) allows finding a virtual hydro-

graph 2 1 1 2( , , , )c cQ Q L    , a function of the variable 

L , which is a solution of the equation 1 1( , , )ch Q L
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2 2( , , ).ch Q L   For any maxt , the virtual hydrograph 

max

1 1 2( ( , , , ), )cQ L t    provides flooding of the terri-

tory under the channel state in year 2τ  that is equiva-

lent to flooding of the territory with the constant hy-

drograph 
max

1( , )cQ t  under the channel state in 

year 1τ .   

The L -variable hydrograph is approximated by an 

L -stepped hydrograph to build a rather accurate retro-

spective or forecasted flood inundation map of the ter-

ritory in year 
2τ  as the composition (gluing) of sepa-

rate fragments from the set of flood modeling maps 

(based on the relief in year 
1τ 2022 ) with different 

values of the constant flow c

jQ  and the modeling error 

gε max( , ε )c A , where A  denotes the average approx-

imation error of (1). The map fragments approximat-

ing those of the flood inundation map 
max max

1 1 2 1 1 2( ( , , , ), ) : ( ( , , , ), ),c c

k Q L t Q L t       
 

,k kL L L L    1,..., 1,k K   1 0,L   are the cor-

responding fragments ( )c

k ijG  of the maps from the 

set of FMMs: 1 1 2 1( , , , ) ,c c c

i iQ Q L Q     
 

max

1,j jt t t  
 k kL L L L   . Here, 

maxL  is the 

length of the modeled part of the channel; 
kL , 

1,..., 1,k K   
are the roots of the equations

1 1 2 1 1 2 1 1( , , , ) ( , , , ) ,c c c c

k k k i iQ L L Q L Q Q            

providing the required accuracy; the values K  and 

L  
are determined by the relations 

max

1

K

k

k

L L K L


    .  

 

1.4. The Complex Structure Model of a Floodplain 

Territory 

The elements of the primary functional (F) struc-

ture are the sets of local fragments of a territory with 

the same cadastral type of land use (F-kinds). The el-

ements of aggregated F-structures are their unions into 

groups (F-types) on various grounds. The F-structure 

of a floodplain territory is built based on its digital 

cadastral map.  

The elements of the hydrological (H1) structure are 

the sets of local fragments of the territory with the 

same frequency ranges of their flood inundation (H1-

kind). The number of frequency ranges and their 

boundaries are determined, on the one hand, by the 

objectives of the study and, on the other hand, by the 

possibility of their identification with a given accura-

cy. The enlarged frequency ranges form H1-types. The 

complex structure of a floodplain territory is the su-

perposition of its H1- and F-structures. The elements 

of the C-structure are the sets of its local fragments 

with the same H1-kind (type) and the same F-kind 

(type). The existence of the structure 
1(τ)H  is deter-

mined by the stability of the relief, channel structure, 

and distribution function of the annual flood hydro-

graph volume calculated for samples. The size   of 

such samples (the number of consecutive years of ob-

servations corresponding to the interval 

, 1
2 2

  
   
 

) is determined based on the re-

quirements for the identification accuracy. An algo-

rithm for calculating the minimum value   was de-

scribed in [37]. In this study, we use the enlarged fre-

quency ranges (H1-types) characterizing the following 

territories: stable flooded (with a frequency equal to or 

exceeding some threshold limn ), unstable flooded 

(with a frequency below limn ), and non-flooded (never 

flooded during the observation period). The ESE po-

tentials of F-structure elements are estimated using 

characteristic functions reflecting the measure of cor-

respondence between their F-kind (type) and the H1-

kind (type). The characteristic functions are built by 

experts.  

If the H1- and F-structures contain n  and m  ele-

ments, respectively, they will form the C-structure of 

nm  elements. An algorithm for building a 12-element 

C-structure based on a three-element H1-structure and 

a four-element F-structure (social, environmental, 

economic, and uncertain territories) was described in 

detail in [37], including the resulting C-structure as 

well. However, this F-structure has a disadvantage: it 

provides no classification for the territorial fragments 

of floodplains. Therefore, in this paper, we adopt the 

aggregated functional structure F1 as a set of eight typ-

ical elements, each being described by one of the three 

typical characteristic functions: social (S, 3φ ), envi-

ronmental (En, 1φ ) , economic (Ec, 3φ ), environmen-

tal-economic (EnEc, 1φ ), social-environmental (SEn, 

1φ ), socio-economic (SEc, 3φ ), environmental socio-

economic (EnSEc, 1φ ), and indeterminate (I, 2φ ) . The 
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latter type means no cadastral land use. The character-

istic functions 1 2φ , φ ,  and 3φ  have the following 

form:  

lim

1 lim

0, 0 ,
( )

1, 1;

n n
n

n n

  
  

 

 2( ) 1;n   

3

0, 0 1,
( )

1, 0.

n
n

n

 
  


 

The superposition of the F1-structure and the three-

element H1-structure forms the 24-element C-structure 

24 (τ)K , used below to solve the management problem.  

 
1.5. The Dynamics Model of the H1-structure  

As mentioned above, the channel depression effect 

leads to changes in the H1-structure over time. The 

dynamics model of this structure is a set of algorithms 

for building a sequence 
1( ),H   0 0,..., ,...,N T     . 

This sequence consists of real ( 1 (τ)rH ) and model        

( mod

1 (τ)H ) structures. The real structures 1 (τ)rH , cor-

responding to the case 
0 0 1

2 2
N

 
         , are 

built using a set of flood inundation maps for the ob-

servation period with the hydrographs ,cG

, 1
2 2

  
    

 
, obtained by the algorithm from 

subsection 1.3. (On the stable flood inundation map 
lim

τ

n  of the structure 1 (τ)rH , a flooded cell is the one 

flooded on at least limn   maps of the set containing 

  maps.) 

The model structures 
mod

1 (τ)H  are formed for the 

cases where the sampling interval, fully or partially, 

exceeds the boundaries of the observation period          

(
0

2


     or 0 1

2
N


      ). In the paper [37], 

these structures were built using flood inundation 

maps calculated considering the spatially homogene-

ous depression effect of the main channel in year τ  

with the virtual model hydrographs , 1,...,c

iG i   , 

whose parameters were randomly selected from the 

general population.  

If the algorithm [37] is applied to build a large 

number of the model structures 
mod

1 (τ)H  correspond-

ing to different hydrotechnical projects considering the 

spatially heterogeneous depression effect of the main 

channel, the computational complexity of the algo-

rithm for solving the management problem will in-

crease significantly. Therefore, in this study, a less 

computationally intensive algorithm is used to build 

approximate model structures. This algorithm is to 

find the generalized hydrograph ( , )c c

о о оG Q t  and the 

nearest hydrograph from the set of FMMs 

( , ),c c

ij i jG Q t  1,
c

i о iQ Q Q    1j о jt t t   , whose 

map best approximates the set of stable flood inunda-

tion maps 
limn

  in the virtual structures 1 ( )vH   gener-

ated for the entire observation period 

0 0 1
2 2

N
 

          using the flood inundation 

maps based on the modern relief of the main channel 

with the hydrographs ,cG  , 1
2 2

  
    

 
. 

(These structures would coincide with the real ones in 

the absence of channel depression.)  

The hydrograph ( , )c cG Q t  is found as follows. 

For the parameters сQ  and maxt  of the set of hydro-

graphs 0 0( ,..., )сG N      , the linear regression

maxсQ at b   is constructed. For each fixed 

0 0,..., 1
2 2

N
 

         and each hydrograph

, , 1
2 2

cG

  
    

 
, the virtual hydrograph 

( )сG   of the volume 
maxсV Q t    is calculated so that 

the parameters 
сQ  and 

maxt  lie on this regression. 

These hydrographs are ordered by volume. The ap-

proximate steady-state flood inundation map 
lim

τ

n  is 

the one of the hydrograph 
max( , )сG Q t    with the 

serial number lim 1n    . The error   of determin-

ing the map 
lim

τ

n  is the relative share of cells whose 

flooding character differs in the maps 
lim

τ

n  and 
lim

τ

n  

(see the algorithm in subsection 1.2). If the average 

value of these errors does not exceed m ,  then the 

weighted average values of the parameters 
c

оQ  and 
оt  
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of the generalized hydrograph 
c

оG  are determined us-

ing the linear regression and the equation 

 
1 maxc сQ t N Q t


 



   . The hydrograph closest to

c

оG  from the set of FMMs st st st( , ) ( , )c

i jG Q t Q t  , 

1 1,c

i о i j о jQ Q Q t t t     , is the desired result. This 

approximation has the error 
1( )s N 





    . To 

build the retrospective and forecasted structures 
mod

1 (τ)H  using the set of FMMs, it is necessary to cal-

culate the variable hydrograph 
st st st

τ ( ) ( ( , 2022, , ), )G L Q L t    and form flood inun-

dation maps from the fragments of maps of this set 

(see the algorithm in subsection 1.3). The resulting 

approximate structures 1 (τ)vH , 1 (τ)rH , and 
mod

1 (τ)H  

are used to build the corresponding approximate 24-

element complex structures 24 (τ)vK , 24 (τ)rK , and 

mod

24 (τ)K . The hydrological structures built from the 

flood inundation maps calculated for floodplain chan-

nel bed reliefs with projected dams are called the pro-

jected structures 24 (τ)prK . 

In addition to the structure H1, the algorithm for 

optimizing hydrotechnical projects involves the hier-

archical hydrological structure H2 of the floodplain 

territory (a set of its fragments, i.e., zones flooded 

from channel systems formed by branches from the 

principal main channel. This algorithm will be pre-

sented in part II of the study. One part of the zones is 

formed by dead-end branches; the other part, by medi-

um main channels (MMC). The territorial fragments 

flooded from separate channels form microzones. The 

error of determining the zone boundary, equal to the 

volume of transboundary water flows divided by the 

volume of water entering the zone from its channels, 

may exceed gε . In this case, the zone joins the neigh-

bor one, forming a macro-zone. The algorithm and the 

numerical results of building the structure H2 of the 

VAF were described in [49]. 

2. THE RETROSPECTIVE, MODERN, AND FORECASTED  

C-STRUCTURES OF THE NORTHERN PART OF  

THE VOLGA–AKHTUBA FLOODPLAIN 

According to the results of computational experi-

ments, the error of open-data satellite measurements 

for VAF relief elevations (with an absolute value of 

0.5 m) causes the hydrodynamic modeling error of 

digital flood inundation maps. The relative value of 

the latter error is calculated by the algorithm from sub-

section 1.2 and does not exceed gε 0.05  [48]. To 

implement the algorithms described above, the set of 

FMMs with the hydrographs of the Volzhsk HPS 

( , ),c c

ij i jG Q t  
313000 28 000 m /s,c

iQ   

0 960 hjt  , was created. This set contains over 

3500 maps built with a relative error not exceeding 

gε 0.05 .  

The coefficients of the regression (1) for the Volga 

levels downstream of the Volzhsk HPS were calculat-

ed based on the official hydrological data on water 

level dynamics at four gauging stations: the down-

stream of the Volzhsk HPS, Volgograd (the river 

port), Svetly Yar, and Cherny Yar (see the website of 

PJSC RusHydro). Figure 1 shows the water level dy-

namics at these gauging stations under low-water flow 

values. Also, the linear trends of water level changes 

for
34 000, 5 000, 6 000 m /sсQ   and the average an-

nual water level decreases δη  are presented. For the 

downstream of the Volzhsk HPS, δη 0.0201m  ; for 

Svetly Yar (65 km from the Volzhsk HPS), 

δη 0.0108 m  . In the vicinity of Cherny Yar, the 

bottom depression almost disappears. These estimates 

give a total depression of about 1.25 m for the down-

stream of the Volzhsk HPS on the time horizon 1961–

2023.  

The statistically significant coefficients of the re-

gression (1) describing the depression of the Volga 

channel downstream of the Volzhsk HPS are 
4

1 3.00 10 ,a    
2

2 2.25 10 ,a     
 

23 32a a  71.17 10 ,  and 32.54.b  The average 

approximation error is 0.097A  . 

Thus, the depression of the Volga channel down-

stream of the Volzhsk HPS is described by the regres-

sion (1) of the form 

1 2 3 23( , , ) 2 .с сh Q L a Q a a L a L b           (2) 

The function 1 1 2( , , , )cQ L    (see subsection 1.3) 

built using the regression (2) has the form 

2 23
1 1 2 1 2 1

1

( 2 )
( , , , ) ( ).c c a a L
Q L Q

a


           (3) 

4

3 5.35 10 ,a   
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Fig. 1. Measurements at four gauging stations downstream of the Volzhsk HPS dam. The blue color indicates the average annual water level decrease 

at a gauging station considering all data. Similar values for the period since 2001 are given in brackets. The black color indicates the values averaged 

over Q.  
 

 
In view of (3), the virtual discharges––the basis of 

the algorithms for building the retrospective 

24 (1975)rK , modern 24 (2005)rK , and forecasted 

mod

24 (2052)K  C-structures (see subsections 1.3–1.5)––

are calculated by the formulas  

1975 2022 2022( , ) 3525 0.0367 ,c c cQ Q L Q L  

 
2005 2022 2022( , ) 1275 0.0133 ,c c cQ Q L Q L          (4) 

2052 2022 2022( , ) 2250 0.0235 .c c cQ Q L Q L    

When gluing the flood inundation maps from the 

set of FMMs to ensure the required accuracy 

ε max(0.05; 0.097) 0.097c    (see the algorithm in 

subsection 1.3), each map within the territory was 

built from nine fragments of the maps from the set of 

FMMs, whose parameters were found by formulas (4). 

The length of each map fragment along the Volga 

channel was 7500 mL  . The difference in the Volga 

discharge values for neighbor map fragments was 
3250 m /sQ  . 

When building all C-structures, the sample size 

30   and 
lim 0.85n   were selected. The regression 

equation 237 23117Q t   was used to find the hy-

drograph ( , )с с

сG Q t  in accordance with the algo-

rithm from subsection 1.5. In turn, this hydrograph 

served to build the approximate projected structures 
mod

1 (2052)H  of the Volzhsk HPS. The resulting pa-

rameters τ

сQ  and max

τt  of the approximate hydrographs 

τG  of the Volzhsk HPS, used to build the generalized 

hydrograph 
c

оG  and the nearest hydrograph from the 

set of FMMs 
cG , as well as the relative approximation 

errors 
τε , τ 1975,..., 2005 , are presented in the table 
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below. The hydrograph parameters calculated from 

these data are (24 302,5)c

оG   and 
st (24 250,5)G  . 

The stable decrease in the value 
τε  as τ  increases can 

be explained by the transition of the Volzhsk HPS in 

recent decades to a relatively constant planned two-

stage hydrograph of spring discharges. 

 The value 
st 324 250 m /sQ   was used in formu-

las (4) to find map fragments from the set of FMMs 

when building maps and calculating the areas of the 

elements of the retrospective 24 (1975)rK , modern 

24 (2005)rK , and forecasted mod

24 (2052)K  C-structures 

of the VAF (see Figs. 2 and 3). In Fig. 3, the 12 zones 

of the structure H2 are also marked by solid lines. Col-

ors indicate stable flooded (green and yellow), unsta-

ble flooded (blue and orange), and non-flooded (pur-

ple and red) structural elements. Figure 4 shows the 

maps of the stable flooded territory corresponding to 

these structures. According to the analysis of these 

figures, the VAF territory is mainly occupied by the 

land of the environmental, social-environmental, envi-

ronmental-economic, and indeterminate cadastral 

types. Direct comparison of the structures 24 (1975)rK , 

24 (2005)rK , and mod

24 (2052)K  in Figs. 2–4  demon-

strates the progressive natural-technogenic degrada-

tion of the VAF stable flooded territory (a biotope of 

its floodplain ecosystem) and C-structure (a determi-

nant for the efficiency of its socio-economic system). 

For example, the forecasted decrease in the stable 

flooded area for 77 years is 62%, including 44% for 

environmental, 78% for environmental-economic, and 

60% for indeterminate types. 

The parameters of approximate hydrographs of  

the Volzhsk HPS for building the generalized  

hydrograph and approximation errors 

τ  
τ

сQ  
maxt  τε  

1975 24539 6 0.0837 

1976 24539 6 0.0835 

1977 24539 6 0.0705 

1978 24302 5 0.0644 

1979 24302 5 0.0641 

1980 24302 5 0.0640 

1981 24302 5 0.0640 

1982 24302 5 0.0637 

1983 24302 5 0.0554 

1984 24302 5 0.0552 

1985 24539 6 0.0552 

1986 24302 5 0.0548 

1987 24302 5 0.0528 

1988 24302 5 0.0522 

1989 24539 6 0.0511 

1990 24539 6 0.0508 

1991 24302 5 0.0458 

1992 24302 5 0.0457 

1993 24302 5 0.0457 

1994 24302 5 0.0455 

1995 24302 5 0.0408 

1996 24302 5 0.0408 

1997 24302 5 0.0405 

1998 24302 5 0.0377 

1999 24302 5 0.0375 

2000 24302 5 0.0375 

2001 24302 5 0.0371 

2002 24302 5 0.0327 

2003 24302 5 0.0325 

2004 24302 5 0.0316 

2005 24302 5 0.0307 
 

 

 

 
Fig. 2. The diagrams of areas of environmental (En), social-environmental (SEn), economic (Ec), environmental-economic (EnEc), indeterminate (I), 

and social-environmental (SEn) elements of the C-structures 
24(1975)
r

K , 
24(2005)
r

K , and 
mod

24 (2052)K  of the VAF territory.  
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Fig. 3. The maps of environmental (En), social-environmental (SEn), economic (Ec), environmental-economic (EnEc), indeterminate (I), and social-

environmental (SEn) elements of the C-structures 
24(1975)
r

K , 
24(2005)
r

K , and 
mod

24 (2052)K  of the VAF territory. 

 

 
 

 

 

Fig. 4. The maps and relative areas of stable flooded territory in the C-structures of the VAF: retrospective 
24(1975)
r

K , modern 
24(2005)
r

K , and 

forecasted 
mod

24 (2052)K . 
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CONCLUSIONS 

This paper has presented a long-term dynamics 

modeling method for the C-structure of the floodplain 

areas of regulated rivers that includes the following 

elements: an algorithm for building a set of flood 

modeling maps (FMMs), a regression model of the 

spatially heterogeneous depression of the main flood-

plain channel, an approximate algorithm for building 

retrospective and forecasted flood inundation maps, a 

24-element model of the C-structure of the floodplain 

territory, and an algorithm for building retrospective 

and forecasted C-structures. Implementing this method 

for a particular floodplain territory involves optimiza-

tion, expert assessment, geoinformation and numerical 

hydrodynamic modeling, high-performance compu-

ting, and the statistical analysis of natural observation 

data and the results of computational experiments.  

The method has been numerically implemented for 

the northern part of the Volga–Akhtuba floodplain are 

the corresponding results have been provided. They 

demonstrate the progressive natural-technogenic deg-

radation of the VAF stable flooded territory (a biotope 

of its floodplain ecosystem) and C-structure (a deter-

minant for the efficiency of its socio-economic sys-

tem). According to these results, hydrotechnical pro-

jects are needed to stabilize the hydrological structure 

of the VAF. Due to the territorial distribution and var-

iability of the parameters of hydrotechnical projects, it 

is topical to find the optimal C-structure. 

The models and the results of their numerical im-

plementation are used to develop an algorithm for 

finding the parameters of hydrotechnical projects to 

ensure an optimal sustainable C-structure of the flood-

plain territory. This algorithm and the results of its 

numerical implementation for the northern part of the 

Volga–Akhtuba floodplain will be presented in part II 

of the study. 
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