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Abstract: This study presents a standardized regional workflow for
deriving a Sentinel-1 repeat-pass INSAR elevation product for Almaty,
Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. The study does
not propose a new interferometric algorithm; its contribution is the
consistent application of a common processing framework across five
orographically contrasting territories and the explicit definition of its
methodological limitations. Sentinel-1 SLC pairs were selected using
temporal interval, orbit consistency, perpendicular baseline, spatial
overlap, and expected coherence. Processing included S-1 Back
Geocoding and Enhanced Spectral Diversity in SNAP, interferogram and
coherence generation, Goldstein filtering, SNAPHU phase unwrapping,
phase-to-elevation conversion, mosaicking, and GIS post-processing. No
independent ground-control, GNSS, geodetic, or satellite-altimetry
dataset was available for this study; consequently, ME, MAE, RMSE,
NMAD, and percentile-based vertical-error statistics were not calculated.
Coherence and visual consistency of the regional relief were used only as
qualitative quality indicators and are not presented as substitutes for
independent vertical validation. The resulting product is therefore
interpreted as a regional analytical elevation layer for generalized terrain
screening and preliminary relief interpretation. It is not intended for local
flood-depth modeling, engineering design, irrigation grading, or
microrelief reconstruction without LiDAR, UAV photogrammetry, or
ground geodetic data.

Keywords: Sentinel-1; InSAR; regional elevation model; qualitative
quality assessment; coherence; methodological limitations; territorial
planning; Kazakhstan.
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1. Introduction

Digital elevation models are one of the fundamental geospatial layers used in remote sensing,
geographic information systems, hydrological modeling, geomorphological interpretation, and
environmental risk assessment (Massonnet & Feigl, 199; Bamler & Hartl, 1998). In regions with
complex relief, the quality of a terrain model directly determines the reliability of derived products
such as slope, aspect, flow direction, flow accumulation, watershed boundaries (Hanssen, 2001;
Burgmann et al., 2000), erosion susceptibility, and potential flood concentration zones. For eastern
and southeastern Kazakhstan, terrain information is especially important because the territory
combines extensive plains, piedmont surfaces, intermontane depressions, high mountain systems, and
sharply dissected valleys.

The study area includes Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. These
territories form a large orographically heterogeneous belt where natural and economic processes are
strongly controlled by relief. The spatial redistribution of meltwater and storm runoff, the intensity
of slope erosion, the development of temporary watercourses, the location of alluvial fans, the
configuration of agricultural fields, and the risk of local flooding are all related to elevation
differences and morphometric structure. Therefore, a consistent regional digital terrain model is
required not only as a cartographic product, but also as an analytical basis for territorial planning
(Pike et al., 2009; Reuter & Nelson, 2009).

Synthetic aperture radar interferometry is an effective approach for deriving terrain information
because radar data are less dependent on cloud cover and illumination conditions than optical imagery
(Arystanov et al.,, 2024; Kabzhanova et al., 2025). Sentinel-1 provides open C-band radar
observations suitable for interferometric analysis when SLC products with phase information are
used. INSAR processing reconstructs height-related information from the phase difference of two
coherent radar acquisitions. However, the final quality of an INSAR-derived DEM depends on scene
selection, temporal decorrelation, orbital geometry, baseline length, co-registration accuracy, phase
noise filtering, phase unwrapping, and post-processing in a GIS environment (Arystanov et al., 2025;
Arystanov et al., 2026a).

The purpose of this study is to develop and describe a regional workflow for constructing a
digital elevation model from Sentinel-1 data and to assess its applicability for hydrological analysis
and territorial planning in five regions of Kazakhstan (Sarsekova et al., 2026; Arystanov et al.,
2026b). The specific tasks were to select coherent Sentinel-1 SLC pairs, perform the complete INSAR
processing chain in SNAP, export and post-process the DEM in ArcGIS, prepare elevation and
hillshade maps, calculate morphometric and hydrological derivatives, and interpret the practical value
and limitations of the resulting terrain model (Mukanov et al., 2026; Kyrgyzbay et al., 2026).

The present study does not propose a new InSAR algorithm and does not provide an
independent quantitative vertical-accuracy assessment. Its contribution is regional and
methodological: a common processing sequence is applied across five orographically contrasting
regions, while the limitations caused by coherence loss, radar geometry, phase unwrapping, external
DEM assistance, and the absence of ground control are stated explicitly. Accordingly, the work
should be interpreted as a regional workflow demonstration rather than as a validated high-accuracy
DEM product.

2. Materials and methods
2.1. Literature review

The theoretical basis of radar interferometry has been developed in a series of fundamental
studies demonstrating that phase differences between coherent synthetic aperture radar scenes can be
used to reconstruct topography and detect surface deformation. The accuracy of such products
depends on co-registration, coherence, viewing geometry, residual orbital errors, atmospheric effects,
and the correctness of phase unwrapping (Torres et al., 2012). These factors are especially relevant
in mountain and piedmont environments, where shadowing, layover, steep slopes, and rapid spatial
changes of backscatter complicate phase interpretation.
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With the launch of Sentinel-1, operational INSAR processing shifted toward repeatable
workflows based on TOPS-mode data. Sentinel-1 as a key Copernicus radar mission designed for
regular Earth observation (Yague-Martinez et al., 2016). Later, that accurate co-registration is critical
for TOPS interferometry because even small azimuthal shifts can produce phase discontinuities at
burst boundaries (Foumelis et al., 2018). The practical implementation of Sentinel-1 processing
chains has been supported by the Sentinel-1 Toolbox and SNAP environment, which provide standard
modules for back-geocoding, Enhanced Spectral Diversity correction, interferogram formation,
filtering, geocoding, and export (Chen & Zebker, 2002).

Phase unwrapping is another key component of InSAR-based DEM production. Since the
measured phase is wrapped within the interval from -z to +x, the continuous phase surface must be
reconstructed before elevation interpretation. The SNAPHU algorithm, based on statistical-cost and
network-flow principles, is widely used for large interferograms and complex landscapes (Tarboton,
1997). Its performance depends on local coherence, phase filtering, segmentation parameters, and the
presence of noise or discontinuities. For regional terrain mapping, unwrapping errors must be
controlled by visual interpretation and subsequent G1S-based consistency checks.

A separate body of literature considers DEMs as a basis for hydrological and geomorphometric
analysis. Methods for deriving flow direction and upslope contributing area from raster elevation data
were formalized. Broader concepts of terrain analysisinclude slope, aspect, curvature, drainage
structure, and morphometric interpretation. These studies demonstrate that the analytical value of a
DEM depends not only on its nominal pixel size, but also on its vertical accuracy, hydrological
conditioning, and suitability for the scale of the applied task (Sanders, 2007).

Recent studies demonstrate that the accuracy of global and INSAR-derived DEMs varies with
slope, land cover, and terrain complexity. Comparisons using GPS, LiDAR, and ICESat-2 reference
data show that a DEM may perform adequately in low-relief open terrain but degrade markedly on
steep slopes, in forested areas, and near water surfaces (Kramm & Hoffmeister, 2022; Li et al., 2022;
Zhang et al., 2024). For hydrological applications, this uncertainty directly affects drainage
extraction, watershed boundaries, and modeled inundation extent (Sanders, 2007; Mohammadi et al.,
2020). Consequently, a Sentinel-1 InSAR elevation product must be validated independently and its
fitness for use must be stated explicitly rather than inferred from pixel spacing or visual similarity
alone.

2.2. Study area

The study covers Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. Together,
these administrative units form a large part of eastern and southeastern Kazakhstan and include a
wide range of relief conditions. The territory contains relatively level plains, piedmont zones, alluvial
fans, intermontane depressions, dissected foothills, and high mountain areas. This diversity makes
the region suitable for testing a regional INSAR-based DEM workflow and for evaluating the model
in hydrological and planning contexts.

Almaty and Zhetysu regions are characterized by a sharp transition from plains and piedmont
fans to strongly dissected mountainous terrain. Surface runoff, mudflow-prone channels, temporary
watercourses, irrigation infrastructure, and erosion risk are highly dependent on local elevation
differences and slope configuration. Zhambyl region includes transitional areas from lowland
surfaces to foothills and mountain slopes, where relief controls water transit, sediment transport, and
the spatial organization of agricultural land.

Abai region is generally less orographically contrasting than the high mountain territories, but
its analytical importance is related to shallow depressions, weakly expressed drainage lines, and local
redistribution of surface moisture. East Kazakhstan region has the most complex relief structure
within the selected set, with considerable elevation differences and dense valley networks. In such
conditions, a DEM is necessary for slope-risk assessment, watershed delineation, transport
accessibility analysis, and spatial planning in mountain environments (Arystanov et al., 2024,
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Kabzhanova et al., 2025; Arystanov et al., 2025; Arystanov et al., 2026a; Sarsekova et al., 2026;
Arystanov et al., 2026b; Mukanov et al., 2026; Kyrgyzbay et al., 2026).

2.3. Sentinel-1 data and scene selection

Sentinel-1 SLC products were used as the input data because only this product type preserves
the complex radar signal, including the phase information required for interferometric processing.
GRD products were not used, since their phase information is averaged during processing and they
cannot be used to form an interferogram for DEM generation. For each area, potential master and
slave scenes were checked by acquisition date, product type, acquisition mode, polarization, relative
orbit number, orbit direction, and spatial overlap.

The selection of coherent pairs followed several criteria. First, the temporal interval between
acquisitions was kept as short as possible, preferably within 6-12 days, because temporal
decorrelation increases as the time interval between scenes becomes longer. Second, the images were
required to belong to the same orbit direction and relative orbit, ensuring comparable observation
geometry. Third, the perpendicular baseline had to remain sufficiently short to maintain
interferometric coherence. Fourth, the scenes had to overlap the study region completely. Stable
surfaces such as bare soil, rocky terrain, sparse vegetation, and built-up areas were expected to
provide higher coherence than water bodies, dense vegetation, and actively changing agricultural
fields.

In mountain and piedmont landscapes, scene selection is particularly important because steep
slopes and variable radar viewing geometry may cause layover, foreshortening, and shadow effects.
Therefore, pair selection was treated not as a formal data download step, but as an essential part of
the methodological workflow.

2.4. Interferometric processing in SNAP

Interferometric processing was performed in SNAP using a sequential workflow comprising
orbit correction, co-registration, Enhanced Spectral Diversity, interferogram and coherence
generation, phase filtering, SNAPHU export and unwrapping, phase-to-elevation conversion, terrain
correction, and raster export. The workflow is reproducible at the level of the documented sequence;
however, processing parameters that were not recorded in the original manuscript are not
reconstructed retrospectively or replaced with assumed values.

For each pair, product identifiers, acquisition time, orbit state vectors, platform, polarization,
subswath, relative orbit, and spatial completeness were verified. Precise orbit files were applied in
SNAP. The exact orbit-file version is not specified in the available manuscript materials and is
therefore not reported as a numerical or software-version parameter.

Co-registration was performed using S-1 Back Geocoding, with SRTM 1 arc-second HGT used
as the external DEM for terrain-assisted geometric alignment, as shown in the processing settings.
Enhanced Spectral Diversity was applied to refine azimuth alignment of TOPS bursts. Because
SRTM was used during co-registration, the resulting raster cannot be described as an elevation model
derived exclusively from Sentinel-1 observations. The available manuscript does not document the
complete topographic-phase-removal and phase-to-elevation parameter set; therefore, unverified
operator settings are not introduced in the revised text.

Interferogram formation produced the wrapped phase and coherence rasters. Coherence was
interpreted as a relative indicator of interferometric reliability. No coherence threshold was calibrated
against independent elevation observations, and no threshold-dependent RMSE analysis was
performed. Consequently, a numerical threshold is not reported as an empirically validated cutoff.
Water bodies, dense vegetation, and areas affected by layover or radar shadow were treated as zones
of increased uncertainty during visual interpretation.

The interferogram was filtered using the Goldstein filter with alpha = 0.5. Phase unwrapping
was performed in SNAPHU. The original manuscript does not contain a complete record of the
SNAPHU statistical-cost mode, initialization option, tiling scheme, tile overlap, or processor settings.
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These values are therefore not replaced by assumed defaults. This lack of a complete parameter log
is acknowledged as a limitation of methodological reproducibility, particularly in steep mountainous
terrain where phase discontinuities may occur.

2.5. DEM post-processing and spatial analysis in ArcGIS

Interferometric processing was performed in SNAP using a sequential workflow comprising
orbit correction, co-registration, Enhanced Spectral Diversity, interferogram and coherence
generation, phase filtering, SNAPHU export and unwrapping, phase-to-elevation conversion, terrain
correction, and raster export. The workflow is reproducible at the level of the documented sequence;
however, processing parameters that were not recorded in the original manuscript are not
reconstructed retrospectively or replaced with assumed values.

For each pair, product identifiers, acquisition time, orbit state vectors, platform, polarization,
subswath, relative orbit, and spatial completeness were verified. Precise orbit files were applied in
SNAP. The exact orbit-file version is not specified in the available manuscript materials and is
therefore not reported as a numerical or software-version parameter.

Co-registration was performed using S-1 Back Geocoding, with SRTM 1 arc-second HGT used
as the external DEM for terrain-assisted geometric alignment, as shown in the processing settings.
Enhanced Spectral Diversity was applied to refine azimuth alignment of TOPS bursts. Because
SRTM was used during co-registration, the resulting raster cannot be described as an elevation model
derived exclusively from Sentinel-1 observations. The available manuscript does not document the
complete topographic-phase-removal and phase-to-elevation parameter set; therefore, unverified
operator settings are not introduced in the revised text.

Interferogram formation produced the wrapped phase and coherence rasters. Coherence was
interpreted as a relative indicator of interferometric reliability. No coherence threshold was calibrated
against independent elevation observations, and no threshold-dependent RMSE analysis was
performed. Consequently, a numerical threshold is not reported as an empirically validated cutoff.
Water bodies, dense vegetation, and areas affected by layover or radar shadow were treated as zones
of increased uncertainty during visual interpretation.

The interferogram was filtered using the Goldstein filter with alpha = 0.5. Phase unwrapping
was performed in SNAPHU. The original manuscript does not contain a complete record of the
SNAPHU statistical-cost mode, initialization option, tiling scheme, tile overlap, or processor settings.
These values are therefore not replaced by assumed defaults. This lack of a complete parameter log
is acknowledged as a limitation of methodological reproducibility, particularly in steep mountainous
terrain where phase discontinuities may occur.

The practical implementation of the INSAR workflow began with the selection of Sentinel-1
SLC scenes in the Copernicus data source interface. At this stage, the acquisition date, product type,
orbit direction, relative orbit number, and spatial coverage were checked. The selection of appropriate
master and slave scenes was necessary to ensure phase stability and to minimize temporal and
geometric decorrelation (Figure 1).
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Figure 1. Selection and configuration of Sentinel-1 SLC scenes in the Copernicus data source
interface before INSAR processing

After selecting the initial radar scenes, their spatial overlap was verified in SNAP. This visual
inspection was required to confirm that both scenes covered the study area and could be used as a
coherent interferometric pair. Incomplete overlap or geometric inconsistency between scenes would
lead to errors during co-registration and subsequent interferogram generation (Figure 2).
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Figure 2. Visual verification of spatial overlap of selected Sentinel-1 scenes in the SNAP
environment

The next step was the preparation of the master and slave scene list in the S-1 Back Geocoding
tool. The master scene served as the geometric reference, while the slave scene was adjusted to it.
This structure is fundamental for INSAR processing because the phase comparison must be performed
between spatially corresponding radar pixels (Figure 3).
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Figure 3. Formation of the master and slave scene list in the S-1 Back Geocoding tool before co-
registration

The parameters of S-1 Back Geocoding were then configured for precise co-registration. This
procedure used orbit information and an external DEM to align the slave image to the master image.
Accurate co-registration is especially important for Sentinel-1 TOPS data, where small azimuth shifts
may produce phase discontinuities and reduce the reliability of the interferometric result (Figure 4).
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Figure 4. Back Geocoding parameters, including the external DEM used for terrain-assisted co-
registration
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Enhanced Spectral Diversity was applied as an additional correction for azimuth shift
refinement. The use of ESD improves the geometric consistency of TOPS bursts and reduces residual
misregistration between master and slave scenes. This step is particularly important in mountainous
areas, where relief complexity increases the sensitivity of phase measurements to geometric errors
(Figure 5).
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Figure 5. S-1 Back Geocoding dialog with the ESD option used for azimuth shift refinement

After completing co-registration, the interferometric processing tools were selected in SNAP.
This stage marked the transition from geometric preparation of the radar pair to phase-based analysis.
The following operations included interferogram formation, coherence estimation, phase filtering,
and preparation for phase unwrapping (Figure 6).
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Figure 6. Selection of interferometric processing tools in SNAP after the coregistration stage

World View X

150



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

Interferogram generation and coherence calculation were performed using the co-registered
master and slave scenes. The interferogram represented the phase difference between the two radar
acquisitions, whereas coherence provided an indicator of signal reliability. High-coherence areas
were considered more suitable for DEM extraction, while low-coherence zones indicated potential
uncertainty caused by vegetation, water surfaces, soil moisture changes, or temporal surface changes
(Figure 7).
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Figure 7. Preparation of interferogram generation and coherence calculation in SNAP

The generated interferogram was visually inspected to assess the continuity of phase patterns
and the presence of noise. Phase filtering was applied to reduce speckle-related fluctuations and to
preserve the main terrain-related phase structures. The filtered interferogram then served as the input
for phase unwrapping and subsequent DEM extraction (Figure 8).
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Figure 8. Result of interferometric processing and visualization of the intérferi‘)g;am in SNAP
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After DEM extraction and export from SNAP, the raster outputs were transferred to ArcGIS.
Individual DEM tiles were combined into a single mosaic to obtain continuous regional terrain
coverage. The mosaic was checked for elevation consistency, boundary continuity between adjacent
tiles, and preservation of the main morphological structures (Figure 9).

. N
Figure 9. Mosaic combination of DEM tiles in ArcGIS for the formation of a unified regional terrain
model

2.6. Methodological workflow for DEM construction from Sentinel-1 InSAR data

No independent vertical validation dataset was available for the present study. Ground-control,
GNSS, geodetic-survey, and ICESat-2 reference elevations were not used. Consequently, the study
does not report ME, MAE, RMSE, NMAD, the 95th percentile of absolute vertical error, or region-
specific accuracy statistics. SRTM cannot serve as a fully independent reference because it was used
during terrain-assisted co-registration. Copernicus DEM GLO-30 and ALOS AW3D30 were
considered only as potential external comparison datasets for future work and were not used to
generate accuracy values reported in this manuscript.

Because no independent reference elevations were available, vertical residuals were not
calculated and the formulas for ME, MAE, RMSE, and NMAD are not presented as implemented
analyses. The quality assessment was limited to visual examination of relief continuity, mosaic seams,
obvious phase-unwrapping artifacts, coherence patterns, and correspondence with major regional
morphostructural elements. This qualitative assessment does not establish absolute or relative vertical
accuracy.

A quantitative sensitivity analysis of coherence thresholds and hydro-conditioning parameters
was not performed. Therefore, the revised manuscript does not claim an optimized coherence cutoff,
an empirically selected Fill z-limit, or a measured trade-off between vertical error and retained area.
These analyses are identified as priorities for future validation work.

The third block represents GIS post-processing in ArcGIS. The extracted DEM tiles are
mosaicked, hydro-corrected, and transformed into derivative terrain products. Sink filling, flow
direction, and flow accumulation provide the basis for hydrological interpretation, while slope,
aspect, and hillshade support morphometric and geomorphological analysis. Therefore, the workflow
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links radar interferometry with applied GIS procedures and produces terrain datasets suitable for
hydrological analysis, flood-prone area assessment, slope-process interpretation, and territorial
planning (Figure 10).
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Figure 10. Detailed workflow for DEM construction from Sentinel-1 data with interferometric
processing in SNAP and subsequent post-processing in ArcGIS

3. Results
3.1. Spatial completeness and regional terrain representation

The processing chain produced regional Sentinel-1 INSAR-derived elevation mosaics for the
five selected regions. The final pixel spacing and valid-area proportions are not reported because
these values are not documented in the available raster metadata or quantitative processing records
supplied for the manuscript revision. White and discontinuous areas in the mosaic may reflect
incomplete scene coverage, low coherence, radar shadow, layover, or processing gaps; these causes
were not separated quantitatively and should not be interpreted as a single mapped class.

The color elevation map provides a regional overview of altitude, whereas the grayscale
elevation representation emphasizes tonal contrasts without changing the underlying elevation values.
The latter should not be described as an analytical hillshade unless illumination azimuth and altitude
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were explicitly applied. The principal plains, piedmont belts, intermontane basins, high mountain
areas, and major valley systems are visually distinguishable, but visual correspondence alone does
not establish vertical accuracy.

Relief differentiation was strongest in Almaty, Zhetysu, and East Kazakhstan, where steep
slopes, deep valleys, and radar-geometry effects also produced the largest masked fractions and the
highest vertical residuals. Zhambyl showed an intermediate pattern associated with piedmont
gradients, whereas Abai contained broader low-relief surfaces and shallow depressions. These
regional contrasts were evaluated quantitatively in the validation analysis rather than inferred only
from map appearance.

3.2. Qualitative quality assessment and uncertainty

Independent vertical-accuracy statistics were not calculated. The assessment was based on
qualitative examination of elevation continuity, agreement of major plains, piedmonts, mountain
belts, valleys, and watershed divides with their expected regional configuration, and identification of
visible seam, phase-unwrapping, shadow, and layover artifacts. These observations support regional
geomorphological interpretation but do not provide a numerical estimate of elevation error.

The principal uncertainty is expected in steep, vegetated, and low-coherence terrain,
particularly in mountain sectors of Almaty, Zhetysu, and East Kazakhstan. This expectation follows
from the known geometry of C-band repeat-pass INSAR and from the coherence patterns visible in
the processed scenes; it is not presented as a measured slope-dependent RMSE relationship. No
numerical comparison among slope or coherence classes is reported (Figures 11, 12).

68°0'E T2°0E 76°0'E 80°0'E 84°0'E 88°0'E
1 1 1 1 1

MAP OF ELEVATIONS ABOVE SEA LEVEL (M) IN THE
SOUTHEASTERN AND EASTERN KAZAKHSTAN KAZAKHSTAN

S1°0N
n

Akmola Region
e

T
48°0N

Aktobe Region

48°0'N
1

Elevation above Sea
Level (m)

B 0 - 250
I 250 - 450
I 450 - 700
I 700 - 900
[ 900 - 1 250
[0 12501500
[T 1500-1800
[J1800-2100
[2100-2500
[12500-2800
[ 2800-3 100
[ 3 100-3 500
I 3 500 - 3800
I 3 800 - 4 500

o ey £ - 4500 - 6 600

T
45°0N

45°0N
1

T
42°0N

T T T
68°0'E 72°0E 76°0'E 80°0'E 84°0'E

Figure 11. Overview elevation map for eastern and southeastern regions of Kazakhstan: color
representation of the digital elevation model

154



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

68°0'F 72°0'F 76°0'E 80°0'F $4°0'F 88°0'F
1 1 1 1 1

MAP OF ELEVATIONS ABOVE SEA LEVEL (M) IN THE
SOUTHEASTERN AND EASTERN KAZAKHSTAN KAZAKHSTAN f\

SI°0O'N
N

48°0'N

48°0'N
1

Elevation above Sea
Level (m)
B 0-250
B 250- 450

B 50- 700
''''''''''''''''''''' ; ! B 700 - 900

! B o00- 1250

B 1 250- 1500
B 1 500-1800
I 18002100
2100 -2 500
[ 2500-2800
[ 2800-3 100
[ 3100-3500 |
[ 3500-3800
[] 3800-4500
[] 4500-6600

Figure 12. Overview elevation map for eastern and southeastern regions of Kazakhstan: grayscale
hillshade representation of the digital elevation model

T
45°0'N

45°0'N

42°0N

4. Discussion

The practical value of the created DEM is determined by the role of relief as a controlling factor
of hydrological, geomorphological, agricultural, and infrastructure processes. In the selected regions,
elevation and slope determine the direction and speed of surface runoff, water accumulation, erosion
intensity, sediment transfer, and the spatial differentiation of land use (Sanders, 2007). Therefore, the
DEM should be considered a regional geoinformation layer that links remote sensing data with
applied planning tasks.

Published Sentinel-1 DEM studies show that baseline geometry, temporal decorrelation, slope,
vegetation, radar shadow, layover, and phase-unwrapping stability can substantially affect elevation
quality. These findings provide the scientific basis for interpreting uncertainty in the present regional
mosaics, but they cannot be used to assign numerical RMSE values to this dataset without direct
validation. The present results therefore remain a regional methodological demonstration rather than
a quantitatively validated accuracy study.

External DEM comparison also requires caution. Copernicus DEM GLO-30 and AW3D30 are
digital surface models and may contain vegetation and built structures, whereas hydrological terrain
analysis requires a representation closer to ground elevation. In addition, SRTM was used for terrain-
assisted co-registration. For these reasons, future comparison must use a common horizontal
reference system, a harmonized vertical datum, stable bare-ground samples, and an independent
validation design.

For hydrological applications, the product may support generalized relief zoning and
preliminary interpretation of broad watershed and runoff-concentration patterns only where the
elevation surface is spatially continuous and morphologically plausible. It does not support flood-
depth calculation, precise inundation boundaries, irrigation grading, road alignment, parcel-scale
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erosion-control design, or engineering decisions. Such applications require independently validated
higher-accuracy elevation data.

For the Almaty region, the DEM is particularly useful because the territory contains mountain,
piedmont, and plain zones. Relief controls flood runoff, temporary streams, alluvial fans, mudflow-
prone channels, and sediment transport. The model supports the identification of depressions, channel
incisions, potential runoff pathways, and areas where water regulation measures may be required. For
agricultural landscapes, slope and aspect derived from the DEM can be used to interpret soil moisture
redistribution and erosion risk.

For the Zhetysu region, the practical significance of the DEM is associated with the close
interaction of mountain systems, intermontane surfaces, and cultivated areas. The model can be used
to delineate slope systems, detect local depressions, identify watershed lines, and analyze areas where
temporary waterlogging or surface runoff concentration may occur. This is also important for
irrigation planning because minor elevation differences may determine the direction of water
distribution and the potential risk of secondary waterlogging.

For the Zhambyl region, the DEM is useful in assessing transitional zones between lowland
plains, foothills, and mountain slopes. Such zones are sensitive to linear erosion, runoff concentration,
and changes in land-use organization. The model supports contour-based land management, anti-
erosion planning, identification of areas with concentrated flow, and assessment of locations where
short-term flooding can occur during intense precipitation events.

For the Abai region, the DEM is valuable even where relief contrast is lower. In relatively
smooth landscapes, shallow depressions, weakly expressed talwegs, and local closed areas can
influence seasonal moisture accumulation, pasture condition, and the stability of land use. These
forms may be poorly visible on generalized topographic materials, but they can be detected and
interpreted using DEM-based derivatives.

For the East Kazakhstan region, the DEM has the highest importance because the area contains
complex mountain relief, strong elevation gradients, and dense valley systems. Terrain modeling is
necessary for slope hazard assessment, watershed analysis, surface runoff scenarios, transport
accessibility, and infrastructure planning. In mountain environments, hillshade and slope products
are particularly useful for visualizing ridges, valley walls, and areas with potential gravitational or
fluvial processes (Chen & Zebker, 2002).

The methodological limitation of the study must be stated clearly. It would be incorrect to
describe a DEM derived only from Sentinel-1 as a centimeter-level model. Sentinel-1 INSAR can
provide valuable regional terrain information, but the final product remains dependent on radar
wavelength, acquisition geometry, coherence, processing parameters, and the scale of analysis. For
local engineering design, detailed flood modeling, and microrelief mapping, additional high-precision
data sources such as LIDAR, UAV photogrammetry, or ground geodetic surveys are required. Thus,
the model produced in this study is best interpreted as a regional analytical DEM suitable for
overview, planning, and preliminary risk assessment.

5. Conclusion

This study documented a standardized Sentinel-1 repeat-pass INSAR workflow for regional
elevation mapping in Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. The workflow
produced elevation mosaics that represent the principal regional plains, piedmont belts, intermontane
basins, mountain systems, and valley networks. No independent GNSS, geodetic, ICESat-2, or
equivalent vertical-reference dataset was available; therefore, ME, MAE, RMSE, NMAD, percentile
errors, slope-stratified errors, and validated coherence thresholds were not calculated.

The scientific contribution is the regional implementation and critical limitation analysis of a
common InSAR processing workflow rather than a new algorithm or a quantitatively demonstrated
accuracy improvement. The resulting product is suitable only for generalized regional terrain
screening, cartographic visualization, and preliminary geomorphological interpretation. Its nominal
raster structure and visual consistency do not establish vertical accuracy.
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The product is not suitable for local flood-depth modeling, precise inundation delineation,
irrigation grading, road or infrastructure design, or microrelief mapping without independent
validation and higher-accuracy elevation data. Future work should integrate LIiDAR, UAV
photogrammetry, GNSS or geodetic control, and ICESat-2 sampling; document complete SNAP and
SNAPHU parameters; harmonize vertical datums; and quantify error by slope, coherence, land cover,
and region.

6. Supplementary Materials
The original contributions presented in this study are included in the article. Further inquiries can be
directed to the corresponding author.

7. Author Contributions

Conceptualization - R.A., A.A.; methodology - A.A., R.A.; software - A.A., D.A,; validation -
AA., RA., G.K. formal analysis - A.A., G.K.; investigation - R.A., A.A., D.A., A.M.; resources -
R.A., J.S.; data curation - A.A., D.A.; writing - original draft preparation - A.A., R.A.; writing -
review and editing - G.K,, J.S., D.A., A.M.; visualization - A.A., D.A.; supervision - J.S.; project
administration - R.A. All authors have read and agreed to the published version of the manuscript.

8. Authors’ Information

Arystanov, Asset - Farabi University, Faculty of Geography and Environmental Sciences, 71
al-Farabi, Almaty, Kazakhstan, 050040; asset.arystanov@kaznu.edu.kz, https://orcid.org/0009-0000-
0341-5381

Arystanova, Ranida - Kazakh British Technical University, Laboratory of Advanced Electronic
Developments, Almaty, Kazakhstan, 050000; Farabi University, Faculty of Geography and
Environmental Sciences, 71 al-Farabi, Almaty, Kazakhstan, 050040; r.arystanova@kbtu.kz,
arystanova_ranida2@live.kaznu.kz, https://orcid.org/0009-0002-0711-2251

Kabzhanova, Gulnara - LLP “Skyterra”, 38 Alikhan Bokeikhan St., Astana, Kazakhstan,
010000; g.kabzhanova@skyterra.ai, https://orcid.org/0000-0001-7002-4591

Sagin, Janay - Kazakh British Technical University, Laboratory of Advanced Electronic
Developments, Almaty, Kazakhstan, 050000; Western Michigan University, Department of
Geological and Environmental Sciences, Kalamazoo, Michigan, USA, 49008; j.sagin@kbtu.kz,
jay.sagin@wmich.edu, https://orcid.org/0000-0002-0386-888X

Kutymova, Nuray - Farabi University, Faculty of Geography and Environmental Sciences, 71
al-Farabi, Almaty, Kazakhstan, 050040; kutymovanurail5@gmail.com, https://orcid.org/0009-0000-
7214-1708

Abdikhalykova, Dariga - Farabi University, Faculty of Geography and Environmental
Sciences, 71 al-Farabi, Almaty, Kazakhstan, 050040; abdikhalykovadariga2023@gmail.com

Mamayeva, Aikerim - Farabi University, Faculty of Geography and Environmental Sciences,
71 al-Farabi, Almaty, Kazakhstan, 050040; aikerim2091@gmail.com

9. Funding: This research was funded by the Kazakh Ministry of Science, grant number BR27197639
— Flood-drought mitigation innovations with managed aquifer recharge hydrogeological strategies
for the Zhambyl, Almaty, Zhetysu, Abay, and East Kazakhstan regions.

10. Acknowledgements: The authors acknowledge the use of Sentinel-1 data provided through the
Copernicus Programme and the open-source SNAP software developed by the European Space
Agency.

11. Conflicts of Interest: The authors declare no conflicts of interest.

157


mailto:asset.arystanov@kaznu.edu.kz
https://orcid.org/0009-0000-0341-5381
https://orcid.org/0009-0000-0341-5381
mailto:r.arystanova@kbtu.kz
mailto:arystanova_ranida2@live.kaznu.kz
https://orcid.org/0009-0002-0711-2251
mailto:g.kabzhanova@skyterra.ai
https://orcid.org/0000-0001-7002-4591
mailto:j.sagin@kbtu.kz
mailto:jay.sagin@wmich.edu
https://orcid.org/0000-0002-0386-888X
mailto:kutymovanurai15@gmail.com
https://orcid.org/0009-0000-7214-1708
https://orcid.org/0009-0000-7214-1708
mailto:abdikhalykovadariga2023@gmail.com
mailto:aikerim2091@gmail.com

A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

12. References

1. Arystanov, A., Karabkina, N., Sagin, J., Nurguzhin, M., King, R., & Bekseitova, R. (2024). Use of
indices applied to remote sensing for establishing winter—spring cropping areas in the Republic
of Kazakhstan. Sustainability, 16(17), 7548. https://doi.org/10.3390/su16177548

2. Arystanov, A., Sagin, J., Karabkina, N., Arystanova, R., Yermekov, F., Kabzhanova, G.,
Bekseitova, R., Aktymbayeva, A., & Kutymova, N. (2025). Automatic classification of
agricultural crops using Sentinel-2 data in the rainfed zone of Southern Kazakhstan. Agronomy,
15(9), 2040. https://doi.org/10.3390/agronomy15092040

3. Arystanov, A., Arystanova, R., Boribay, E., Sagin, J., Karabkina, N., Sarsekova, D., Perzadayeva,
A., Munaitpassova, A., Yelikbayeva, S., & Tleubekuly, E. (2026). Interannual dynamics of
fallow land extent in North Kazakhstan based on Sentinel-2 data for the recent period (2021—
2025). Agronomy, 16(10), 1008. https://doi.org/10.3390/agronomy16101008

4. Arystanov, A., Sagin, J., Kabzhanova, G., Sarsekova, D., Bekseitova, R., Molzhigitova, D.,
Balkozha, M., Yeleuova, E., & Satvaldiyev, B. (2026). Winter cereal re-sowing and land-use
sustainability in the foothill zones of Southern Kazakhstan based on Sentinel-2 data.
Sustainability, 18(2), 1053. https://doi.org/10.3390/su18021053

5. Bamler, R., & Hartl, P. (1998). Synthetic aperture radar interferometry. Inverse Problems, 14(4),
R1-R54. https://doi.org/10.1088/0266-5611/14/4/001

6. Burgmann, R., Rosen, P. A., & Fielding, E. J. (2000). Synthetic aperture radar interferometry to
measure Earth’s surface topography and its deformation. Annual Review of Earth and Planetary
Sciences, 28, 169-209. https://doi.org/10.1146/annurev.earth.28.1.169

7. Chen, C. W., & Zebker, H. A. (2002). Phase unwrapping for large SAR interferograms: Statistical
segmentation and generalized network models. IEEE Transactions on Geoscience and Remote
Sensing, 40(8), 1709-1719. https://doi.org/10.1109/TGRS.2002.802453

8. Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., Kobrick, M., Paller, M.,
Rodriguez, E., Roth, L., Seal, D., Shaffer, S., Shimada, J., Umland, J., Werner, M., Oskin, M.,
Burbank, D., & Alsdorf, D. (2007). The Shuttle Radar Topography Mission. Reviews of
Geophysics, 45(2), RG2004. https://doi.org/10.1029/2005RG000183

9. Foumelis, M., Delgado Blasco, J. M., Desnos, Y .-L., Engdahl, M., Fernandez, D., Veci, L., Lu, J.,
& Wong, C. (2018). ESA SNAP-StaMPS integrated processing for Sentinel-1 persistent
scatterer interferometry. In IGARSS 2018-2018 IEEE International Geoscience and Remote
Sensing Symposium (pp. 1364-1367). https://doi.org/10.1109/IGARSS.2018.8519545

10. Hanssen, R. F. (2001). Radar interferometry: data interpretation and error analysis. Kluwer
Academic Publishers. https://doi.org/10.1007/0-306-47633-9

11. Hawker, L., Uhe, P., Paulo, L., Sosa, J., Savage, J., Sampson, C., & Neal, J. (2022). A 30 m global
map of elevation with forests and buildings removed. Environmental Research Letters, 17(2),
024016. https://doi.org/10.1088/1748-9326/ac4d4f

12. Kabzhanova, G., Arystanova, R., Bissembayev, A., Arystanov, A., Sagin, J., Nasiyev, B., &
Kurmasheva, A. (2025). Remote sensing applications for pasture assessment in Kazakhstan.
Agronomy, 15(3), 526. https://doi.org/10.3390/agronomy15030526

13. Kyrgyzbay, K., Usmanov, T., Sagin, J., Duisebek, B., Arystanova, R., Kulbekova, S., Utepov, A.,
& Amanzholova, R. (2026). Spatial assessment of flood susceptibility in the Abai Region,
Kazakhstan. Water, 18(7), 817. https://doi.org/10.3390/w18070817

14. Massonnet, D., & Feigl, K. L. (1998). Radar interferometry and its application to changes in the
Earth’s surface. Reviews of Geophysics, 36(4), 441-500. https://doi.org/10.1029/97RG03139

15. Moretti, G., & Orlandini, S. (2018). Hydrography-driven coarsening of grid digital elevation
models. Water Resources Research, 54(5), 3654-3672.
https://doi.org/10.1029/2017WR021206

16. Mukanov, Y., Arystanova, R., Sagin, J., Samarkhanov, K., Usmanov, T., Baisholanov, S.,
Arystanov, A., Koshim, A., Duisebek, B., & Zhukenova, A. (2026). A statistical analysis of
multi-decadal trends in temperature, precipitation and drought indices in Eastern and

158



https://doi.org/10.3390/su16177548
https://doi.org/10.3390/agronomy15092040
https://doi.org/10.3390/agronomy16101008
https://doi.org/10.3390/su18021053
https://doi.org/10.1088/0266-5611/14/4/001
https://doi.org/10.1146/annurev.earth.28.1.169
https://doi.org/10.1109/TGRS.2002.802453
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1109/IGARSS.2018.8519545
https://doi.org/10.1007/0-306-47633-9
https://doi.org/10.1088/1748-9326/ac4d4f
https://doi.org/10.3390/agronomy15030526
https://doi.org/10.3390/w18070817
https://doi.org/10.1029/97RG03139
https://doi.org/10.1029/2017WR021206

A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

Southeastern Kazakhstan between 1981 and 2023. Agronomy, 16(11), 1097.
https://doi.org/10.3390/agronomy16111097

17. Pike, R. J., Evans, I. S., & Hengl, T. (2009). Geomorphometry: a brief guide. In T. Hengl & H. I.
Reuter (Eds.), Geomorphometry: concepts, software, applications (Developments in Soil
Science, Vol. 33, pp. 3-30). Elsevier. https://doi.org/10.1016/S0166-2481(08)00001-9

18. Reuter, H. I., & Nelson, A. D. (2009). Geomorphometry in ESRI packages. In T. Hengl & H. I.
Reuter (Eds.), Geomorphometry: concepts, software, applications (Developments in Soil
Science, Vol. 33, pp. 269-291). Elsevier. https://doi.org/10.1016/S0166-2481(08)00011-1

19. Sanders, B. F. (2007). Evaluation of on-line DEMs for flood inundation modeling. Advances in
Water Resources, 30(8), 1831-1843. https://doi.org/10.1016/j.advwatres.2007.02.005

20. Sarsekova, D., Sagin, J., Perzadayeva, A., Arystanova, R., Arystanov, A., Kezheneva, A,
Jumassultanova, S., Satybaldiyeva, G., & Ospangaliyev, A. (2026). Farmers’ land sustainability
improvement with soil, geology, and water retention assessment in North Kazakhstan.
Sustainability, 18(3), 1316. https://doi.org/10.3390/su18031316

21. Tarboton, D. G. (1997). A new method for the determination of flow directions and upslope areas
in grid digital elevation models. Water Resources Research, 33(2), 309-319.
https://doi.org/10.1029/96WR03137

22. Torres, R., Snoeij, P., Geudtner, D., Bibby, D., Davidson, M., Attema, E., Potin, P., Rommen, B.,
Floury, N., Brown, M., Navas Traver, I., Deghaye, P., Duesmann, B., Rosich, B., Miranda, N.,
Bruno, C., L’Abbate, M., Croci, R., Pietropaolo, A., Huchler, M., & Rostan, F. (2012). GMES
Sentinel-1 mission. Remote Sensing of Environment, 120, 9-24.
https://doi.org/10.1016/j.rse.2011.05.028

23. Yague-Martinez, N., Prats-lraola, P., Gonzalez, F. R., Brcic, R., Shau, R., Geudtner, D., Eineder,
M., & Bamler, R. (2016). Interferometric processing of Sentinel-1 TOPS data. IEEE
Transactions on  Geoscience and  Remote  Sensing, 54(4), 2220-2234.
https://doi.org/10.1109/TGRS.2015.2497902

24. Yamazaki, D., Ikeshima, D., Tawatari, R., Yamaguchi, T., O’Loughlin, F., Neal, J. C., Sampson,
C. C, Kanae, S., & Bates, P. D. (2017). A high-accuracy map of global terrain elevations.
Geophysical Research Letters, 44(11), 5844-5853. https://doi.org/10.1002/2017GL072874

25. Yamazaki, D., lkeshima, D., Sosa, J., Bates, P. D., Allen, G. H., & Pavelsky, T. M. (2019).
MERIT Hydro: A high-resolution global hydrography map based on latest topography dataset.
Water Resources Research, 55(6), 5053-5073. https://doi.org/10.1029/2019WR024873

26. Zhou, Q., & Chen, Y. (2011). Generalization of DEM for terrain analysis using a compound
method. ISPRS Journal of Photogrammetry and Remote Sensing, 66(1), 38-45.
https://doi.org/10.1016/j.isprsjprs.2010.08.005

Ka3akcTaHHBIH IIBIFBIC KOHE OHTYCTIK-IIBIFBIC OHIPJIEpPiHAe T'HMIAPOJIOTrMSAJIbIK
TajJIay MEH ayMaKThIK KOCHapJiay MiHAETTepi YUIiH :Kep OeaepiH HUPPJIIBIK
MoOJebAeY

Acer ApbicTtaHoB, Panuga ApbicranoBa, I'ynbHapa Ka6:xanoBa, Kanaii Carun, lapura
AOmmnxaabiKoBa, AlikepiMm MamaeBa

Anparna: Makanana Kazakcranusiy Anmartsel, XKericy, KamObin, AGait sxone Llbirbic Kazakcran
obneicTapsl yinin Sentinel-1 SLC paguonokaiusuibiK AepeKkTepi HeTi3iHje jxep OeaepiHiH MU PIbIK
MOJICNIIH KYpPYy OAicTeMeci YCBIHBIIAAbl. 3epTTeyIiH MaKcaThl TMIPOJIOTHSIIBIK Talfay, *KepycTi
aFrbIHBIH Oarajay, BIKTUMAJ Cy KHHAJTy oHe Cy 0acy ailMaKTapblH ailKpIHIAY, MOP()OMETPHUSITBIK
CUIMaTTamajapAbl LIBIFApy JKOHE ayMaKThIK JKOCHapiayabl KEHICTIKTIK HEri3fiey YIIIH OHIpIiK
reoaKnaparTelk penbed KabGaThiH KanmemTacTelpy Oosmbl. JKymbicta SNAP  opTachkiHIarsl
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unrepdepomerpusuibik oHAey xkoHe ArcGIS-tarst DEM mocrenneyi Oipikripinmi. Sentinel-1
KYNTApbl TYCIPUIIM yaKbITBl, OpOMTa COMKECTIri, CaJIbICTHIpMaJIbl OpOWTa, Oa3ayIbIK CBhI3BIK,
KEHICTIKTIK KaOBICy >XOHE KOTepeHTTUIK OOWBbIHINA TaHAaiabl. OHAey Ti30eri MmeraaepexTepi
tekcepyai, S-1 Back Geocoding, ESD ty3eryin, untepdeporpamMmma MEH KOTEPEHTTIIIK KaOaThIH
Kypyasl, Goldstein ¢dazanbik cysrineyni, SNAPHU apkbuibl ¢a3aHbl ka3yibl, T€OKOITAY/BI,
MoO3aMKaJay/bl, THAPOKOPPEKIIUIHBI KoHE eHicTiK, skcro3unus, hillshade, flow direction xone flow
accumulation kabaTTapbIH anyIsl KaMThIbl. HoTrkenep 3epTrey ayMarbIH A Ka3bIK, TayallIbl )KOHE
Tayjabl alMaKTapAblH aWKblH OWIKTIK >KOHE MOPQOKYPBUIBIMIBIK aWbIpMAIIbUIBIFBIH KOPCETTI.
Kypburran Mozenbp Cy JKHHAYy ananTapblH Oeiyyre, 53po3WsiFa Kapchl >KOCHapiayra, aybll
[IapYyalIbUIBIFEl  JTaHIIIA(QTTAPbIH KOHTYPJIBIK YHBIMAACTBIPYFa JXKOHE Cy 0acy CICHAapHIIepiH
JalblHAayFa KapaMIbl OHIPIIK aHATUTUKANBIK Heri3 Oonbim TaObutagel. CoHBIMEH Oipre
cantumeTpimik goamik yuria LIDAR, ¥¥A ¢ororpaMMeTpuscel HEMECE KEPYCTI Ie0C3USIIBIK
eJeyaepiMeH OIpiKTipy KaKeT.

Tyiiin ce3mep: Sentinel-1; INSAR; xep Oenepinin udpasik moxeni; DEM; SNAP; ArcGlIS;
THIPOJIOTHSIIBIK Talay; ayMaKThIK xocmapiay; KasakcraH.

Hudposoe MmogeupoBanue pejabeda s 3aa4 THAPOJOTMYECKOT0 AHAIN3A U
TePPUTOPHUAJIBHOIO IJIAHMPOBAHUS B BOCTOYHBIX U HOI0-BOCTOYHBIX PEerHoHax
Kaszaxcrana

Acer ApsbictanoB, Panuna ApseicranoBa, I'yibnapa KaOxkanoBa, Kanaii Carun, Japura
A0auxanabiKoBa, Alikepim MamaeBa

AHHOTanusi: B craThe mnpejcTaBieHa METOJMKA PErHOHAIBHOTO IM(POBOrO MOAEIMPOBAHUS
penbeda 1Mo JaHHBIM paanoiokannoHHo# chemku Sentinel-1 SLC mis Anvaturckoi, JKeTricyckoii,
JKamoOnbiickoit, Adaiickoi 1 Bocrouno-Kazaxcranckoii o0nacrei. Llenb ucciaeqoBanms 3aKkiodaiach
B CO3JIaHUH T€OMH(DOPMAITMOHHONW OCHOBBI JUISI THIPOJIOTHYECKOTO aHAIN3a, OLEHKH HaIlpaBIeHUN
MOBEPXHOCTHOT'O CTOKA, BBIABJICHUS MOTEHIMAIbHBIX 30H AKKyMYJSILIMM BOJBI U IOATOINJICHMS,
MOpP(GOMETPUYECKOTO aHaIM3a W TEPPUTOPHATIBHOTO IUIAHUPOBAHUS B YCIOBHAX COYETAHUS
PaBHMHHBIX, IPEATOPHBIX U TOPHBIX JaHAMAPTOB. MeToanka 00beIMHAeT HHTEPPEPOMETPUIECKYIO
obpabotky B SNAP u mocneayroryio nocrtoopaborky DEM B ArcGIS. TTogoop map Sentinel-1
BBINOJIHAJICSL C YUETOM BPEMEHHOI'0 MHTEpBaja, COBMNAJCHUS OpPOUTHI M OTHOCHUTEIBHOM OpPOUTHI,
JUIMHBI 0a30BOM JIMHUU, IPOCTPAHCTBEHHOTO NEPEKPBITHS U 05KHU1aeMOoi KorepeHTHocTH. OOpaboTka
BKJIOYAJIa MPOBEPKY MeTanaHHbixX, S-1 Back Geocoding, koppekimto Enhanced Spectral Diversity,
nocTpoeHre uHTepdeporpamMmmbl U ciosi korepentHoctu, Goldstein Phase Filtering, dasoByio
pa3Beptky B SNAPHU, reokoaupoBanue, Mo3auuHOe OOBbETUHEHHE, THAPOKOPPEKIIUIO U pacyeT
npou3BoaHbIx cioeB Slope, aspect, hillshade, flow direction u flow accumulation. TTonxyuentsie
KapThl TOKa3bIBAIOT BBIPQKEHHYIO BBICOTHYIO M MOPQOCTPYKTYpHYIO AH(QepeHIHauto
TEPPUTOPUH, XOPOIIIO PA3JIEISIOT paBHUHHBIE, TIPEATOPHBIE U TOPHBIE 30HBI, & TAK)KE ITOIICPKUBAIOT
MHTEPIPETAIMIO BOAOPA3/IENIOB, TAIbBETOB U JOJIMHHBIX CUCTEM. MOJENb MOXKET HUCIOIb30BATHCS
IUIE BBIICJICHUST BOAOCOOPOB, TPOTHBOAPO3MOHHOTO IUIAHHPOBAHUS, KOHTYPHOW OpraHH3aIud
arposanmagdToB U MOATOTOBKH CIIEHApUEB OIEHKH noaroriieHus. [Ipu 3ToM pesynbrar ciemayer
paccMaTtpuBaTh Kak perMoHalbHYyI0 aHanuTuyeckyro DEM; cantumerpoBas aeranuzanus TpeOyer
unrerpanuu ¢ LIDAR, BITJIA-poTorpamMeTpueli WM Ha3eMHO I'e0/1e3UYeCKON ChEMKOH.

KarwoueBsie caoBa: Sentinel-1; INSAR; mudposas monmens penveda; DEM; SNAP; ArcGIS;
THIPOJIOTHYECKNH aHAIIN3; TEPPUTOpHATIbHOE TUTaHupoBanue; KazaxcraH.
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