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FOR HYDROLOGICAL SIMULATIONS OF THE RIVER BASIN

ABSTRACT

Mathematical modeling methods are actively used to analyze hydrological regimes of both
water bodies on the Earth’s surface and groundwater, sediment transport, and the spread of
pollutants. The corresponding numerical models are implemented as software for high-perfor-
mance computing on multi-GPU and require the specification of a large number of geographically
referenced distributions of physical characteristics of the studied area. These data consist of sets
of spatial matrices and form the Digital Hydrological Landscape Model (DHLM), the description
of which is the main goal of this paper. We distinguish five main DHLM modules, including spatial
distributions of parameters necessary for simulating the dynamics of surface and ground water
together with sediments. The first module contains spatial matrices of elevations, roughness
coefficient of the underlying surface, water sources and sinks, meteorological data, characteristics
of hydraulic structures and a number of others. The second and third modules are associated with
models of transport of tractional and suspended sediments, respectively. The dynamics of the two
types of sediments depends on the characteristics of the water flow and, in turn, affects the
topography of the area. This ensures a self-consistent nature of the movement of water and solid
particles. The fourth module is designed to support groundwater modeling and contains spatial
matrices characterizing the aquifer, soil properties at different depths, and the interaction between
surface and underground flows. The fifth module allows processing and visualizing the results of
simulations at different points in time against the background of input thematic maps for each of
the parameters of the digital hydrological landscape model. Construction of all spatial
characteristics of DHLM involves the use of iterative procedures for their consistent refinement.
The process of updating the digital elevation model using fusion of elevation data from different
sources is discussed in more detail.

KEYWORDS: hydrology, sediment transport, digital models, hydrological landscape, computa-
tional fluid dynamics

INTRODUCTION

Computational hydrological models of river systems seem to be an effective tool for
analyzing the water state of large natural areas [Khrapov, Khoperskov, 2020; Isaeva et al., 2022;
Khrapov, 2023; Lazzarin et al., 2023; Liu et al., 2025]. The quality of such models allows their use
as a basis for conducting technical or environmental assessments of various engineering projects,
constructing cadastral maps, studying the development features and consequences of emergency
events [Agafonnikova, 2017; Pasculli, 2021; Isaeva, Voronin, 2024; Vasil’eva, Belikov, 2024;
Sharma, 2025].

Quantitative characteristics of elevation data when creating a digital elevation model
(DEM) are a key factor influencing the accuracy of the hydrological regime forecast for a specific
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area [ Gartsman, Shekman, 2016; Talchabhadel et al., 2021; Okolie, Smit, 2022; Szypula, 2024; Yu
et al., 2025; Zhao et al., 2025]. This seems natural, since the elevation matrix by, . is an integral

part of the hydrological model. The situation is significantly complicated when long-term forecasts
are studied and the relief morphology changes over long periods of time, which leads to a time
dependence of the function b(x,y, t).

DEM is not the only spatial characteristic that significantly affects the hydrological state
of a region. Modern mathematical models of surface water dynamics include a large number of
geographically referenced data of relief, soil properties at different depths, groundwater, which
form the hydrological regime [ Winter, 1999; Khrapov, Khoperskov, 2020; Huggins, 2024; Gebru,
2025;]. Many meteorological and climatic factors also affect land hydrology at different time
scales [Winter, 2001; Ye et al., 2018; Isaeva et al., 2022; West et al., 2022; Huggins et al., 2024].
All these parameters can change over time, which significantly complicates the method of
quantitative description of the landscape. Various types of hydraulic structures can have a rather
complex operating mode. Simple examples can be hydrographs of river dams Q(r, t) or pumps
that provide a given rate of water flow into canals q(t). The roughness of the earth’s surface
changes due to seasonal variability of the vegetation cover. Thus, there is a set of spatial matrices
of physical characteristics £ with possible temporal variability, which determine the mathematical
model of hydrological forecasting.

Winter [2001] proposed to study geographical objects as fundamental hydrological
landscape units consisting of terrain, geological structure and climatic conditions. This approach
allows to simplify the analysis of the interactions of surface, ground and atmospheric waters.
The concept of Hydrological Landscape (HL) is intended to provide a conceptualization tool that
could be used uniformly regardless of the goals and objectives of the project and the experience
of the researchers.

Our work is aimed at developing the concept of the Digital Hydrological Landscape Model
(DHLM) as a basis for conducting simulations of the dynamics of hydrological states in a given
area. We define the basic structure of DHLM using the example of models for describing the self-
consistent dynamics of surface water and groundwater together with traction and suspended
sediments. The DHLM consists of a set of geographically referenced spatial matrices. Such a data
set specifies quantitative characteristics of the Earth’s surface that affect fluid movement.

RESEARCH MATERIALS AND METHODS

We build on the hydrologic landscape concept of [ Winter, 2001], further developed in later
studies [West et al., 2022; Huggins et al., 2024; Gebru et al., 2025], and generalize this approach
to the large number of physical factors needed for quantitative modeling of hydrologic processes.
The basis of the concept of a hydrological landscape is the formation of a landform within a
drainage basin. The combined movement of surface and ground waters, sediment transport under
specific meteorological and climatic conditions create fundamental hydrological units that interact
with each other, inversely influencing the climate system, geochemical and biological processes
[Winter, 1999; Kalugin, Lupakov, 2023; Lisina et al., 2025].

The problem of constructing hydrologic landscape maps requires the development of
additional tools in conjunction with standard GIS technologies [Winter, 2001]. We attempt to
move from the conceptual hydrologic structure [Winter, 2001; Huggins et al., 2024] to the
mathematical specification needed for numerical simulations of surface water dynamics. Our
efforts are aimed at developing a more rigorous description in the form of a mathematical spatial
model of a specific geographic area. Each physical property of the Earth’s surface can be charac-
terized by a set of some parameters w(#), which almost always depend on the coordinates (x, y)
and often on time t. The choice of grid {x;; ¥;} (i = 1, ..., Ny;j = 1,..., N, with a step Ax = Ay =
const) is dictated by the DEM resolution and the used basis in the form of initial altitude matrices
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of radar topographic survey (SRTM, ASTER, TerraSAR-X/TanDEM-X, GMTED2010, NOAA
GLOBE Project, ICESat-2/ATLAS, etc.) [Amra et al., 2025; Zhao et al., 2025], or the results of
local projects based on UAV survey [Talchabhadel et al., 2021]. Each such matrix for the value
w(?) is the £-th thematic map or a subset of thematic layers w @ (n = 1, 2, ..., N;) in the case of
temporary changes in the parameter w .

The tuple £ significantly depends on the choice of a mathematical model for simulating
the hydrological state of the study area. We rely on the EcoGIS-Simulation software, which was
used to solve a wide range of problems [Khrapov, Khoperskov, 2020; Isaeva et al., 2022; Khrapov,
2023; Khoperskov et al., 2024]. Fig. 1 shows the general structure of the modeling system, where
the DHLM consists of four modules in accordance with the four EcoGIS-Simulation computing
cores for calculating the dynamics of:
shallow water,
traction sediments,
suspended sediments,
groundwater.

Moreover, it is possible to consider various combinations of the four modules in the
EcoGIS-Simulation software (Fig. 1).
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Fig. 1. Main modules of EcoGIS-Simulation software
The initial state of the DHLM is determined by the tuple at time t = 0, here (1):

0) _ 1 2 £ L
£O) = (0,00, .., 00, . 0®) (1),

Some parameters in H can change significantly during the simulation, such as water
sources (hydrographs), roughness coefficient n,,, wind regime W, precipitation, etc. Then the
DHLM at any given time is (2):

LM = (0D (t,), 0P (ty), ..., 0O (t), ... 0P (t)) (2).
There is a problem of specifying subsets for non-stationary parameters. The direct method
of storing a sequence of thematic layers with distributions of some parameter w(t,) at

successive time moments ty, t,, ..., t,, ... is simple to implement. However, this greatly increases
the number of thematic layers and the tuple £ becomes three-dimensional as § £;;, = L(x;, xj, t;,).
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The required hard disk memory turns out to be excessively large. Another negative factor is the
decrease in the efficiency of simulations due to the need to frequently load these data into EcoGIS-
Simulation. The volume of the DHLM database can be reduced by specifying analytical
approximation dependencies for the functions w® (t).

The module for data processing and visualization allows to build thematic maps of spatial-
temporal distributions of the studied characteristics of the territory. It is intended for the production
of DHLM and visualization of input data, first of all. Using this module at the stage of creating
spatial DHLM matrices helps to assess the quality of data and detect artifacts. It is possible to
visualize the results of hydrodynamic modeling, displaying the distribution of surface (Fig. 6) and
groundwater, sediment dynamics, velocity fields of various physical quantities, to build cross-
sections of characteristics along arbitrary lines, etc. (Fig. 5).

The quality of hydrological simulations is determined by the accuracy of the spatial
matrices L. This relationship can be nonlinear, which is clearly illustrated by the example of a
digital elevation model b; ; = b(x;,y;), which key to surface flow movement and subsequent
changes in the topography itself. Infiltration and interaction with groundwater are important.
Combining elevation data from different sources becomes an urgent need when constructing
DEMs, despite all the complexities of fusion algorithms for heterogeneous data [ Yu et al., 2025].
Extended areas can be provided with either topographic or satellite radar data. However, this may
be unacceptable due to two factors. First, there is a noticeable initial systematic and random error,
which can be large, especially for hilly and mountainous areas. Secondly, satellite and geodetic
data become outdated and elevation characteristics need to be updated due to natural changes in
the relief. Noticeable changes occur primarily in the bathymetry of river systems due to sediment
transport during severe floods. Floodplain zones may additionally be subject to elevation changes
due to anthropogenic impacts. The observations history of the Northern part of the Volga-Akhtuba
floodplain shows examples of strong local transformations of the relief in the process of
urbanization of territories (construction of roads and structures, creation of embankments,
agricultural activities, etc.).

A certain generalization of HL is the Landscape Ecological Framework (LEF) of territories
or ecological nets in the Western European tradition [Meurk, Swaffield, 2000; Khoroshev, 2020].
LEF includes a wider set of characteristics of a given area in addition to the hydrological ones.
This approach is an attempt to build a hierarchical system of natural areas that are ranked according
to the degree of their ecological role in maintaining the natural balance. An example of such a
study is the work of [Zanozin et al., 2024], in which LEF is studied for the Volga River Delta. The
landscape-ecological structure of one region of South Africa indicates a significant impact of
extreme flooding on the nature of vegetation, demonstrating a change in the trajectory of ecological
evolution [Parsons et al., 2005].

RESEARCH RESULTS AND DISCUSSION

The EcoGIS-Simulation hardware and software package allows modeling both surface
[Khrapov, Khoperskov, 2020] and ground waters [Khrapov, 2023], in addition, self-consistent
accounting of sediment transport of two types, both suspended and traction ones, is possible.
Performing computational experiments requires specifying a large number of input data charac-
terizing the physical properties of the surface, features of the meteorological state of the area,
operating modes of hydraulic structures, etc. The Digital Hydrological Landscape Model includes
topography and bathymetry as the most important components. In recent years, many researchers
have traditionally used data from SRTM radar topographic surveys or other devices. However,
such matrices have a large number of artifacts and can produce large errors [Talchabhadel et al.,
2021; Okolie et al., 2022; Amra et al., 2025; Zhao et al., 2025], which affects the final results of
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water dynamics modeling. In addition, the problem is the construction of a detailed river bottom
relief model, since SRTM matrices do not contain bathymetry.

The proposed concept of DHLM is based on the construction of a geographically
referenced set of spatial matrices, each of which defines a physical characteristic of the terrain and
is used in the EcoGIS-Simulation software. DHLM also includes sets of internal data necessary
for the modeling, in addition to the spatial matrices.

Fig. 2 shows the general structure of DHLM in accordance with the division of EcoGIS-
Simulation into 4 modules in Fig. 1. The central part of DHLM is the digital elevation model
(Fig. 2). The construction of the DEM requires the use of an iterative process, which involves the

sequential construction of versions of the spatial matrices of the elevations of a given area bl.[]’.(] -

bl "™ (k = 0,1,2,...), which is reflected by the cycle in Fig. 2. The initial DEM matrix b}, is

based on radar topographic survey data using images from the Resurs P and Kanopus B spacecraft.
The base DEM bi[;.)] is supplemented with vectorized data from topographic maps and the

results of geodetic surveys at the next stage to clarify the location of water bodies and detect
possible errors. Relief changes can also be caused by anthropogenic factors (yellow block in
Fig. 2). These include works to protect settlements and roads as floodplain zones become
urbanized (diversion ditches and embankments), related to clearing riverbeds, state projects to
improve water supply to the territory, and melioration works. Such DEM updating should be
carried out on a regular basis.
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Fig. 2. Structure of the digital hydrological landscape model
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The next step involves updating the DEM using data on transient water bodies with rapidly
changing boundaries, which is typical for periodically flooded floodplain areas. Data on the

location of the shorelines of such water bodies allow supplementing the existing bl.[?] matrices with

lines of constant elevations. The sources for this are measurements from unmanned aerial vehicles
and series of space images at different points in time. It should also be noted that space imagery
and UAV data can also be used to construct the spatial distribution of surface waters during
hydrodynamic modeling. Such information can be both an input data set for the initial conditions
of modeling and used to verify the modeling results when comparing the obtained flood maps with
real data.

Further transformation of matrices bl.[?] - bi[;] consists in constructing a digital relief of the

bottom of water bodies. The methods for constructing such a model are similar to those used in
constructing land surface elevation matrices and consist in transforming vector depth data into
spatial elevation matrices using interpolation algorithms. An important part of the work at this
stage is determining the hydrological connection between all water bodies in the region [K/iku-
nova, Khoperskov, 2023]. Bathymetry usually changes faster than land relief due to the dynamics
of suspended and traction sediments in the conditions of a non-stationary hydrograph. Therefore,
updating methods using hydrodynamic simulations of sediment transport give good results
[Khrapov, 2023].

The matrix bl.[?] can already be used to conduct computational experiments. Since they

require large computational and time resources, another stage of updating the DEM bi[?] - bl.[;.}] is

useful, using the morphostructural analysis of the relief surface [ Erunova, Yakubailik, 2024]. Such
a study of the matrix b;; allows us to determine various geometric characteristics of the surface
(angles, curvature, steps, cliffs, saddles, peaks, channel structures, etc.). Geoinformation modeling
of water flow movement in the geoinformation system QGIS requires fewer resources compared
to numerical hydrodynamic experiments, allowing us to detect remaining artifacts.

A satisfactory result of the morphostructural analysis allows us to proceed to hydrodynamic
modeling using the EcoGIS-Simulation software [Khrapov, Khoperskov, 2020]. The diagram in

Fig. 2 highlights hydrodynamic modeling only as an intermediate stage for verifying DEM bi[;.l'].

However, this process is quite complex and requires a large number of iterations. For example, the
procedure for constructing an adequate hydraulic resistance model for a section of the Volga River
in [Khoperskov et al., 2024] required 32 experiments and neural network modeling. The described
process is iterative and involves multiple changes and additions to the obtained matrices if
necessary.

Our iterative approach to constructing DEM is necessary for high-fidelity hydrodynamic
simulations. Since the traditionally used SRTM matrices give too large elevation errors. The
original SRTM matrix does not include the river bathymetry and there are significant discrepancies

near the coastlines. The comparison of elevation data in our third iteration bi[?] is carried out with

the Shuttle Radar Topography Mission with a cell size of 30%30 m. Matching the matrices requires
transforming the SRTM to a grid with a given step Ax. The first stage of the algorithm is based on
constructing a system of vector isolines (contours) of elevations using standard GIS “Panorama”

tools. The step of the isolines allows you to control the errors when calculating the new matrix.

)

Then, the constructed vector map is used to calculate the elevations bi(]‘.gRTM on a grid with a step

of Ax. Fig. 3 shows an example of calculating the difference bi[?] - bi(fRTM) for a DEM with Ax =
5 m covering a section of the Medveditsa River near the city of Zhirnovsk in the Volgograd
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g

Region. Since we use blj ,

the differences are clearly visible only in the river zone and its

immediate surroundings.

Surface water dynamics is determined not only by DEM, but also by the properties of the
underlying surface. The key parameter is the Manning roughness coefficient n,,, which affects the
hydraulic resistance to flow. The value of n, depends on the type of vegetation, which can
significantly change the velocity and direction of water flow at small depths, so the construction
of a spatial distribution matrix of the roughness coefficient is based on identifying areas with
different types and densities of vegetation (Fig. 4). The parameter n,, also depends on the type of
soil. For example, the roughness coefficient of sand is only 0.02, and n,, for arable land can reach
0.05.

(SRTM)

ij for 5-meter grid

Fig. 3. Difference between DEM bi[?] and matrix b

Determining the n,, coefficient for a large river channel is a complex task, since it requires
a detailed analysis of the river channel characteristics, including the influence of bedforms of
different sizes, the shape of the river channel cross-section, fluid flow non-stationarity, channel
slope, aquatic vegetation, and other factors [Das, Khatua, 2018]. The n, values can vary
significantly in different river systems [Coon, 1998; Xia et al., 2012; Hatzigiannakis et al., 2016;
Ye et al., 2018]. To determine the value of the roughness coefficient of the Volga River bed, we
proposed a method for restoring this parameter using machine learning, which can be applied to
other rivers as well [Klikunova et al., 2023; Khoperskov et al., 2024].

Modeling groundwater dynamics requires spatial matrices with the properties of the aquifer
(Fig. 5). For example, the soil porosity ¥ defines the pore volume per unit volume of soil
[Khrapov, 2023] and ¥ = 1 — y,, where y;, = 04/0; is the relative volume of solids per unit
volume of'soil, g, is the density of solids, g, is the density of the skeleton (dry) soil. The dynamics
equations also contain the porosity coefficient k,, = 1 /(1 — ). The groundwater level is defined
byng(x,y,t) = Hy(x,y,t) + by(x,y), where Hy(x, y, t) is the thickness of the groundwater layer
above the low-permeability soil relief by (x,y). Effective measuring devices are available for
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constructing the aquifer by (x, y). Fig. 5 shows the profiles of various characteristics along the line
AB marked in Fig. 6.
The next DHLM block includes a set of characteristics for modeling sediment dynamics.

These parameters define complex processes of erosion and sedimentation of solid particles in
water, described within the framework of the so-called subgrid physics. The main coefficients
include [Khrapov, Khoperskov, 2020; Khrapov, 2023]:

1. qpq 1s the rate of flux of the bottom soil due to gravitational settling of suspended

sediments;

2. the coefficients a; and m; determine the properties of the transported material [Li et al.,
2017; Hafiyyana et al., 2021; Ndengna, Njifenjou, 2022];
the critical velocity u(‘" ensures the onset of bottom erosion [Shao, Wang, 2005];
the empirical constant ¢, characterizes the cohesion of traction sediments and depends on
the type and condition of the soil [ Venditti et al., 2005];
mass density of river sediment material pg;
median particle size of river sediments ds;
density of bottom sediment soil pg, = (1 — ) ps;
p. 1s the averaged over the depth of the flow H suspended sediment density (turbidity);
9. q. 1s the rate of suspended sediment influx;
10. D is the integral diffusion coefficient of suspended sediments in the horizontal direction;
11. hydraulic particle size of sediment particles w;
12. coefficient of connection between bottom and average depth sediment concentrations ¢, ;
13. v, is the coefficient of kinematic viscosity of water, which depends on temperature.

nallh

e

We must also specify the distributions of water sources and sinks in the computational
domain. The operating mode of hydraulic structures provides such data through special sensors.
However, there are natural sources and sinks, the determination of which is difficult and requires

additional model assumptions. Water balance q = g — q(") — g(ev) 4 qéup) determines the

rate of fluid inflow/outflow under the influence of various factors, where ¢ (x, y, t)) is the rate
of water inflow through hydraulic structures and due to precipitation, g™ (x, y, t) is the function
of runoff due to seepage (infiltration) into the ground, q(¢”) is the rate of water loss due to

éup) is the rate of seepage (rise) of groundwater to the surface.

One of the DHLM modules provides work with meteorological data, including precipita-
tion, snow reserves, wind and temperature conditions, etc. Fig. 7 demonstrates the effect of
meteorological conditions on the water level in the Volga River below the Volga Hydroelectric
Power Station. The dam hydrograph Q(t) determines the annual water charge from the Volgograd
Reservoir. This hydrograph, as a rule, completely controls the flow in the channels of the Volga,
Akhtuba and small floodplain channels (Fig. 6). The consistent behavior of the time dependencies
Q(t) and n(t) after the 100th day is clearly visible, both for the flood stage (t = 100 — 175 days)
and during the low-water period (t > 175 days). The green line in Fig. 7 shows the imbalance at
the beginning of the year (¢t < 80), when there is a nearly two-meter rise in water level that is not
related to the discharge through the dam. The hydrograph changes little during the first 100 days,
so the increase 17(t < 100 days) is caused by another reason. Thus, the additional water discharge
is due to other water sources associated with the inflow in addition to the dam. The computational
model must reproduce these features, which requires specifying water sources g through small
tributaries along the Volga channel.

evaporation, q
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Fig. 4. Distribution of the coefficient ny for the fragment of computational domain
of the northern part of the Volga-Akhtuba floodplain
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Fig. 5. An example of the distribution of surface and ground water, relief profiles b(x,y)

and the boundary by (x,y) between porous soil (sand, loam, etc.)
and low-permeability soil (clay, silt, etc.)
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A Volga Hydroelectric Station

Fig. 6. Digital model of the northern part of the interfluve of the Volga and Akhtuba Rivers
with superimposed water distribution in the hydrodynamic model
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Fig. 7. Left — Hydrograph of the Volga hydroelectric power station in 2005.
Right — Corresponding behavior of the water level in the Dam Downstream
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CONCLUSIONS

Mathematical modeling methods for studying hydrological regimes of complex river
systems require specifying a large number of characteristics, which are generally heterogeneous
and can change over time. We are developing an approach for generating input spatial data that
determine the conditions for conducting computational experiments for river system hydrology
problems in a multicomponent model for the EcoGIS-Simulation software in the form of a digital
hydrological landscape model. A basic version of DHLM has been created for the Northern part
of the Volga-Akhtuba floodplain and some other water bodies in the form of sets of georeferenced
thematic layers for data processing in a specialized geographic information system. It is important
to note that the spatial matrices w® should be iteratively refined as more accurate and relevant
data becomes available. As an initial basic distribution, one can limit oneself to specifying a
constant corresponding to the average typical value for the study area.

We describe in more detail an iterative method for constructing a digital elevation model
that provides fusion of heterogeneous spatial data into a single up-to-date DEM. The use of
hydrodynamic simulations appears to be a powerful tool for the procedure of refining the DEM by
comparing with observational data.

DHLM also has a large independent research potential in addition to its use in numerical
hydrodynamic experiments. Our approach enables quantitative comparison of hydrological land-
scape units with each other to identify both common properties and to find significantly different
(unlike) structures in the original concept of the hydrological landscape in the work [ Winter, 2001].
This method seems promising especially due to the availability of a large number of new tools for
intelligent analysis of multidimensional data. DHLMs can also provide new quantitative results in
constructing a landscape-ecological framework of territories [Meurk, Swaffield, 2000], going
beyond the cartographic approach.
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