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MODELING AND WEB-BASED VISUALIZATION OF FLOOD ZONES:
A CASE STUDY OF THE BUKTYRMA RIVER SECTION

Abstract: This study focuses on flood risk assessment in a vulnerable reach of the Buktyrma
River basin, located in the East Kazakhstan region. The main goal was to develop and validate
a modelling workflow that uses open-access data and software to simulate flood dynamics
and visualize the results through an interactive GIS-based interface. The approach involved
statistical analysis of 24 years of annual maximum discharge and water level data from gaug-
ing station to define a representative flood event. Terrain data were derived from the 30 m
Copernicus Digital Elevation Model, which was used to construct the hydraulic geometry of
the study area. Two-dimensional flood modeling was carried out in HEC-RAS 6.6, incorporating
spatially differentiated Manning’s roughness values based on cadastral land-use classification
maps.

The modeling results were verified using satellite imagery from Landsat 7 by calculating
the Normalized Difference Water Index for the 2018 flood event, which had a 4% exceedance
probability. The comparison showed a high degree of agreement, indicating that the simulated
flood zone overlapped 87% with the NDWI-derived water mask, and the total inundation area
differed by less than 2%. Model outputs such as flood depth, flow velocity, and cross-sectional
profiles were visualized, and the resulting flood map was uploaded within a web-GIS platform.
The study demonstrates a transparent and cost-effective methodology that can be applied to
other river basins in Kazakhstan, offering a practical tool for spatial planning, risk mitigation,
and early warning systems based entirely on publicly available data and software.
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Introduction

Flooding is considered one of the most devastating natural disasters. It poses a threat to
the life and health of the population, infrastructure, economy and the environment. Studies
show that about 350 million people worldwide are affected by floods [1]. Despite this, many
cities around the world remain insufficiently prepared for its severe consequences [2].

According to the Emergency Committee of the Ministry of Internal Affairs of the Republic
of Kazakhstan, approximately 48 201 km? of territory is at risk of flooding because of spring
floods [3]. However, the population is poorly informed about the rules of conduct in emergen-
cy situations and is not engaged in self-protection measures [4]. The East Kazakhstan Region
is especially at risk, as it holds over 40% of national water resources and five hydroelectric
power plants. As a result, flooding emergencies are recorded annually. Many villages, residen-
tial houses, social and transport infrastructure facilities, as well as agricultural lands, farms,
pastures, and livestock are located within the flood zone.

The use of information and communication technologies (ICT) in the field of hydrodynamic
modeling makes it possible to predict the spatial and temporal distribution of flood waters,
assess risks, and form data-based mitigation solutions [4],[5]. One-dimensional (1D) modeling
assumes the movement of water only along the main channel. It is suitable for represent-
ing processes in a river; however, when calculating water beyond the channel and its spread
over the floodplain, two-dimensional (2D) modeling gives more accurate results [3], [6]. 2D
accounts for both longitudinal and transverse flow, while three-dimensional (3D) adds a ver-
tical component. The use of a digital elevation model (DEM) with high spatial resolution can
significantly improve the accuracy of flood modeling and reduce the level of uncertainty [7].
A DEM is a topographic representation of the earth's surface without considering vegetation,
buildings, or other objects. The grid format of DEM is the most widely used in hydrological
modeling, as it provides a convenient data structure for spatial analysis and integration with
GIS and hydrodynamic models.

The MIKE 21 and HEC-RAS software packages are widely used to perform hydraulic calcu-
lations [3]. MIKE 21 allows additional physical processes to be considered, which can make
the simulation more realistic, but the program is more complicated and requires more time for
post-processing [8]. HEC-RAS, on the other hand, has high accuracy, a user-friendly interface,
and the ability to integrate with geographic information systems (GIS) for spatial analysis
of flood sites [6] and preliminary identification of flood-prone sites [10]. The key parame-
ters used in HEC-RAS when constructing the model are the geometric characteristics of the
channel: centerlines, banks, flow paths, and cross-sections [9]. Since version 5.0, HEC-RAS has
included a 2D module that allows for estimating the distribution of water over an area with
high accuracy [10], comparable to several commercial hydrodynamic models. Thus, HEC-RAS
2D was compared with IBER 2D, and the results showed that both models provide accurate
forecasts of water depth and flood area [6]. Research shows that HEC-RAS demonstrates high
accuracy and efficiency compared to other models such as TUFLOW, MIKE FLOOD, and SOBEK
[11].

Kazakhstani scientists successfully use the HEC-RAS model to assess flood hazards in the
Zhabay River basin (accuracy 81-86%) [12], to simulate the operation of sluices in the irriga-
tion system between the Nura and Yesil rivers (accuracy 70%) [13], and to create flood hazard
maps for the Yesil River (accuracy 59.7%) [11].

However, HEC-RAS has its limitations, including insufficient detail in representing com-
plex geometries and boundary conditions, as well as significant computational costs when
modeling large-scale hydrodynamic processes [14]. The full dynamic mode in HEC-RAS can
sometimes lead to overestimation of flood zones [15]. For producing flood maps of entire river
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networks at regional or continental scales, models such as LISFLOOD-FP and AutoRAPID are
more appropriate [16].

The analysis of hydrological data for the East Kazakhstan Region showed their insufficient
completeness and continuity [17]. Of the 48 operating hydrological posts in the state network,
only 26 have continuous observation series lasting more than 10 years, which significantly
limits the possibilities of integrated modeling at the regional level. In such circumstances,
the most reasonable approach is to conduct initial studies at individual sites. This will allow
researchers to develop techniques and approaches on local cases, with subsequent scaling as
data availability expands.

Given the high frequency of floods in the East Kazakhstan Region and the significant vul-
nerability of residential and critical infrastructure, it is becoming especially important to in-
troduce digital tools for monitoring, modeling, and visualizing hydrological risks. Modern ICT
tools, including GIS and hydrodynamic modeling, not only provide a visual representation of
hazardous areas, but also create the basis for automated assessment of emergency scenarios.
The development of integrated ICT solutions in this area is relevant in terms of increasing the
resilience of territories to hydrometeorological threats and supporting operational manage-
ment decision-making.

The aim of this study is to test an approach to digital modeling and visualization of flood
scenarios using the HEC-RAS hydrodynamic model. The research objectives are as follows:

To analyze available hydrological data.

To prepare an open Copernicus DEM and perform spatial classification of land-use zones.

To develop and calibrate a hydraulic flood model in HEC-RAS based on scenarios of varying
intensity.

To integrate the modeling results into a GIS platform for interactive flood visualization.

Methods and Materials

Study area

A reach of the Buktyrma River near Lesnaya Pristan (Altai District, East Kazakhstan Region;
49.8960° N, 84.3293° E) was selected for hydraulic modeling. The selection was based on
frequent flood occurrences during spring snowmelt and autumn rain-on-snow events, and
the availability of long-term stage-discharge data from gauging post No. 11129 for model
calibration.

The Buktyrma is @ mountain river with mixed feeding, formed mainly by snowmelt and rain-
fall. The highest discharges and water levels are recorded during the spring flood period (late
April to early June). However, when intensive rainfall coincides with elevated temperatures,
secondary floods are possible in August-November, during which water levels may reach val-
ues comparable to the spring maximum. The landscapes of the valley are characterized by an
asymmetric structure: a distinct floodplain, one or two floodplain terraces, and the surround-
ing slope systems. The channel flows in a meandering course within the floodplain, whose
width varies from 200 to 450 m. The slopes are covered with mixed coniferous—-broadleaf for-
ests, alternating in places with open steppe areas and agricultural lands. These morphological
and phytogeographic features increase the heterogeneity of the stream’s hydraulic parameters
and, consequently, the complexity of accurately predicting flood zones.

Hydrological data

To define a representative flood scenario for modeling, annual maximum discharge and wa-
ter level records from Kazhydromet were analysed for gauging station N2 11129 for the period
1998-2021. To determine the threshold at which flooding occurs, exceedance probabilities
were calculated using a ranked-series approach based on the Kritsky—Menkel equation (Equa-
tion 1), which provides an unbiased empirical estimate suitable for limited datasets.
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P = ——100% 1)
™ on+1 ’
where p the empirical exceedance probability (in %), m is the rank of the observation in the
ordered series (starting from the largest value), and n is the total number of observations [18].
Smoothing the results of empirical data and forecasting rare floods are carried out using
analytical curves. In this work, an analytical curve based on the continuous Pearson Type Il
distribution is used, whose probability density functions satisfy the differential equation:

dy y(z+a)

dz by + bz’ 2)

where z is a random variable associated with the initial random variable X by the relation
z=k—1, (3)

where k is the modular coefficient; y is the ordinate of the probability density function of
the random variable Z; a is the distance from the center of the distribution (mk) to the mode
(M,); b, and b, are parameters (real numbers) that can be varied to obtain different types of
distribution curves.

In practice, the random variable X is often replaced with modular coefficients (k,), and the
random variable X is substituted with a standardized (normalized) random variable (7).

The standard normalized variable can be obtained from the series X using the formula 4.

X; — My

t = ; 4)

Sx

where ¢, is the normalized ordinate for the value x,, x, is the specific value of water level or
discharge, m_is the mean of the series, s_is the standard deviation of the series.

The highest recorded flood had a discharge of 2140 m?/s and a stage of 710 cm, corre-
sponding to a 4% exceedance probability (Table 1). This event was selected as the design flood
scenario for hydraulic modeling and GIS-based visualization.

Table 1. Annual maximum discharge and water level values for the Buktyrma River (1998-2021),
ranked series and calculated exceedance probabilities.

mi Annual maximum | Annual maximum | Ranked discharge | Ranked water Exceedance
discharge (m3/s) | water level (cm) (m3/s) level (cm) probability (%)
1 1260 531 2140 710 4
2 989 483 1910 666 8
3 1070 494 1580 590 12
4 1910 590 1490 552 16
5 1460 520 1460 536 20
6 1190 472 1440 531 24
7 1210 515 1440 530 28
8 1110 498 1430 526 32
9 1310 530 1340 520 36
10 1240 518 1310 518 40
11 908 460 1260 515 44
12 1200 498 1240 512 48
13 1440 536 1230 508 52
14 1060 467 1210 508 56
15 595 377 1200 498 60
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16 1340 512 1190 498 64
17 1580 552 1160 494 68
18 2140 666 1110 487 72
19 1430 526 1070 483 76
20 1230 508 1060 481 80
21 1160 710 1060 472 84
22 1440 487 989 467 88
23 1490 508 908 460 92
24 1060 481 595 377 96

Topographic and land-cover data

As the topographic basis, the Copernicus DEM with a resolution of 30 x 30 m was used.
The dataset (ID: OTSDEM.032021.4326.3), obtained from Openlopography, is based on radar
stereoscopy (TanDEM-X/WorldDEM, 2011-2015) and provided by the European Space Agen-
cy for scientific use [19]. The DEM covers the river channel and adjacent areas, including the
floodplain, terraces, and surrounding slopes.

To support spatial differentiation of surface types, land-use data were extracted from the
Public Cadastral Map of the Republic of Kazakhstan, accessed via the Unified State Cadastral
System [20]. Four general land-use categories were identified:

e agricultural lands (arable fields, hayfields, and pastures);

e special-purpose territories (mining sites, quarries, and artificial reservoirs);

e anthropogenically transformed zones (settlements and industrial sites);

e natural ecosystems (forests, shrub communities, and specially protected natural areas).

These cadastral data were reprojected to the WGS 84 / UTM Zone 45 N coordinate system
and integrated into the modeling workflow for assigning spatially varying surface roughness.

Hydraulic modeling in HEC-RAS

The 30 m DEM was imported into HEC-RAS 6.6, where it was clipped to the study area and
used to generate a 5 m-resolution computational grid. This resampling allowed for detailed
representation of the valley morphology, including microrelief features affecting flooding.
HEC-RAS solves the two-dimensional Saint-Venant equations to model water surface dynam-
ics and floodplain flow characteristics [21], [22]:

a¢ Op  0q
E“L&“L@_ , (5)

op 9 (p* @ n?pgyp? + q? G
p (z;l>+_(@)=_ pgvp* +q* ¢

at ' ox — 6
ot T ox ay\n Tz ghae+of+23 ( xx)+p (hty),  (6)

dg 9 (q*\ 0 n2pgp? + q? 9
q (cz>+_(m)=_ PgNP* +4q g

at oy ox \h w9yt gy (hT”) " pox (hryy) &

where 4 is water depth (m), p and q are specific flow rates in the x and y directions (m3/s), ¢
is surface (m), g is gravitational acceleration (m/s?), n is Manning coefficient, ¢ is water density
(kg/m?), ht_, ht, are effective shear stress components, f'is Coriolis force.

To improve the accuracy of modeling in HEC-RAS, Manning’s roughness coefficients were
assigned to each land-use category based on cadastral data, satellite imagery, and reference
values from literature. Table 2 lists the values used in the model.
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Table 2. Manning’s roughness coefficients (n) by land-cover type.

Land-cover type Manning’s n
Arable land 0.030
Hayfields / pastures 0.035
Sparse woodland 0.070
Dense forest 0.100
Residential areas 0.120
Roads, open spaces 0.020
Water surfaces 0.030
Industrial zones, quarries 0.040

The application of the differentiation method significantly increased the accuracy of mode-
ling by accounting for the spatial heterogeneity of the study area (Figure 1).
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Figure 1. a) Custom HEC-RAS layer showing land-use polygons with assigned Manning’s n-values.
B) A legend describing the colors and their affiliations

The two-dimensional computational area was developed with consideration of the site’s
morphological and landscape characteristics. Boundary conditions were defined using flow
and stage hydrographs, and the hydraulic calculations were performed by solving the full mo-
mentum equations. The model used a uniform grid spacing of 5 m, with a 1-minute time step
and 1-hour output interval. The computational area includes a 7.5 km section of the Buktyrma
River within the village of Lesnaya Pristan.

Figure 2 shows the layout of the computational area used for one-dimensional (1D) mode-
ling in HEC-RAS 6.6. The river centerline, along which cross sections are generated, is marked
in green, while the cross sections themselves are shown in blue. These sections define the
channel geometry required for performing hydraulic calculations. Station numbering is dis-
played in schematic meters, measured from the downstream boundary of the model upstream.
The model covers a channel segment approximately 7.5 km long, between the hydrological
station “Buktyrma - Lesnaya Pristan” and the upstream boundary of the computational area.
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Figure 2. HEC-RAS 1D schematic with centerline (green) and cross-sections (blue),
covering the 7.5 km model reach.

Model verification using satellite data

For the verification of the spatial distribution of flooding, remote sensing data were used. A
multispectral Landsat 7 ETM+ image from April 1, 2018 (Tier 1) was selected for analysis. The
image was acquired at a solar angle of 42° with 18% cloud cover.

Due to the scan line corrector (SLC) failure of Landsat 7 in May 2003, the image contains
characteristic linear gaps (~390 m wide). These SLC-off stripes were corrected using masking
and nearest-neighbor interpolation, which preserved the scene's suitability for hydrological
analysis [23].

For the quantitative assessment of surface water saturation, the NDWI index was applied:

G — NIR g

NDWI =G nir’ ®

where G is the reflectance value in the green band, and NIR is the reflectance value in the
near-infrared band.

NDWI values make it possible to classify the Earth’s surface according to the degree of
water saturation. Positive values (0.2-1) indicate the presence of open water bodies such as
rivers, lakes, and reservoirs. The range 0-0.2 corresponds to wet or temporarily flooded areas,
including wetlands and agricultural lands. Negative values from -0.3 to O are typical of mod-
erately dry areas with low-moisture vegetation, while values from -1 to —0.3 characterize dry,
low-moisture zones with urbanized, rocky, or sandy landscapes.
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Results

Validation of modeled flooding

The comparison between simulated flood area (HEC-RAS 6.6) and observed surface water
derived from NDWI analysis revealed strong spatial agreement. The highest agreement is
observed in the channel zone and floodplain areas, where modeled and satellite-derived in-
undation boundaries closely aligned (Figure 3).

Agreement was also recorded in the settlements of Maleevsk and Zubovka. At the same
time, local discrepancies were noted in the urban area of the city of Altai and along certain
transportation corridors. In these zones, the NDWI map indicated a wider spread of surface
moisture compared to the model. The most probable causes of such discrepancies are:

e accumulation of floodwaters in road embankments and ditches not captured at the cur-

rent resolution of the digital elevation model,;

e high vegetation moisture content generating a false-positive NDWI signal,;

e artifacts from Landsat-7 sensor scan line corrector (SLC-off) failures, leading to partially

incorrect representation of water bodies.
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Figure 3. Overlay of the flood map (HEC-RAS, bright yellow outline) and
the NDWI map on a satellite basemap in QGIS.

According to the NDWI classification, the total flood area amounted to 44.74 km?, of which
1.81 km? (=4%) correspond to cells with NDWI > 0.1, representing reliably flooded areas. This
is in close agreement with the modeled inundation of 1.78 km?, with a difference of less than
1.6%, indicating high simulation accuracy.

The absence of NDWI values > 0.3 is explained by the lack of large, permanent water bodies
in the scene and the predominance of fragmented or shallow inundation. Small positive areas
within the -0.3 to -0.2 and 0.2 to 0.3 ranges are attributed to mixed pixels, especially along
the edges of Landsat-7 SLC-off stripes. These do not significantly affect the overall flood area
calculation (Figure 4).
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Figure 4. Spatial distribution of NDWI values in the Buktyrma River basin
based on a Landsat-7 image from April 1, 2018.

Spatial dynamics of modeled flooding
The JRC Global Surface Water dataset was overlaid with settlement boundaries to compare

historical water presence patterns with the 2018 event. The Global Surface Water — Occurrence
layer reflects the probability of open water over a 38-year Landsat archive (1984-2022). Spa-
tial agreement was observed between historically persistent wet zones and the modeled 2018

flood area (Figure 5).

Figure 5. Integration of spatial layers: JRC Global Surface Water data (green),
vector boundaries of Zubovka (hatching) and Maleevsk (grid), and the coordinates
of the hydrological station “Buktyrma - Lesnaya Pristan” (red marker).

Figure 6 illustrates the spatial distribution of flow velocities in the river channel, based on
one-dimensional hydraulic modeling results. The color scale shows velocity variation, from low
values in stagnant or slow-moving zones to high values in channel constrictions and bends.
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The model clearly identifies areas of potential bank erosion risk and highlights sections
where flooding may occur with rising water levels. The discharge-weighted mean velocity
along the 7 km modeled reach is approximately 1.1 m/s, with local values ranging between
0.3 and 2.0 m/s. These results reflect the typical hydraulic pattern of faster main-channel flow
and slower velocities in floodplain sections.

Figure 6. Distribution of flow velocities in the river channel based
on the results of 1D hydraulic modeling in HEC-RAS.

Channel cross-sections and flood-depth profiles

Four representative cross-sections were extracted from the HEC-RAS geometry and adjust-
ed using field observations (Figure 7). Channel widths ranged from 120 to 160 m, and depths
from 1.8 to 3.5 m, reflecting the morphological variability along the valley (Table 3).
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Figure 7. Cross-sectional profile of the river channel with water level shown
in HEC-RAS, corresponding to selected computational cross sections of the model:
a) 2507 m; b) 6480 m; ¢) 2789 m; d) 619 m.

Table 3 presents the key geometric parameters of cross sections of the Buktyrma River
channel, automatically generated in HEC-RAS and adjusted based on field observations. As
can be seen, the channel width varies from 120 to 160 meters, and the depth from 1.8 to 3.5
meters, reflecting both the morphological diversity of the valley and differences in hydraulic
resistance and bank configuration along different segments.

Table 3. Geometric parameters of computational cross sections of
the Buktyrma River channel according to HEC-RAS data.

Station (m) Water surface width (m) Maximum depth (m)

2507 M approximately 120 m approximately 3.5 m

6480 ™ (left floodplain area dry) approximately 160 m approximately 2.0 m
2789 ™M approximately 140 m approximately 1.8 m

619 ™ approximately 130 m approximately 3.0 m

The elevation comparison shows that at a water level of 425.74 m, the flow remains within
the channel. Once the threshold of approximately 428.5 m is exceeded, overbank flow occurs,
inundating near to agricultural and residential areas. Figure 8 illustrates potential water path-
ways and accumulation zones under further level increases.
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Figure 8. Cartographic representation of flood situation elements:
(A) water surface level in the river channel — 427.14 m (excluding water level, approx. 1.5 m);
(B) bank elevation — 429.91 m; (C) floodwater accumulation zone — 426.43 m
(excluding water level, approx. 0.3 m).

Final flood simulation map and web-GIS platform

The final flood-depth map (Figure 9) shows a strong spatial match with the officially record-
ed flood of 31 March 2018. Most flooded cells lie along the main channel of the Buktyrma
River and its meandering branches, corresponding to orographically low-lying zones.

Water depth is represented using a blue gradient: light blue indicates shallow flooding,
while darker shades denote deeper inundation. Areas of overbank flow are clearly visible,
along with floodplain zones subject to partial or complete inundation.

Flood depths are visualized using a blue color gradient, from light (shallow) to dark (deep),
clearly highlighting areas of overbank flow and floodplain inundation. Fragmented flood
patches are visible, particularly on the left bank where quarries and other artificial excavations
are located. On the right bank, localized flooding is associated with floodplain terraces and
zones of woody-shrub vegetation, where high surface roughness slows the flow and promotes
water accumulation.

Water accumulation zones were also recorded along transport infrastructure, indicating the
role of road embankments as hydraulic barriers influencing the redistribution of flood flows.
A comparison with the cadastral map shows that the flooded agricultural land in this section
accounts for about 42% of the total flood perimeter, whereas the share of built-up areas does
not exceed 6%.
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Figure 9. Flood map based on HEC-RAS 6.6 modeling results.
Blue shades correspond to different flood depths.

An interactive flood map was also developed using model outputs and integrated into a
custom web-GIS platform (Figure 10). The interface allows users to explore flood contours in
real time, zoom to areas of interest, switch data layers, and access attribute information for

selected objects.
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Figure 10. Visualization of modeling results in the Web-GIS platform.
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The platform is intended to improve public and institutional access to flood risk information
and to support decision-making at the municipal and regional levels.

Discussion

The comparison of 2D modeling results in HEC-RAS with the flood map derived from the
NDWI index revealed local discrepancies in the shape and area of floodwater. These are attrib-
uted both to the exceptional hydrometeorological conditions of spring 2018 and to inherent
limitations of the numerical scheme. Experts from the Altai District local administration ex-
plained that the extreme flood was the result of a combination of rare factors:

e a low snow but very cold winter (snow covers up to 105 cm, ground freezing to 1.5 m,

river ice thickness up to 2 m);

e asharp warming on March 31 accompanied by heavy rainfall;

e avalanche-like snowmelt and the formation of ice jams, which led to exceedance of
critical levels on the Buktyrma River (7.10 m versus a critical level of 5.30 m) and the
Berezovka River (4.0 m versus a critical level of 2.0 m).

These processes caused flooding in Altai (formerly Zyryanovsk) and nearby villages, resulting

in the declaration of a state of emergency.

The model did not account for spatially distributed snowmelt, inflows from frozen slopes,
ice jam dynamics, local overflows across eroded banks, or the microrelief of the floodplain.
The fixed grid with a 30 m resolution smoothed small depressions where NDWI detected iso-
lated inundation. Taken together, this explains the local discrepancies: satellite data indicate
somewhat more extensive flooded areas along roads and in lowlands than the computational
scheme. Nevertheless, the total inundation area calculated by the model (1.78 km?) differs
from the satellite-based estimate by only 1.6%, while contour overlap using the intersection
method reaches 87%. To further improve accuracy, it would be advisable to couple HEC-RAS
with a snowmelt-runoff module (e.g., HEC-HMS), apply a more detailed adaptive grid, incorpo-
rate ice-jam scenarios, and calibrate the results using a series of high-resolution images (Sen-
tinel-1/2, PlanetScope). Thus, the observed discrepancies represent an explainable difference
between an idealized hydrodynamic simulation and the actual emergency and do not diminish
the overall reliability of the model for forecasting and planning tasks.

Overall, the agreement between simulated and satellite-derived flood areas confirms that
reliable flood mapping can be achieved with open hydrological and topographic data. The
results align with earlier studies that report high HEC-RAS accuracy for local-scale modeling
under limited-data conditions [19]. Nevertheless, the identified discrepancies - such as the
underestimation of flooding along roads and in depressions - highlight the need to account for
additional factors, including microrelief, snow cover, ice jams, and urban infrastructure.

Conclusion

This study demonstrates the effectiveness of a reproducible, data-efficient approach for
two-dimensional flood modeling and spatial visualisation, using the 2018 flood event in the
Buktyrma River basin as a representative case. The work relied exclusively freely available
data and tools, including HEC-RAS 6.6 software package, the Copernicus 30m DEM, satel-
lite-derived NDWI indices (Landsat-7),and land-cover-based Manning’s roughness coefficients.

The model demonstrated high agreement with observed flood areas (the calculated flood
area differed from satellite-derived estimates by less than 2%, and the contour overlap reached
87%). This confirms the reliability of the approach and its applicability under conditions of
limited access to detailed hydrological information.

Given its scalability, transparency, and low cost, the proposed methodology is well suited
for deployment in other flood-prone regions of Kazakhstan. It holds practical value for spatial
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planning, flood risk assessment, the design of protective infrastructure, and the development
of early warning systems.
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