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We consider the possibilities of numerical hydrodynamic modeling for the construction
of cadastral maps of dangerous flood zones on the example of the Volgograd region. The
numerical model is based on shallow water equations and Combined Smooth Particle
Hydrodynamics — Total Variation Diminishing (CSPH-TVD) method for integrating
hyperbolic differential equations. To create a digital elevation model (DEM), we use an
iterative approach, assimilating all available spatial data, including remote sensing data,
topographic measurements and observations of flooding in different years. The agreement
of the observed data with the numerical simulation results can significantly improve the
quality of the DEM. Digital elevation models are based on elevation matrices in increments
of 3 to 10 meters, depending on the topography of the study area. The result of our work
is a set of maps with flood boundaries for different probabilities of catastrophic events. For
each such flood, we calculate the river hydrograph and its integral characteristics.
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Introduction

The numerical model of shallow water allows us to solve various applied and
engineering problems related to the dynamics of surface water for a specific area, taking
into account a large number of physical factors [1-3|. Let us highlight the problems of
the impact of the sea on the coastal environment [4-6] and in particular floods in the
coastal zone by storm surge [7-9]. An important area of applied research is the modeling
of river systems to determine the effects of seasonal flooding, runoff and rain flows, and
the dynamics of river sediments [8,10,11].

The transition from the complete three-dimensional system of hydrodynamic equations
to the shallow water equations (regularized equations [3]) implies the study of only
sufficiently long-wave motions in the absence of dispersion effects. However, even bora-
waves and hydraulic jumps are sometimes described quite well by the shallow water
model, as noted in [12]. Comparisons of shallow water models with results of 3D flow
modeling in [13] and the real experiments of [14] indicate a fairly acceptable agreement.
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The shallow water model and its multi-layered modifications make it possible to describe
not only various hydrological phenomena on land, but also underlie the predictions of
meteorological and climatic processes in the atmosphere-ocean system [15] and propagation
dynamics of various pollutants in water bodies and in the atmosphere [16]. Numerical
models are increasingly used for technical assessments at the design stage of hydraulic
structures [5, 17|, for cadastral works [18], for assessing the environmental outcomes of
various negative processes, emergency events and accidents [3,9].

The description of dispersion effects requires more complex models than the shallow
water equations, for example, the modified Boussinesq equation [19], which allows modeling
nonlinear soliton waves. Various methods are used to simulate the vertical structure of
water dynamics, for example, spectral methods [20]. The 3D approach based on the
Smoothed Particle Hydrodynamics method allows you to calculate the collapse of nonlinear
waves on water when multiple-valued solutions occur.

Terrain is a crucial factor for hydrological applications, therefore the creation of a
high-quality digital elevation model (DEM) requires the use of a variety of geoinformation
methods and data, including remote sensing of the Earth, processing satellite images,
geodetic survey [11]. The most difficult is the modeling of river systems, water reservoirs
with complex and extensive floodplain valleys, river deltas in the case of strong floods [9].

The problems of creating cadastral maps for various purposes are at the center of
the global digitalization of all spheres of society and industry [21,22]. We see the rapid
development of 3D-map technology for the cadastre [23—-25|, for example, 3D underground
cadastral data model [18]. Thematic digital terrain models with additional semantic
information can be attributed to this kind of 3D cadastres.

A new stage is the transition to Spatio-Temporal Cadastral Database, which receives
results from of the Simulation Application [22]|, and we develop this approach in this
work. We create cadastral maps of hazardous flood zones for various levels of water supply
for floodplain sections of the rivers in the Volgograd region based on the results of GIS
(Geographical Information Systems) and hydrodynamic simulations.

1. Basic Equations and Numerical Model
1.1. Saint-Venant Equations

The equations of shallow water in differential form are written as [1,7,8,10,11,26,27|:
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where H(z,y,t) is water depth, u(z,y,t) = {us, u,} is water velocity vector, ¢®)(z,y,t) is
water source due to precipitation, outflow of water from a groundwater system and inflow
through hydraulic structures, ¢/ (x,y,t) is function of drain due to infiltration into the
ground, ¢'*) is water loss rate due to evaporation, V = {3/0z, 9/dy} is the nabla operator,
g is the acceleration of gravity on the Earth’s surface, b(x,y) is the bottom function.
The components of the Coriolis force are:

fOr = —2Qpsin(O©)u,, [ =2Qpsin(0)u,, (3)
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where Qp = 7.3 - 107%sec™! is the Earth’s rotation frequency, © is the latitude of the
point (x,y). The bottom friction force £/ acting on the fluid for the standard quadratic

friction model is A
ffm'c - —u 5 /ug + u32/’ (4)

where A = 2gn%,/H*/3 is the hydraulic friction coefficient, n,, is Manning bottom
roughness coefficient. In the general case, the roughness coefficient n,,; depends on a variety
of physical factors such as the roughness of the canal bottom, large-scale irregularity
of the bottom structure, meandering, various obstacles, water and coastal vegetation,
water turbulence, sediment transport [28,29|. Thus, the parameter ny depends on the
coordinates and is a phenomenological quantity, which is determined by the set of spatial
characteristics.
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Fig. 1. CSPH-TVD numerical scheme

1.2. Numerical Algorithms

We use the Combined Smooth Particle Hydrodynamics — Total Variation Diminishing
(CSPH-TVD) method for numerical integration of the equations’ system (1)-(2), which
is described in detail in [2,26]. This scheme includes two main stages — the Lagrange
stage of calculations, based on the ideas of the method of smoothed particles, and the
Eulerian stage, where finite-difference approximations are applied on a fixed numerical
grid (z;+1 = ; + Az, y;41 = y; + Ax) and satisfy the principle of not increasing the total
variation of the numerical solution (TVD-principle). The characteristic variables are used
for TVD reconstruction [30].

This numerical scheme is conservative and well balanced [26]. The need to create
complex algorithms is due to irregular changes in the bottom function b(z,y) on various
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scales, including L/H ~ 1 (L = b/|Vb| is the characteristic inhomogeneity scale of
bottom), when we have moving wet-dry fronts on the flooding stage or the drying up
of the terrain. The important advantage of our algorithm is that it provides the through
calculation of the internal nonstationary boundaries between liquid and dry (shorelines)
environments for any complex DEM.

Figure 1.1shows the computational pattern for the CSPH-TVD method in the case
of transition from the time layer n to the time layer (n 4+ 1). Green color indicates nodes
that are considered at the Lagrangian stage, and red nodes are used at the Eulerian
stage. Moreover, green nodes with a red contour are involved in each of the stages. At
the Eulerian stage, the integral characteristics are specified, taking into account the mass
and momentum fluxes across the cell boundaries at time t"*1/2 = ¢ + 7,,/2. To calculate
fluxes, the modified TVD approach and the approximate solution of the Riemann problem
for each cell boundary are used. The use of piecewise linear reconstruction provides the
second order of accuracy in space.
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Fig. 2. Iterative procedure for creating a digital elevation model

For the study of seasonal floodplain floods, flash floods, tsunami waves ashore, the
situation is complicated by the emergence of subcritical and supercritical flows in addition
to the above mentioned problem of moving wet-dry interfaces. An analysis of the use of
various methods of setting boundary conditions shows the advantage of a waterfall type
condition in the presence of strong heterogeneity of topography [31]. Our computational
experiments demonstrate that the waterfall on the boundaries of the computational domain
and the heterogeneity of the relief in the vicinity of the boundary provide the formation of
the critical flow area with a hydraulic jump, which significantly weakens the effect of the
waterfall on the flow structure upstream [31], and the practice of applying this approach
showcases its effectiveness [11,17,26,27].

We use the "EcoGIS" software package for numerical simulation of shallow water
dynamics [26], in particular, the parallel version for NVIDIA GPUs [32].
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1.3. Digital Elevation Model (DEM)

The function b(x,y) in the equation (2) is the digital elevation model. We use an
iterative process to construct the DEM by assimilating all available spatial data (Figure 2).

Our initial basic DEM is the Shuttle Radar Topography Mission data (SRTM3 SRTMGL1
release), which form the bgg] matrix after interpolating for a small step Az, usually within
3 — 10 meters.

A key role in improving the quality of the digital topographic model belongs to
a comparative analysis of the results of numerical simulations based on shallow-water
equations with observational data on the nature of flooding in city or village and its

surroundings.

2. Numerical Simulation of the Dynamics of Settlements Flooding
in the River Valleys of the Volgograd Region

4 35 3 25 2 15 1 05 4 35 3 25 2 15 1 056

Fig. 3. Flooded areas near the Ilovlya city for various levels of river water supply (5). Left
panel — Distribution of water depth (H(z,y)) with a water supply of 8 = 1 percent. The red
line corresponds to the boundary with a depth of 0.5 m. Right panel — same as left panel for
8 = 3 percent.

2.1. Stages of Work for Each Locality

The total number of cities and villages that may be at risk of flooding exceeds
200 settlements. We describe the common procedure for constructing cadastral maps of
floodplain territories according to the degree of danger.
Stage 1. Preparation of initial data for modeling the dynamics and forecast of
flooding of the selected area.
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1) Construction of the matrix of heights of the simulated part of the terrain based on
remote sensing data, topographic maps, geodetic and hydrographic measurements.

2) Creation of matrices of qualities (roughness and infiltration coefficients) for the
computational domain on the basis of cartographic data, satellite images and field
observation data.

Stage II. Simulation of flooding areas.

1) Preparation of initial states and calculation parameters for various variants of the
hydrological regime on the floodplain and meteorological conditions.

2) Carrying out calculations for the computational domains in the range of 100 — 2000 km?
with a duration of 3 — 10 days.

Stage III. Processing simulation results.

1) Mapping of flooding (distributions of water depths and vectorial velocity field) at
different points in time for various options of the hydrological and meteorological regimes
(2D and 3D maps, GIF-animation of the dynamics of flooding).

2) Determining the boundaries of the flood zone.

3) Constructing dependence of the flooded area on time.

4) The coordination of theoretical dependences of water depth and water velocity on time
at control points with observational data.

4 36 3 25 2 15 1 0B 4 36 3 28 2 15 1 05
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Fig. 4. As in Figure 3 for 5 = 5 percent (left panel), for 5 = 10 percent (right panel).

2.2. Simulation Results

We use the iterative method of self-consistent refinement of the DEM and numerical
hydrodynamic modeling to determine the boundaries of flooded areas in the vicinity of
settlements, depending on the level of water in the river. As an example, let us consider
in detail the calculations of flood zones in the vicinity of settlements on the Ilovlya River
and its inflows (Fig. 3).

The most important characteristic of flood zones is the probability of a flood of a
given magnitude of J, which is convenient to determine as a percentage. For example,
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Fig. 5. The boundaries of the flood zones for different 5. Solid lines correspond to the boundaries
of flooding with H = 0.1 m.

[ = 1 percent means that such a flood occurs 1 time per 100 years on average, while
B = 10 percent corresponds to one event for 10 years, etc. This traditional method has a
disadvantage, since all catastrophic events occur unevenly, and f is a statistical quantity.

Figures 3 and 4 show the results of flooding the vicinity of the Ilovlya City in the
llovlya River valley for different probabilities of 3. The main flooded area covers the right
bank of the Ilovlya River with a low population. However, suburbs may be affected by
flooding. The final result of the study for Ilovlya City is shown in Figure 5, where the
cadastral map shows the boundaries of hazardous areas for different probabilities of such
an event.

The important characteristic of the hydrological regime of a river is its hydrograph
Q(t) (rate of flow or discharge), which is an integral value (See ¢'® in (1)):

Ou(t) = /(u-n)Hdl, (5)

Ly

where L, is the line along the cross section of the watercourse, n is normal to L,. We
are forced to input additional inflow of water not through the cross-section of the river
(Qnr) to explain the observed picture of flooding, which is due to the peculiarities of the
specific topography. The contribution of (), to the total discharge Q) = @, + @, can be
significant for some areas.

Each computational experiment is characterized by a Q(t) hydrograph, which we
vary to match the simulation results with the observations. Table 1 contains the results
of calculations of the flooding area of Sy and the discharge () depending on the flood
probability.

Conclusion

Our project is aimed at developing an approach for building maps of flooding in
river valleys. The main result is the boundaries of hazardous areas, depending on water
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Fig. 6. The boundaries of the flood zones for different villages in the Volgograd Region in the
case 8 = 1 percent.

Table 1

Integral characteristics of catastrophic flooding
for the vicinity of the Ilovlya City

B (percent) | 50 | 25 10 5 3 1
Q (wPsec 1) | 62.3 | 123 | 214 | 311 | 366 | 492
Sy (km®) | 2.04 | 3.00 | 4.34 | 5.62 | 7.34 | 8.66

availability, as well as estimates of the flow discharge in the conditions of unsteady
catastrophic flooding. The methods of computational experiment demonstrate their
10

Journal of Computational and Engineering Mathematics



ENGINEERING MATHEMATICS

efficiency and indispensability for the most diverse engineering applications in hydrology,
which is due to the considerable extent to the great potential of shallow water models.

An interdisciplinary approach based on the synthesis of hydrodynamic simulations,
GIS modeling, assimilation of observed data can be a powerful tool for design work. The
critical point is the digital elevation model, the accuracy of which determines the quality
of the entire study.

It is remarkable that the refinement of the DEM occurs iteratively when we compare
the results of numerical simulation with the available observational data, which are
very selective and sparse. Small-scale DEMs are highly volatile due to natural and
anthropogenic processes, so updating digital topography is a big problem for engineering
applications.

The research was supported by the Ministry of Science and Higher Education of
the Russian Federation (project no. 2.852.2017/4.6). EOA and SSK are thankful to the
Russian Foundation for Basic Research and Administration of Volgograd Region (grant

no. 18-47-340007 p_a).
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IIOCTPOEHUE KAJTACTPOBBIX KAPT 3ATOILJIEHUN
HA OCHOBE YUCJIEHHOI'O MOJAEJINMPOBAHINA

A. O. Kauxynosa, A. B. Xonepckos, E. O. Azagpornnurosa, A. C. Kyaovmuwu,
T. A. Hvaxonosa, C. C. Xpanos, U. M. I'yces

Mps1 paccmarpuBaeM BO3MOXKHOCTH YHUCJIEHHOTO THIPOINHAMUYIECKOTO MOJIETHPOBAHUST
JUIsL TIOCTPOEHUs KAIACTPOBLIX KAaPT OMACHBIX 30H 3aTOIUIEHUS HA puMepe Bosrorpaicko-
ro peruoHa. ducjieHHast MOJIe/Ib OCHOBBIBACTCS HA YPABHEHUSX MEJIKOU BOJBI K METOJE MH-
terpupoBanns Combined Smooth Particle Hydrodynamics — Total Variation Diminishing
(CSPH-TVD). Iyisa nocrpoenusi mudposoii momesu penbeda mecraoctu (IIMP) mbr uc-
[T0JIb3YyE€M HTEPAIMOHHBIN IOJXO0J, ACCUMIINPYs BCE MOCTYIHBbIE IPOCTPAHCTBEHHDIE [IAH-
Hble, BKJIIOYAs JAHHBIE IUCTAHIIMOHHOIO 30HIMPOBAHUS, TONOIPadUIECKre U3MEPEHUS U
HADJIIO/IEHNST O 3aTOIUIEHUSX B pasjiudnble rogabl. CoriacoBanue JaHHBIX HAOJIOIEHUH U
PE3yJIbTATOB YUCJIEHHOT'O MOJICJIMPOBAHUS IT03BOJIsIeT yaydmuTh KadecTBo [IMP. B ocHo-
Be nu@POBBIX Mojeeil pejbeda JexkaT MATPHUIBI BbICOT ¢ marom or 3 10 10 MeTrpoB B
3aBUCHMOCTHU OT Tonorpaduu MeCTHOCTU. Pe3ynbraroMm siBisiercss HAOOP KapT ¢ rpaHUIA-
MU 3aTOIJIEHHI JJI PA3IMIHBIX BEPOATHOCTEN HACTYIJIEHUS KATACTPOMUIECKOTO COOBITHS.
Jls1st KazKI0T0 TAKOTO MMABOIKA MBI OIpeessieM ruaporpad peKn U ero WHTEerpajbHbIe Xa-
PAKTEPUCTUKH.

Karouesvie cro8a: modeav meaxots 600bl; SbHUCAUMEADHBLE IKCNEPUMEHTNDL, 34MONAE-

Hue; Kadacmposas Kapma.
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