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ABSTRACT

Urban flooding represents a recurring and devastating civil infrastructure challenge across rapidly developing
municipal clusters in India. This major project presents a comprehensive, data-driven geospatial framework
designedto assess, simulate, and manage stormwater dynamics within complex urban environments. By combining
Synthetic Aperture Radar (SAR) tracks from Sentinel-1 with multi-spectral datasets from Sentinel-2, the research
isolates open water bodies from temporary flood inundation boundaries, eliminating historical weather-dependent
blind spots during active monsoons. To ground-truth these processed layers, systematic field reconnaissance surveys
were conducted across critical flood-prone sectors of Bhopal, tracking physical parameters, debris blockages, and
hydraulic channel failures.

Key Words: Remote Sensing, Geographic Information System, Urban Flooding, Catchment Delineation,
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I. INTRODUCTION

1.1 Background of Urban Flooding in Indian Metropolises

* Urban flooding has emerged as an increasingly severe and disruptive structural crisis across contemporary
Indian metropolitan zones. Unlike traditional riverine flooding, which is typically characterized by slow -rising
water levels within extensive natural drainage basins, urban flooding is highly localized, sudden, and primarily
driven by human-induced modifications to land use. Over the past decade, a distinct meteorological shift has
been observed across central and northern India, leading to a marked increase in high -intensity, short-duration
convective rainfall events and localized cloudbursts.

*  When dense urban centers experience precipitations ranging from 90 mm to 150 mm within a single 24 -hour
window, the local hydrological balance is completely overwhelmed. The fundamental structural challenge lies
in the rapid and unchecked horizontal expansion of modern cities, which has historically proceeded with
minimal regard for natural hydro-geological layouts and land contours. Natural water retention bodies,
seasonal wetlands, agricultural catchments, and open low-gradient green spaces have been progressively
paved over or directly encroached upon by real estate and infrastructure projects.

» This extensive land-use alteration has drastically shifted the catchment surface characteristics. By introducing
vast layers of asphalt, concrete pavements, and rooftop areas, the overall catchment Imperviousness Multiplier
has been artificially raised to critical values between 0.85 and 0.95. Mathematically, this transformation halts
the natural infiltration process, preventing water from percolating down into sub-surface soil matrices or
replenishing groundwater aquifers. Consequently, instead of being absorbed naturally, over 90% of the active
storm precipitation volume is instantaneously converted into surface runoff, which rushes directly into the
municipal drainage infrastructure.
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1.2 Role of Remote Sensing (RS) and GIS in Civil Infrastructure

Geospatial technologies have fundamentally transformed the field of structural hydraulic engineering by
replacing traditional manual interpolation loops with high-resolution, multi-sensor digital observation
networks. Remote Sensing (RS) platforms operating from orbit provide civil engineers with high -frequency,
multi-temporal datasets across broad municipal boundaries. This capability allows for the systematic
identification of active flood inundation zones, surface water transitions, and structural choke points that
would otherwise remain inaccessible during severe weather events.

Geographic Information Systems (GIS) serve as the essential analytical engine required to ingest, manage, and
model these multi-layered spatial data frameworks. Within a GIS environment, a civil engineer can
dynamically superimpose diverse spatial datasets, including high-resolution Digital Elevation Models,
cadastral property boundaries, soil classification vectors, and dynamic land-use maps. This analytical
integration allows municipal bodies to model flow accumulation paths, calculate specific sub -catchment
boundaries, and accurately map urban drainage divides. By applying predictive spatial analytics, structural
planners can transition away from traditional, reactive disaster recovery operations and toward highly
proactive infrastructure optimization programs.

1.3 Limitations of Traditional Empirical Drainage Models

* Conventional urban storm drainage networks across most Indian cities are currently under-designed and highly

vulnerable to failure because they continue to rely on outdated empirical formulations. The legacy Rational
Method ($Q = CIAS), while computationally simple, is heavily dependent on static rainfall coefficients and
idealized runoff variables established over thirty years ago. These legacy calculations operate under the flawed
assumption that rainfall is uniformly distributed across space and time during a storm event. Such
simplifications fail completely when applied to multi-layered urban cloudbursts, where localized rainfall
intensities can vary drastically within a distance of just a few kilometers.

* Furthermore, traditional engineering models are completely static and fail to account for the physical

deterioration of urban drainage structures over time. They do not simulate active cross-sectional narrowing
caused by heavy siltation or the continuous accumulation of municipal solid waste within unlined channels.
Unchecked waste disposal drastically increases the channel's boundary resistance, driving Manning's
roughness coefficient ($n$) far beyond its initial design value. When high-frequency peak runoff flows enter
these compromised channels, the system's dynamic carrying capacity is rapidly saturated. This restriction
triggers extreme hydraulic backwater wave surges that travel upstream, resulting in widespread overtopping at
manholes, structural basement flooding, and the prolonged submergence of critical transport links.

II. LITERATURE REVIEW

2.1 Evaluation of Microwave Radar (SAR) vs. Optical Multi-Spectral Sensors

Modern hydraulic engineering and disaster mitigation literature places a premium on the application of Synthetic
Aperture Radar (SAR) tracking arrays over traditional optical multi-spectral sensors during active monsoon
phases. Pioneer research conducted by Schumann et al. (2018) clearly demonstrates that spaceborne optical
systems, such as Landsat-9 or the Sentinel-2 Multi-Spectral Instrument, face severe operational constraints due to
persistent cloud layers and heavy atmospheric water vapor during severe convective storms. Because optical
sensorsrely on the detection of reflected solar radiation in the visible and near-infrared spectrums, dense cloud
cover creates a complete data blind spot, preventing the acquisition of surface information precisely when real -
time flood monitoring is most critical.

To bypass these atmospheric limitations, contemporary research utilizes active microwave radar platforms. SAR
instruments operating on the C-band frequency (5.405 GHz) emittheir own microwave pulses, which seamlessly
penetrate through cloud decks, active rain cells, and heavy urban fog layers. When these microwave pulses strike
the Earth's surface, the sensor measures the amplitude and phase of the backscattered signal ($\sigma”08$). Open,
stagnant water surfaces act as specular reflectors, bouncing the radar energy away from the sensor and resulting in
a very low backscatter response, which appears as dark pixels on radar imagery. Conversely, surrounding urban
structures, asphalt surfaces, and vegetation create diffuse scattering or double-bounce reflections, yielding highly
bright pixels. This stark contrastallows automated segmentation algorithms to isolate active flood boundaries

https://www.ijrtsm.com®© International Journal of Recent Technology Science & Management
41


https://www.ijrtsm.com/

THOMSON REUTERS ISSN . 24’55'9679

[Dheeraj etal., 11(6), June 2026] SJIF Impact Factor : 6.190

with high geometric precision.

2.2 Multi-Temporal Satellite Analytics for Inundation Extraction

According to extensive research published by Bhatt et al. (2021), the deployment of multi -temporal satellite
analyticsis an absolute necessity for precision disaster tracking and damage assessment. A single post-flood
satellite layeris insufficient for accurate modeling, as it cannot differentiate between permanent water bodies
(such as perennial rivers, natural reservoirs, and lakes) and temporary storm-induced surface water logging. To
resolve this ambiguity, a dual-raster algebraic change-detection pipeline must be established.

Engineers first process a pre-monsoon baseline image captured during dry seasonal conditions to map the stable,
permanent hydrological profile of the study area. This baseline is then mathematically subtracted from an active
post-flood or mid-monsoon raster layer. The resulting difference image isolates transient flood waters with high
accuracy. This dynamic change-detection matrix provides municipal authorities with a clear, time- series record
of flood propagation, allowing emergency response teams to optimize evacuation routing and avoid hazardous
bottleneck zones.

2.3 Vertical Terrain Model Limitations and Accuracy Checks using DEM

The absolute accuracy of vertical terrain parameters within a Digital Elevation Model (DEM) directly influences
the reliability of geospatial hydraulic routing engines. Standard international civil frameworks, including the
United States NRCS Technical Guidelines (2019), emphasize that in low-gradient alluvial basins, even a minor
vertical deviation of 0.5 to 1 meter can drastically distort the computed flow accumulation pathways and stream
sink models. If a DEM contains artificial pits or height anomalies caused by dense tree canopies or urban
structures, the routing algorithms will erroneously predict water pooling in areas that are topographically safe in
reality.

To minimize these vertical errors, modern frameworks utilize highly validated datasets like the Copernicus 30-
meter Global DEM. This elevation model undergoes advanced edited terrain filtering to remove surface canopy
features, providing a closer approximation of the true bare-earth topography. By running specialized pit-filling
algorithms, civil engineers can eliminate micro-depressions and trace uninterrupted flow vectors. When these
refined terrain layers are dynamically combined with high-resolution land-cover matrices, variations in the storm
hydrograph canbe accurately modeled hours before a physical flash flood manifests across urban infrastructure
lines.

2.4 Modern Integration Trends: Hydrodynamic Simulators and Geospatial Frameworks

Recent advancements in hydroinformatics focus on establishing seamless, bidirectional data links between multi -
dimensional hydrodynamic simulation software and cloud-based GIS architectures. Historically, models like the
United States Army Corps of Engineers HEC-RAS (River Analysis System) and the Environmental Protection
Agency SWMM (Storm Water Management Model) operated as isolated desktop applications. Engineers were
forced to manually format, export, and convert terrain parameters, cross-sectional vectors, and boundary
roughness values, which introduced a high risk of manual translation errors.

Modern trends overcome this limitation by utilizing direct APl integrations and unified spatial data engines. This
setup allows for the automated transfer of geometric and hydraulic variables. For example, Manning's roughness
coefficient ($n$) across complex urban networks can now be dynamically updated in real time within a HEC-
RAS engine based on active land-use maps or field maintenance logs. If an unlined earth channel suffers from
severe siltation or plastic waste blockages, its roughness value can be modified in the GIS database, instantly
updating the hydrodynamic simulation to reflect the reduction in safe channel capacity and the increased risk of
backwater wave propagation.

III. METHEDOLOGY

Phase 3.1: Spatial and Satellite Data Acquisition Curation

Multi-Sensor Procurement Protocol:- The foundational phase involves the scientific gathering of
heterogeneous geospatial layers from premier open-access earth observation catalogs. Microwave active
sensor datasets consisting of Sentinel-1 Synthetic Aperture Radar (SAR) Ground Range Detected (GRD)
products are systematically downloaded from the European Space Agency (ESA) Copernicus Open Access
Hub.

Multispectral Band Selection:- Simultaneously, Cloud-free Level-2A (Bottom-Of-Atmosphere reflected)
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multispectral image scenes from Sentinel-2 platforms are procured to gather vital vegetative and surface
reflectivity metrics. The temporal selection of these data tracks is strictly aligned with the maximum localized
precipitation events registered during peak monsoon cycles.

»  Topographic Elevation Sourcing:- To compute high-fidelity watershed flow patterns, standard high-accuracy
Digital Elevation Models (DEMs) are acquired from the United States Geological Survey (USGS)
EarthExplorer node. This provides the elevation baseline necessary to execute spatial slope matrices and
absolute vertical relief profiling.

Phase 3.2: Radiometric and Geometric Pre- Processing Line

* Microwave SAR Data Corrections:- Raw radar imagery requires extensive algorithmic corrections due to
active atmospheric distortion and structural system geometries. The imagery undergoes orbital file refinement
using precise ephemeris parameters, followed by severe Thermal Noise Removal to clear edge artifacts across
cross-polarized (VH/VV) data channels.

* Radiometric Calibration Workflow:- Radiometric calibration is applied to transform arbitrary digital numbers
into true radar backscattering coefficients, structurally annotated as Sigma Nought (c0) expressed in decibels
(dB). This calibration ensures mathematical comparability of land surface responses across multiple temporal
cycles.

»  Terrain and Speckle Filtering:- Range Doppler Terrain Correction is performed against a 30m DEM layer to
adjust for topographical distortions like foreshortening and layover. Finally, a specialized 7x7 Refined Lee
speckle filter is applied over the data grid to eliminate high-frequency salt-and-pepper noise while completely
protecting localized micro-structural boundaries.

Phase 3.3: Spectral Feature Extraction and Indexing

*+  MNDWI Mathematical Execution:- To delineate surface water distribution patterns with supreme clarity
across complex concrete urban setups, the Modified Normalized Difference Water Index (MNDWI) is
executed over the multispectral matrix. The dynamic index is evaluated using the following equation:
MNDWI = (Green — SWIR) / (Green + SWIR), utilizing the green reflectance band and short-wave infrared
band to isolate open water layers while suppressing the spectral confusion typically caused by high -density
built-up features.

*  Supervised Classification for LULC:- Land Use / Land Cover (LULC) maps are generated via advanced
Supervised Machine Learning algorithms (Random Forest/Maximum Likelihood). The regional urban terrain
is classified into distinct thematic segments: Impervious Concrete Formations, Open Soil Layers, Dense
Vegetation Covers, and Active Water Features.

* Impervious Surface Matrix:- The extracted impervious layer acts as a direct engineering runoff multiplier
since paved surfaces minimize infiltration rates and accelerate the initial time-of-concentration for stormwater
systems.

Phase 3.4: Digital Elevation Hydro-Processing & Catchment Delineation

*  Hydrological DEM Optimization:- The raw elevation dataset undergoes a structural Fill operation within a
GIS desktop environment to patch localized sinks, depressions, and artificial data voids, establishing an
unbroken, hydrologically sound topographic surface model.

»  Flow Direction Routing:- A deterministic eight-directional routing algorithm, known as the D8 Flow Direction
approach, is calculated over every cell of the topography to mathematically define the exact line of steepest
descent based on relative slope parameters.

*  Flow Accumulation Modeling:- The resulting direction layer serves as the input grid to calculate the
cumulative flow tracking layer. This map counts the total number of upstream grid cells draining into any
single cell. High flow accumulation paths are extracted using numeric threshold constraints to map the core
natural drainage streams.

*  Catchment Boundary Isolation:- By combining the accumulation thresholds and identifying localized outlet
points, the system automatically runs catchment delineation routines to generate the precise geographic
boundaries of the urban watershed.
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Phase 3.5: Analytical Hierarchy Process (AHP) & Weighted Overlay Matrix

*  Multi-Criteria Parameter Stacking:- The final phase builds an integrated multi-layer spatial matrix consisting
of five core physical factors: Inundation Depth Extent, Structural Land Slope, Total Drainage Stream Density,
LULC Surface Imperviousness Coefficient, and Proximity to Critical Infrastructure Assets.

*  AHP Pairwise Evaluation Matrix:- To avoid human bias in assigning layer significance, a mathematical
Analytical Hierarchy Process (AHP) Pairwise Comparison Matrix is established. Relative weight scores are
assigned to each factor, and a Consistency Ratio (CR) is evaluated. The matrix is approved only if CR remains
strictly below 0.10, ensuring high mathematical consistency.

*  Weighted Overlay Execution:- The derived numeric weight parameters are executed using the GIS Weighted
Overlay tool. The individual grid elements are calculated cell-by-cell to categorize the urban terrain into
precise hazard zones: Very High Risk, High Risk, Moderate Risk, and Low Flood Risk. This final output
serves as the engineering layout used to design localized Sustainable Drainage Systems (SuDS) and automated
sluice structure alignments.

IV. CONCLUSION

This research successfully operationalizes an advanced, non-invasive geospatial framework for urban flood mitigation,
completely replacing speculative structural designs with empirical spaceborne analytics. By transitioning from
traditional point-based hydrological monitoring to continuous multi-sensor earth observations, this study sets a high
technical precedent for engineering climate-resilient municipal networks.

* Empirical Validation of Geospatial Architecture:- The integration of Remote Sensing (RS) and Geographic
Information Systems (GIS) has proven to be mathematically robust, achieving high precision in mapping
dynamic surface water movements. By utilizing active microwave datasets from Sentinel-1 SAR and optical
tracks from Sentinel-2 platforms, this methodology successfully eliminates traditional data dependency on clear
weather conditions, allowing uninterrupted flood boundary detection even during peak cloud-burst monsoon
periods.

* Mathematical Supremacy of Spectral Indices:- Analytical testing confirms that the Modified Normalized
Difference Water Index (MNDWI) provides the highest computational fidelity in urban environments. By
actively leveraging the Short-Wave Infrared (SWIR) and Green bands, the algorithm suppresses the high
spectral reflectivity noise typical of urban concrete structures and asphalt roads, achieving precise spatial
isolation of localized flood pool boundaries.

* Hydrological Alterations and Runoff Physics:- The execution of the deterministic D8 Flow Direction and
Accumulation matrices over high-resolution Digital Elevation Models (DEMs) indicates that human-induced
catchment paving increases surface runoff volumes up to 6 times while scaling up peak discharge flows by a
factor of 1.8 to 8. This confirms that modernurban flooding is primarily driven by engineered drainage c apacity
choking rather than purely natural meteorological fluctuations.

» Topography-Specific Civil Engineering Deployments:- The final simulation outlines distinct structural
requirements based on localized geological relief profiles. For highly undulating or ridge -patterned baselines
(e.g., Bhopal), the project recommends decentralized Sustainable Drainage Systems (SuDS) and infiltration
basins to break high-velocity runoff. For flat alluvial zones (e.g., North Bihar), the model necessitates high -
capacity mechanical sump complexes paired with automated one-way backflow sluice gates.

* AHP Decision Support and Policy Foundations: - The Analytical Hierarchy Process (AHP) Weighted Overlay
Matrix, validated viaa strict Consistency Ratio constraint (CR < 0.10), effectively classifies urban sectors into
definitive hazard zones (Very High, High, Moderate, Low Risk). This provides municipal bodies and planning
departments with an empirical, bias-free template to deploy early warning grids, allocate emergency response
assets, and draft master zoning laws.
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