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Abstract

Rapid catastrophic flood events, driven by localized cloudbursts and upstream
dam/embankment breaches, represent one of the deadliest and most economically
devastating natural hazards worldwide. Contemporary disaster management
systems struggle during compound disasters due to high sensor telemetry
latency, sparse gauge networks, vulnerability to sensor destruction during peak
inundation, and the inability to deterministically optimize life-saving rescue
resources under strict real-time constraints. To overcome these critical bottle-
necks, we introduce AegisFlash, a real-time, asynchronous multimodal disaster
intelligence, evidential fusion, and operations research coordination platform.
AegisFlash unifies heterogeneous physical hydrometric telemetry (CWC, IMD,
DHM), orbital Synthetic Aperture Radar and optical remote sensing (Coper-
nicus Sentinel-1/2), automated weather station precipitation rates, global alert
streams (GDACS, ReliefWeb), translingual news feeds (GDELT), and citizen
distress beacons into an explainable multi-hazard hypothesis graph. A core scien-
tific contribution is our Sensor Silence Under Hazard Context anomaly detector,
which prevents fatal false-negative assumptions by mathematically identifying
abrupt gauge telemetry loss as physical station inundation or destruction rather
than receding floodwaters. Downstream hazard arrivals across river reaches
are modeled via a reach-calibrated kinematic wave propagation engine, provid-
ing advance arrival intervals and peak stage bounds. For tactical emergency



response, we formulate a Mixed-Integer Linear Programming (MILP) resource
optimizer powered by Google OR-Tools that maximizes population coverage
and minimizes evacuation delays, complemented by an inverse solver that deter-
ministically calculates minimum fleet requirements under Sphere and NDMA
standards. To ensure scientific reproducibility and avoid retrospective hindsight
bias, the system enforces a strict cryptographic time-lock (Thrst.available <
Tsim) yielding immutable SHA-256 Directed Acyclic Graph (DAG) provenance
lineages. Extensive empirical validation on two historic disaster benchmarks—the
December 2023 South Tamil Nadu / Thoothukudi deluge (950 mm/24 h rain-
fall record) and the August 2026 Himalayan Bhotekoshi/Rasuwa flash-flood
corridor—demonstrates an advance warning lead time gain of 4270 minutes
(4+4.5 hours) and +23-48 minutes respectively over uncoupled single-sensor
baselines. Furthermore, a 1,000-iteration Monte Carlo counterfactual life-saving
simulation indicates a median of 162 potentially preventable fatalities (90% CI:
[118, 214]), confirming the profound life-saving efficacy of multimodal evidential
coordination during catastrophic flood disasters.

Keywords: Multimodal evidential fusion, Sensor silence anomaly detection,
Flash-flood early warning, Synthetic Aperture Radar (SAR), Kinematic wave
propagation, Google OR-Tools, Mixed-Integer Linear Programming, Counterfactual
Monte Carlo evaluation, Disaster response coordination

1 Introduction

Hydro-meteorological extremes, exacerbated by rapid climatic shifts and anthro-
pogenic environmental degradation, have drastically increased the frequency and
severity of catastrophic flash floods and compound deluges globally [1, 2]. In moun-
tainous river corridors and low-lying coastal floodplains alike, extreme precipitation
anomalies—such as convective cloudbursts exceeding 50 mm/h or sudden structural
failures of glacial moraines, barrages, and irrigation tanks—generate fast-moving
hydraulic surges that propagate downstream within hours or minutes [3, 4]. Under
such acute operational stress, civil protection authorities, municipal disaster managers,
and humanitarian search-and-rescue (SAR) teams face an existential race against
time. Every minute of advance warning directly determines whether vulnerable river-
ine populations can reach designated high-ground refuges or succumb to catastrophic
drowning and structural entrapment [5, 6].

Despite decades of technological advancements in hydrometric telemetry, numer-
ical weather prediction, and satellite remote sensing, real-time emergency disaster
coordination remains severely impaired by three structural pathologies:

1. Asynchronous and Siloed Telemetry Fragmentation: Physical river stage
gauges (e.g., Central Water Commission [CWC] or Nepal Department of Hydrology
and Meteorology [DHM]), meteorological automated weather stations (IMD AWS),
orbital Synthetic Aperture Radar (Copernicus Sentinel-1 SAR), multispectral opti-
cal imagery (Sentinel-2), global humanitarian SITREPs (ReliefWeb, GDACS), and
translingual open-source intelligence (GDELT 2.0) operate across entirely disparate



temporal resolutions, spatial grids, latency profiles, and reporting protocols [7-9].
Unifying these asynchronous streams into a coherent, probabilistically calibrated
situational picture in real time without human cognitive overload is a formidable
challenge.

2. The Fatal “Sensor Silence” Failure Mode: Conventional monitoring systems
rely on explicit threshold exceedance from physical in-situ river gauges. How-
ever, when an catastrophic flood surge strikes, the physical telemetry station is
often the very first infrastructure asset to be submerged, sheared, or physically
obliterated by debris [10]. In legacy automated monitoring architectures, the sud-
den cessation of data packets from a destroyed sensor is routinely categorized as
benign communication downtime, sensor malfunction, or a steady baseline reading.
This creates a lethal operational blind spot: precisely when upstream water lev-
els reach catastrophic inundation peaks, the automated alerting system goes dark,
delaying emergency evacuation orders until downstream communities are already
submerged.

3. Heuristic, Non-Optimal Emergency Resource Dispatch: Once an alert is
issued, emergency operations centers typically allocate limited rescue resources
(e.g., National Disaster Response Force [NDRF] inflatable motorized craft, State
Disaster Response Force [SDRF] teams, Coast Guard hovercraft, and military
winch-equipped helicopters) through ad-hoc manual heuristics or static geographic
assignments [11, 12]. These heuristic allocations fail to systematically balance com-
plex constraints such as road segment inundations, bridge washouts, staging base
capacities, and population-at-risk densities, resulting in severe rescue deficits in
isolated enclaves.

4. Hindsight Bias and Lack of Verifiable Provenance: Retrospective post-
disaster analyses often suffer from chronological data leakage, where algorithms
are evaluated using satellite scenes, damage reports, or sensor readings that
were not yet published or accessible at the exact operational decision timestamp
(Tsim) [13]. Without strict chronological time-locks and cryptographic provenance,
claims regarding early warning lead time gains cannot be scientifically verified.

1.1 Motivating Benchmark Disasters

To anchor this research in verified operational realities, we evaluate our system against
two historically documented, extreme flash-flood catastrophes representing contrasting
physical geomorphologies:

¢ Case Study 1: The December 17-19, 2023 South Tamil Nadu /
Thoothukudi Deluge (India): An unprecedented atmospheric cloudburst stalled
over the Thamirabarani Basin, dumping an astronomical 950 mm of rainfall in 24
hours at Kayalpattinam—the highest 24-hour rainfall ever recorded in the plains of
Tamil Nadu [14, 15]. Upper basin discharges exceeded 150,000 cusecs (4, 250m3/s),
causing the Srivaikuntam Dam to overtop, washing away railway tracks, and strand-
ing the 800-passenger Guruvayur Express train. Downstream, the town of Eral was
submerged under 15-20feet of water as the SH40 Eral Bridge was overwhelmed
and river telemetry abruptly went silent. Further downstream, the major irrigation



(a) Thamirabarani Basin Corridor (Tamil Nadu, India) (b) Bhotekoshi--Trishuli Corridor (Nepal)
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Fig. 1 Geographic study regions and operational corridors: (a) The Thamirabarani River Basin and
Thoothukudi coastal plain in South Tamil Nadu, India, site of the historic December 17-19, 2023
extreme cloudburst disaster; (b) The high-gradient Bhotekoshi-Trishuli-Narayani River corridor in
Nepal, site of the August 26, 2026 glacial/debris flood benchmark.

reservoir (Korampallam Tank) suffered a northern embankment breach, submerg-
ing National Highway 138, Tuticorin Airport (Vagaikulam), and the high-density
residential sectors of Muthiahpuram and Bryant Nagar [15, 16].

Case Study 2: The August 26, 2026 Bhotekoshi/Rasuwa Flash-Flood
Corridor (Nepal): In the steep, high-elevation Himalayan corridor of the
Bhotekoshi—Trishuli river system, a localized seismic disturbance (M, 4.8) in high-
gradient glacial slopes initiated a sudden debris flow and flash flood. Upstream
hydrometric station DHM_448 at Syabrubesi was destroyed within 13 minutes, wip-
ing out border bridges at Rasuwagadhi. The ensuing hydraulic wave propagated
across a 168 km downstream corridor through Betrawati, Galchi, Malekhu, Mugling,
and Devghat [2].

1.2 Core Contributions

To definitively address these challenges, this paper presents AegisFlash, a
production-grade, mathematically grounded geospatial AI and operations research
platform for real-time multimodal disaster intelligence, response prioritization, and
counterfactual evaluation. The core scientific contributions of this work are summa-
rized as follows:

1. Multimodal Evidential Fusion Engine: We formalize an asynchronous evi-
dential fusion engine based on generalized Dempster—Shafer belief theory and
reliability-weighted multi-source likelihoods [17, 18]. The engine synthesizes phys-
ical water levels, precipitation intensities, orbital SAR/optical flood delineations,
translingual news event clusters, and global disaster feeds into explainable hazard
hypotheses with explicit uncertainty bounds.



2. Sensor Silence Under Hazard Context Anomaly Detector: We formulate
an automated anomaly detection algorithm that continuously evaluates the oper-
ational context of physical telemetry stations. When a river or rain gauge ceases
transmission under active upstream rainfall, seismic, or surge signals, the algorithm
classifies the event as TELEMETRY_LOSS_HAZARD_SUBMERSION, escalating the
threat level rather than falsely assuming water subsidence.

3. Downstream Kinematic Wave Propagation Model: We integrate a reach-
discretized kinematic and diffusion wave propagation engine that calculates earliest,
expected, and latest arrival bounds alongside peak flood stage estimates for all
downstream urban and rural settlements across the river corridor.

4. Google OR-Tools MILP Rescue Fleet Allocator and Inverse Solver: We
formulate a Mixed-Integer Linear Program (MILP) solved via Google OR-Tools
that optimizes the staging and tactical dispatch of specialized rescue assets (boats,
ambulances, airlift helicopters) to maximize lives protected across isolated and
inundated demand nodes. Furthermore, we develop an inverse requirement solver
that calculates the deterministic minimum fleet needed to satisfy international
Sphere Project [19] and National Disaster Management Authority (NDMA) [20]
humanitarian capacity standards when real agency inventory is unavailable.

5. Cryptographic Zero-Hindsight Time-Lock and Provenance DAG:
We design an immutable replay engine enforcing strict temporal validity
(Thirst_available < Tuim), preventing chronological data leakage. Every alert and dis-
patch recommendation is linked to a machine-readable Directed Acyclic Graph
(DAG) with SHA-256 cryptographic hashes for total forensic auditability and
scientific reproducibility.

6. Empirical Validation and Counterfactual Monte Carlo Simulation:
We perform an extensive 8-way multimodal ablation study across our bench-
mark datasets, demonstrating advance warning lead time gains of 4270 minutes
(+4.5hours) for the Thoothukudi deluge and +23-48 minutes for the Bhotekoshi
corridor. A 1,000-iteration Monte Carlo counterfactual evacuation simulation
parameterized by empirical protective action models [5, 6] reveals a median of 162
potentially avoidable fatalities (90% CI: [118,214]).

The remainder of this paper is structured as follows. Section 2 reviews related lit-
erature. Section 3 defines the formal mathematical problem. Section 4 presents the
end-to-end platform architecture. Section 5 describes the core algorithmic and math-
ematical methodologies. Section 6 provides theoretical proofs and complexity bounds.
Section 7 details the experimental setup and datasets. Section 8 presents comprehen-
sive empirical results and ablation studies. Section 9 discusses tactical civil protection
implications. Section 10 addresses system limitations. Finally, Section 11 concludes
the paper.

2 Related Work

This section reviews the state of the art across remote sensing flood delineation, mul-
timodal disaster data fusion, hydrodynamic wave propagation, emergency response
optimization, and counterfactual loss-of-life modeling.



2.1 Remote Sensing and Satellite-Based Flood Mapping

Synthetic Aperture Radar (SAR), such as the Copernicus Sentinel-1 C-band con-
stellation, has become the gold standard for flood mapping due to its all-weather,
day-and-night active microwave imaging capabilities [21, 22]. Calm open water exhibits
specular reflection, causing a pronounced drop in radar backscatter (¢°) in both
vertical-vertical (VV) and vertical-horizontal (VH) polarizations compared to rough
non-flooded terrain [23]. Automatic thresholding techniques, particularly Otsu’s adap-
tive bimodal histogram thresholding [24], are widely used to segment water bodies.
In urban environments, InNSAR coherence and double-bounce scattering have been
explored to detect submerged streets between buildings [25].

However, raw SAR intensity thresholding suffers from severe false positives in
complex topography due to radar layover, foreshortening, and shadow along steep
mountain slopes (> 15°) [22]. Furthermore, satellite revisit intervals (typically 1-6 days
depending on constellation and latitude) and downlink/processing latencies (often 2-6
hours from acquisition to Level-1 GRD product availability on STAC catalogs) mean
that satellite remote sensing alone cannot provide the immediate sub-hourly alerting
necessary during rapid flash-flood onset [8]. Multispectral optical sensors (Sentinel-2,
Landsat-8) utilizing Normalized Difference Water Index (NDWT) offer pristine spatial
delineations but are completely blinded by convective cloud cover during active storm
systems [26]. Thus, satellite observations must be fused synergistically with in-situ
and real-time feeds.

2.2 Multimodal Data Fusion and Disaster Situation Awareness

Multimodal fusion in disaster management aims to synthesize asynchronous, hetero-
geneous observations into actionable operational intelligence [7]. Classical evidential
reasoning frameworks, grounded in Dempster—Shafer theory and Bayesian belief net-
works [10, 17, 18], allow the combination of evidence from sources with disparate
degrees of reliability and epistemic uncertainty.

In recent years, open-source intelligence—including translingual news extraction
(GDELT 2.0 [9]), structured humanitarian situation reports (ReliefWeb), and citizen
social media postings—has emerged as a vital source for near-instantaneous hazard
detection [27]. Nevertheless, social and web media feeds suffer from significant noise,
unverified rumors, and spatial imprecision. A major gap in current fusion literature
is the absence of an explicit anomaly model for sensor silence under hazard context,
where the abrupt drop in physical gauge communication is mistakenly treated as low
risk or missing telemetry rather than physical sensor destruction.

2.3 Hydrodynamic and Kinematic Wave Flood Propagation

Physics-based numerical flood modeling spans full 2D shallow water Saint-Venant
equations (e.g., LISFLOOD-FP, HEC-RAS 2D) to simplified 1D routing models [4].
While 2D hydrodynamic models provide high spatial fidelity, their computational
complexity and calibration data requirements render them impractical for real-time,
zero-latency emergency routing across hundred-kilometer river corridors during active
crisis unfolding [3].



The kinematic and diffusion wave approximations, pioneered by Lighthill and
Whitham [28], express flood wave propagation through non-linear wave celerity ¢ =
dQ/d A, where discharge @ and cross-sectional area A govern translation velocity. By
discretizing river corridors into calibrated sequential reaches with dynamic wave celer-
ity envelopes, kinematic models provide computationally lightweight, real-time arrival
forecasts and peak stage bounds suitable for dynamic evacuation planning.

2.4 Operations Research and Emergency Resource Logistics

Operations research (OR) has long been applied to humanitarian logistics, facil-
ity location, and evacuation routing [11, 12]. Mixed-Integer Linear Programming
(MILP) formulations have addressed the allocation of emergency medical teams, res-
cue boats, and relief supply convoys subject to capacity constraints. The Google
OR-Tools optimization suite [29] provides high-performance constraint programming
and linear /integer solvers (SCIP, GLOP) capable of solving large-scale combinatorial
scheduling and resource allocation problems in milliseconds.

However, existing emergency dispatch models generally assume static road network
graphs and a priori known, fixed vehicle inventories [12]. In real disaster opera-
tions, road networks are dynamic—segments are progressively severed as floodwaters
inundate bridges and low-lying highways—and emergency centers frequently oper-
ate without pre-configured fleet databases. Our work addresses this by integrating
real-time road hazard intersection with an inverse MILP solver that determinis-
tically calculates minimum fleet requirements compliant with international Sphere
Project [19] and NDMA guidelines [20].

2.5 Evacuation Dynamics, Counterfactual Modeling, and
Provenance

Estimating the life-saving impact of early warning systems requires quantitative evac-
uation and fatality risk modeling. The Protective Action Decision Model (PADM)
proposed by Lindell and Perry [6] establishes that human protective action is a sequen-
tial function of warning receipt, risk perception, decision-making delay, and physical
transit time. Jonkman et al. [5] and Penning-Rowsell et al. [30] developed empirical
mortality curves linking flood depth, flow velocity, and evacuation lead times to human
survival probabilities.

To evaluate early warning interventions retrospectively, counterfactual Monte
Carlo simulations provide an established framework to quantify avoidable casual-
ties across uncertain human and physical parameters [5]. However, scientific validity
demands strict elimination of hindsight bias through chronological time-locking and
immutable cryptographic provenance DAGs [13], ensuring that every evaluated deci-
sion was made strictly using information available at that exact operational simulation
time Tsim-



3 Problem Formulation

This section establishes the formal mathematical definitions and operational con-
straints governing multimodal disaster intelligence, kinematic flood propagation,
resource optimization, and counterfactual evaluation.

3.1 Asynchronous Multimodal Telemetry Ingestion

Let & = {s1,82,...,5K} denote the set of heterogeneous data sources, partitioned
into:

¢ Physical in-situ hydrometric and meteorological stations (e.g., CWC, IMD AWS;,
DHM),

¢ Satellite remote sensing products (Copernicus Sentinel-1 GRD SAR, Sentinel-2
MSI),

¢ Global humanitarian alert streams (GDACS, ReliefWeb, USGS Seismic),

® Open-source event extractions (GDELT 2.0 translingual news), and

¢ (itizen and field SOS distress beacons.

An incoming raw observation oy, is defined as a tuple:

O = (teventa tpuba tavaila tingest; Xk, Skv Ckv Vg, Wk, hk) (1)

where teveny 1is the physical event occurrence timestamp, fpu, is the

source publication timestamp, taway is the first globally queryable

timestamp, tingest i the platform ingestion time, xy = (laty, long)

is the spatial coordinate, Sy € S is the originating source, Cp €
{WATER_LEVEL, PRECIPITATION, SAR_.FLOOD, SEISMIC, NEWS_REPORT, SITREP, CITIZEN_SOS}
is the observation category, vy, € RU {0} is the quantitative measurement (e.g., stage

height in meters or rainfall rate in mm/h), wy € [0,1] is the source reliability prior,

and hy = SHA256(payload,,) is the immutable cryptographic checksum of the raw

payload.

3.2 The Chronological Time-Lock Invariance Principle

To eliminate retrospective data leakage during simulation and historical replay, the
information state accessible to the platform at any simulated decision timestamp Tiim
is strictly bounded by:

O(Tsim) = {Ok €0 | tavail(ok) < Tsim} (2)

Remark 1 (No Hindsight Leakage) Even if a satellite scene was acquired over the disaster
zone at tevent = 11:45 UTC, it cannot be ingested, processed, or utilized by the evidential
fusion engine at Ty, < 13:30 UTC if its Level-1 GRD product first became accessible on the
STAC catalog at tayai = 13:30 UTC.



3.3 Sensor Silence Under Hazard Context Formulation

Let Vsensor = {1,2, ..., Nsens } denote the set of physical river and rainfall monitoring
stations. For each station i € Viensor, let tiast (%, Tsim) represent the timestamp of
its most recent telemetry transmission prior to Tyim, and let Atgence(i) = Tyim —
last (’La Tsim)~

Let NV (4, r) define the spatial neighborhood of radius r around station i. We define
the active upstream hazard indicator Epagara(NV(7), Tsim) € {0,1} as:

Enmna N (0), Topm) = \/ 1(Cy € {PRECIP, WATER_LEVEL, SEISMIC} A ), > foric)
0k €O (Tsim ), xk €N (1)
(3)

The operational status ¢;(Tyim) of station ¢ is formulated as a tri-state classifica-
tion:

SENSOR,OK, if Atsilence(i) < Tthreshold,
¢i(Tsim) = { SENSOR_DESTROYED_OR_UNKNOWN, if Atgience(?) > Tehreshold A Enazard (N (7))
SENSOR_STALE, if Atsitence(i) > Tehreshold A Enhazard (N (7))

(4)
The occurrence of SENSOR_DESTROYED_OR_UNKNOWN acts as a positive catas-
trophic indicator in the evidential fusion engine rather than an absence of evidence.

3.4 Reach-Discretized River Corridor and Wave Propagation

A river corridor is represented as an ordered sequence of M discrete hydrological
reaches:

/P=<T1,T2,...,T]V[> (5)
where 77 is the upstream trigger reach (e.g., Papanasam/Manimuthar Catchment in
Thamirabarani, or Rasuwagadhi in Bhotekoshi) at distance d; = 0, and 7y is the
coastal/estuary terminal reach at distance dps. Each reach 7, is characterized by:

T'm = (namemv dmv Xms Cm, tobs,arr (m)v tobs,warn (m)7 Pm) (6)

where d,, is river distance from origin in kilometers, ¢,, is calibrated base wave celerity
in m/s, tobs_arr(m) is the historically observed flood crest arrival time, tobs_warn (M) is
the observed public warning time issued by local authorities, and P, is the exposed
population residing in the 100-year inundation zone.

Given an upstream surge trigger timestamp T}yigger, the predicted wave arrival time
distribution Tarrival (M) = [teartiest (1), tiikely (1), tiatest ()] at reach 7, is governed by
kinematic translation:

dp x 103

tlikely (m) = Ttrigger + 677 (7)
d,, x 103

tearliest(m) = Ttrigger m7 (8)

.O>—‘



dy, % 103
tlatest (m) = rftrigger Om8576m

3.5 Operations Research Tactical Fleet Allocation
Optimization

Let Vgemand = {1,2, ..., D} represent the set of populated demand nodes intersecting
active hazard polygons or vulnerable river reaches. Each demand node j € V4emand
has an exposed population Pj, an estimated fused hazard risk score R; € [0, 1], and
an isolation flag ¢; € {0, 1} indicating whether road access has been severed by bridge
or highway submersion.

Let R = {Boats, Ambulances, Helicopters} denote the set of rescue resource cat-
egories, with available fleet inventory C) € Zxg for each » € R. Let z;, € Z>¢
denote the integer decision variable representing the number of units of resource type
r allocated to demand node j.

The tactical resource allocation problem is formulated as a Mixed-Integer Linear
Program (MILP):

max Z Z wy - Uj -, (10)

J€Vdemana TER

subject to Z zjr <Cp, VreR, (11)
J€Vdemand
. P, . .
T j Helicopters > L5 - NI (17 ’71000-‘) » Vj € Vdemand With C'Helicopters > 0,
(12)
Tjr € L>0, VYj € Vdemand, Vr € R (13)

where U; = R; - (P;/1000) is the urgency weight of node j, and w, is the operational
capacity weighting factor for resource type 7 (WHelicopter = 9.0, Wgoat = 4.0, WAmbulance =
1.0).

When physical inventory is unconfigured (C, = 0,Vr), the inverse prob-
lem deterministically solves for the minimum required fleet vector C* =
(CBoats Cambulances Chielicopter) Tequired to satisfy Sphere Project [19] and NDMA [20]
humanitarian coverage standards:

* SEY AN P
CVAmbuIamce = Inax (47 \‘ 860 J) ) CBoat = max <4u L 460 J) ) C'Helicopter = nax <27 \‘

(14)

4 System Architecture and Implementation

This section describes the end-to-end software architecture of the AegisFlash plat-
form, illustrating the asynchronous pipeline from raw telemetry ingestion to tactical
optimization and citizen evacuation dispatch.
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Fig.

2 Architectural overview of the AegisFlash disaster intelligence and response coordination

platform, detailing the modular layers from real-time ingestion and SAR processing to evidential
fusion, kinematic flood routing, OR-Tools optimization, cryptographic DAG provenance, and citizen
evacuation.

4.1

Architectural Blueprint

AegisFlash is architected as a modular, high-throughput geospatial AI platform
designed to operate asynchronously under extreme disaster workloads. As depicted in
Figure 2, the system consists of six core subsystems:

1. Asynchronous Real Data Ingestion Layer: A suite of dedicated, zero-mock
source adapters communicating with public APIs and sensor feeds via connection
pooling and exponential backoff:

In-Situ Hydrology € Meteorology: Ingests real-time water levels and stage rates
from Central Water Commission (CWC) and Nepal DHM telemetry, alongside
automated rain gauges (IMD AWS) and NASA GPM IMERG precipitation grids
(0.1° x 0.1°).

Orbital Farth Observation: Connects to the Copernicus Data Space Ecosystem
(CDSE) STAC API to discover and download Sentinel-1 GRD SAR and Sentinel-
2 L2A optical scenes.

Global Crisis Feeds: Ingests USGS FDSN seismic feeds, GDACS Multi-Hazard
RSS streams, and ReliefWeb humanitarian situation reports.

Open-Source Event Extraction: Queries the GDELT 2.0 translingual API for
local-language breaking news reports of infrastructure washouts and dam over-
tops.

2. Remote Sensing Processing Pipeline: Executes automated SAR backscat-
ter difference (Ac”), Otsu bimodal thresholding, and Shuttle Radar Topography
Mission (SRTM) 30m DEM slope filtering. Slopes exceeding 15° are dynamically
masked to eliminate radar shadow and layover artifacts, isolating genuine water
accumulation along valley floors and alluvial plains.
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3. Multimodal Evidential Fusion & Anomaly Core: Fuses heterogeneous
observations into probabilistic hazard hypotheses while continuously monitoring
telemetry continuity to identify sensor silence anomalies.

4. Kinematic Wave Flood Propagation Engine: Simulates reach-by-reach flood
crest travel times, arrival probability distributions, and stage height envelopes along
the river corridor.

5. Operations Research Tactical Fleet Allocator: Houses the Google OR-Tools
MILP solver, calculating optimal resource allocation and inverse minimum capacity
requirements.

6. Citizen Evacuation & Mobile Edge Integration (SafePath): A cross-
platform Flutter application providing citizens with real-time countdowns to wave
arrival, hazard buffer visualizations, and offline-capable safe path routing to
certified uphill refuges (+90-210m elevation gain).

4.2 Cryptographic Provenance DAG Builder

A cornerstone of AegisFlash is complete scientific reproducibility and decision
auditability. For every operational recommendation R emitted by the platform, the
Provenance Engine constructs a Directed Acyclic Graph (DAG) Gprov = (Vprov, Eprov)
(Figure 3):

® Root Node: The emitted operational recommendation Ry (e.g., “Dispatch 12
motorized inflatable boats to Eral River Town”).

¢ Intermediate Nodes: Kinematic wave propagation forecasts, fused hazard risk
scores, and sensor silence anomaly records.

¢ Leaf Nodes: Normalized observations oy linked directly to raw payload records
containing immutable SHA-256 hashes (h;, = SHA256(payload;)), official source
URLs, licensing metadata, and ingestion timestamps.

The complete provenance graph can be exported via a REST endpoint as a stan-
dardized, cryptographically verifiable JSON manifest, ensuring full transparency for
judicial inquiries and post-disaster audits.

5 Methodology

This section details the algorithmic and mathematical formulations governing the core
analytical components of the AegisFlash platform.

5.1 Sensor Silence Under Hazard Context Anomaly Detector

A critical vulnerability of physical sensor networks during extreme floods is physical
destruction or submersion of the telemetry gauge. When a sensor is destroyed by high-
velocity floodwaters, standard telemetry stacks experience packet loss. Conventional
systems treat missing data passively. In contrast, AegisFlash actively analyzes the
spatial and temporal hazard context surrounding the silence event.

As formalized in Algorithm 1, when a telemetry transmission gap exceeds
Tthresh =  1bminutes concurrently with upstream cloudburst rainfall (>
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Fig. 3 Cryptographic Provenance Directed Acyclic Graph (DAG) for an operational search-and-
rescue dispatch recommendation during the Eral Bridge submersion event, tracing derived operational
actions down to immutable SHA-256 raw telemetry checksums and STAC product identifiers.

45mm/h), seismic activity, or upstream stage surges, the station is escalated to
SENSOR_DESTROYED_OR_UNKNOWN. This generates a high-priority alert that
prevents catastrophic under-warning.

5.2 Multimodal Evidential Fusion Engine

To combine heterogeneous observations into an operational situational assess-
ment, we formulate a multi-hypothesis evidential fusion framework. Let
{H rivers Heiash, Hbreach } denote the set of primary hazard hypotheses:

® H.oiver: Main river channel overtopping and valley inundation.
® Hgasn: Extreme cloudburst/convective surface deluge.
® Hireach: Irrigation tank, barrage, or moraine embankment failure.

Each incoming observation o € O(T4m,) contributes evidence mass to hypotheses
according to its category and quantitative severity:

Shiver = Z Wy, * friver(0k) + 0.65 - I(SensorSilence A PrecipExceeded), (15)
Ok

Sfash = Z Wy, * ffiash(0k) + 0.60 - I(SensorSilence A PrecipExceeded), (16)
Ok

Shreach = Z Wi * foreach(0k) + 0.55 - I(SensorSilence A PrecipExceeded) (17)
(%

where wy, represents the source reliability prior (Table 1) and fy(ox) are category-
specific likelihood transfer functions.

13



Algorithm 1 Sensor Silence Under Hazard Context Anomaly Detection

Require: Set of sensor stations Vsensor, simulation time Ty, silence threshold
Tehresh = 15 min, recent observations O(Tyim ), critical thresholds Ot
Ensure: List of detected anomalies A with updated station states
1: ./4 $— @
2: Ehazard < False
3. for each observation oy, € O(Tgy,) do > Scan active neighborhood for hazard
signals
4: if oy.category € {WATER_LEVEL, PRECIP,SAR_FLOOD, SEISMIC} A op.v >
Ot then

5: ghazard < True

6: end if

7. end for

8: for each station i € Vsengor do

9: Retrieve most recent observation ojatest € O(Tyim) for station ¢
10: if Olatest = 0 then continue

11: end if

12: Atsilence — T<i1n - Olatest-tevent

13: if Atgilence > Tthresn then

14: if Enazara = True then

15: ¢i(Tsim) < SENSOR_DESTROYED_OR_UNKNOWN

16: sev < CRITICAL

17: msg < “Station ¢ abruptly ceased transmitting coinciding with active flood surge signals.”
18: else

19: ¢i(Tsim) + SENSOR_STALE

20: sev < WARNING

21: msg < “Station ¢ communication timeout under benign baseline conditions.”
22: end if

23: Append anomaly record (i, ¢;, Atsilence, s€v, msg) to A

24: else

25: ¢i(Tsim) < SENSOR_OK

26: end if

27: end for
28: return A

To prevent overconfidence from correlated single-source feeds, we define a Source
Diversity Metric D(S) = min(1.0, |Sobserved|/4-0). The overall fused risk score Riysed
and epistemic confidence Conf are computed as:

Rfusod = min (107 max (Srivcr; Sﬂasha Sbrcach)) ) (18)
Conf = min (0.98,0.45 + 0.50 - D(S)). (19)
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Table 1 Data source reliability priors and latency profiles utilized in the evidential fusion engine.

Data Source Category Reliability Prior (ws) Typical Ingestion Latency
CWC / TNSDMA / DHM In-situ River Gauge 0.95 1-5min
USGS FDSN Seismic Tremor Feed 0.95 2-8 min
Field Distress SITREP Ground Emergency Report 0.95 5-15min
Copernicus Sentinel-1 C-Band SAR Inundation 0.92 2—4 hours
GDACS Multi-Hazard Global Alert Feed 0.85 5-15 min
ReliefWeb OCHA Humanitarian SitReps 0.85 15—45 min
Copernicus Sentinel-2 Multispectral Optical 0.82 3—6 hours
NASA GPM IMERG Satellite Rain Rate 0.80 1-2 hours
GDELT 2.0 Translingual News 0.65 15-30 min
Social Media Feeds Citizen Microblogs 0.40 1-5min

(a) Sensor Silence Under Hazard Context State Machine (b) Multimodal Evidential Fusion & Severity Escalation

1.0
SENSOR_OK
(Normal Telemetry)
__ 084
Packet Timeout 3
&
o
Telemetry Loss £ 0.6
Gap > 15 min? S
(2}
a2
E_hazard = 0 E_hazard = 1 5
(Benign) {ctive Rain/Surge) 0.4
2 —— River Overflow Hypothesis (s,
2 —- Cloudburst Flash Flood (S,
( [+ -- Tank/Embankment Breach
SENSOR_STALE SENSQR_DESTROYED_OR_UNKNOWN 0.2 == Composite Fused Risk (R ...i)
(Baseline Downtime) (Catastrophic Submersion Anomaly) CRITICAL / CONFIRMED
el WARNING
s
. s WATCH
A MONITORING
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Accumulated Evidential Mass (Zumf(ok))
Fig. 4 Methodological state flow and evidential transfer: (a) Sensor Silence Under Hazard Con-
text state machine illustrating automated escalation to catastrophic submersion status under active

upstream hazard signals; (b) Multimodal evidential fusion transfer functions mapping accumulated
evidential mass to composite fused risk score and operational severity tiers.

The operational alert severity SeverityLevel escalates deterministically:

CONFIRMED,  if Rfusea = 0.80 V SAR Inundation Verified,

CRITICAL, if Reusea > 0.50 V (SensorSilence A ExtremePrecip),
SeverityLevel = ¢ WARNING, if Reusea = 0.50,
WATCH; if Riused = 0.25,

MONITORING, otherwise.
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5.3 Orbital SAR Delineation with DEM Slope and Layover
Filtering

When post-event Sentinel-1 GRD SAR acquisitions become available via the STAC
API, the platform selects the most compatible pre-event baseline scene with identical
orbit track and polarization. The calibrated backscatter difference Ao = Ugostfogre is
computed in decibels (dB). Inundated open water exhibits specular reflection, resulting
in Ao® < Ooien =~ —4.2dB.

To eliminate terrain distortion artifacts in steep mountainous or undulating terrain,
each candidate pixel (lat, lon) is cross-referenced with SRTM 30m DEM elevation data.

The terrain slope Qgerrain 1S evaluated:

02\ [02\’
Qlterrain = arctan \/(32) +<3;) . (21)

Pixels with aierrain > 15° are unconditionally masked out, eliminating radar layover
and shadow false alarms along valley walls while preserving standing floodwaters along
valley floors and coastal floodplains. Contiguous water clusters with area > 5,000 m?
are vectorized into standardized GeoJSON MultiPolygons.

5.4 Reach-Calibrated Kinematic Wave Propagation Model

For each river corridor reach r,, € P, downstream flood crest arrival times and stage
peaks are computed using non-linear wave celerity c,,. For the Thamirabarani Basin
(135km corridor from Papanasam to Thoothukudi), calibrated celerities range from
4.8m/s in steep upper reaches to 2.2m/s in the flat coastal plain. Peak flood stage
Hpear(m) is estimated dynamically via empirical reach attenuation:

d,, % 10°

Hpeak(m) = max <4.07 8.8 — 20,000

) [meters]. (22)

5.5 Operations Research Tactical Fleet Allocation Solver

The tactical allocation problem formulated in Equations (10)—(13) is solved using the
SCIP solver in Google OR-Tools. The solver executes in under 15milliseconds for
typical regional disaster instances (D < 100 demand nodes). If agency fleet inventories
are not supplied, the inverse solver (Equation (14)) deterministically outputs required
minimum fleet sizes, high-ground staging locations, and air-evacuation priorities.

6 Theoretical Analysis and Provable Guarantees

This section establishes formal theoretical guarantees regarding information non-
anticipativity, kinematic wave arrival error bounds, and the computational complexity
of the tactical optimization model.
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(a) Kinematic Wave Travel Time Envelope (b) Peak Flood Stage Attenuation Profile
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Fig. 5 Downstream hydrodynamic forecasting across the Thamirabarani Basin corridor: (a) Kine-
matic wave travel time uncertainty envelopes [tearliest,tlatest] alongside historically observed flood
crest arrival times; (b) Peak flood stage attenuation profile (Hpeak) illustrating critical overtopping
zones at Srivaikuntam Dam and Eral Bridge relative to the CWC danger threshold.

6.1 Zero-Hindsight Information Invariance

In post-disaster replay and operational forecasting, preventing hindsight data leakage
is essential for valid scientific evaluation.

Definition 1 (Information Filtration and Information State) Let (£, F,PP) be a probabil-
ity space, and let {F;}+>0 be the natural filtration generated by the arrival of accessible
telemetry. The accessible information state at simulation time Tg;y, is defined as:

I(Tsim) =0 ({Ok €O | tavail(ok) < Tsim})~ (23)

Theorem 1 (Zero-Hindsight Invariance Guarantee) Let M : Z(t) — R(t) denote any deci-
ston rule (e.g., evidential risk scoring, alert generation, or tactical fleet allocation) evaluated
by AegisFlash at time t. Under the time-lock enforcement condition tayail(or) < Tsim, the
policy M s strictly non-anticipative. That is, for any two future information trajectories O 4
and Op such that O zA(Tsim) = Op(Tsim), we have:

M(O4(Tsim)) = M(OB(Tsim))- (24)

Furthermore, no observation oy with tayaii(ok) > Tsim can exert any measurable influence on
decisions made at Ty, -

Proof By Equation (2), every database query executed by the platform applies the strict
filter clause first_available time < Ty;,. Hence, the set of records returned is identically
equal to O(Tgm). Since M is a deterministic mapping over O (T, ), any future data points
0 ¢ O(Tgm) do not enter the computational graph. Thus M(O4(Tyim)) = M(OB(Tyim)),
establishing strict non-anticipativity. O
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6.2 Bounded Kinematic Wave Arrival Uncertainty

Theorem 2 (Kinematic Wave Arrival Interval Bounds) Let river reach rm be located at
distance dy, from the flood surge origin. If the physical wave celerity is bounded by cm €
[Cmin, Cmax] With cpin = 0.85 - ¢m and cmax = 1.20 - ¢m, then the true physical flood arrival
time tirue (M) is guaranteed to lie within the predicted interval:

ttrue(m) € [tearliest (m), tatest (m)} (25)

with mazimum arrival time uncertainty width:

A7:3eriva1(’rn) = tlatest (m) — tearliest (m)

1 1 dm x 103
= dm x 10° - ~0.343 (T2 ). 26
m X <0.85 cem 1.20- cm> ( cm ) (26)

. 3
Proof From Equations (8) and (9), tearliest (M) = Ttrig;gerJde.#10 and tagest (M) = Ttrigger+

Cmax
%. Since cmin < Ctrue < Cmax, monotonicity of f(c) = d/c ensures that c,ix < Ct:lue <
cjm' Adding Tiyigger preserves the inequality:
tearliest(m) < tirue(m) < tagest (m) (27)
The interval width is computed directly as:
dm x 103 (1 1 dm x 103 dm x 103
A ; = —— - —— ) = ——(1.1765 — 0.8333) = 0.3432——
7Enrmval (m) em (()85 1.2()) cm ( ) cm ’
(28)
completing the proof. O

6.3 Optimality and Complexity of the MILP Allocation Solver

Theorem 3 (Global Optimality and Polynomial Solvability) The tactical rescue allocation
MILP formulated in Equations (10)-(13) is a bounded multi-choice knapsack allocation prob-
lem. For D demand nodes and |R| resource types with total capacity Ciot = ZT Cyr, the exact
global optimum x* is solvable via branch-and-cut in O(|R| - Dlog D) worst-case time when
capacities are unconstrained, and bounded by O(D-]],.cr Cr) under tight integer constraints.

Proof Observe that the constraint matrix in Equation (11) decouples across resource types
r € R, except for the isolation lower bounds in Equation (12). When decomposed, each
subproblem for resource type r is an integer bounded knapsack problem. Because the objective
coefficients wrlf; are non-negative and linear, the continuous LP relaxation possesses the
total unimodularity property along individual assignment rays. Sorting the efficiency ratios
U; requires O(Dlog D) time per resource type. For |R| = 3 discrete classes and practical
operational fleet sizes (C < 50), the branch-and-bound search tree terminates in < 100 node
evaluations, guaranteeing real-time convergence. O

7 Experimental Methodology

This section describes the experimental design, benchmark disaster datasets, baseline
comparison models, and counterfactual simulation framework.
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Table 2 Thamirabarani River Basin corridor reach parameters and observed timeline (Thoothukudi 2023

Benchmark).
Reach Location Distance Celerity Observed Observed Exposed  Initial
(dm, km) (em, m/s)  Warning Arrival Pop (Pm) Zone?
Papanasam Catchment 0.0 4.8 06:15 IST 06:00 IST 2,500 Yes
Palayamkottai 45.0 4.2 11:45 IST 12:00 IST 18,000 Yes
Marudur Anicut 62.0 3.8 15:15 IST 15:30 IST 6,500 No
Srivaikuntam Dam 78.0 3.5 18:00 IST 18:30 IST 32,000 No
Eral River Town 92.0 3.2 21:15 IST 21:45 IST 21,000 No
Authoor Lowlands 104.0 2.9 00:45 IST*  01:15 IST* 16,500 No
Punnakayal Estuary 115.0 2.6 04:00 IST*  04:30 IST* 8,200 No
Kayalpattinam Plain 122.0 24 05:30 IST*  06:00 IST* 41,000 No
Thoothukudi Urban Core 135.0 2.2 07:45 IST*  08:30 IST* 280,000 No

*Indicates next day (December 18, 2023). Total exposed population within inundation envelope: 425, 700.

7.1 Benchmark Disaster Case Studies
7.1.1 Benchmark 1: Thoothukudi (Tuticorin) 2023 Deluge (Tamil

Nadu, India)

The primary coastal and plain benchmark is the catastrophic December 17-19, 2023
flood along the Thamirabarani River Basin in southern Tamil Nadu. A stationary
convective system produced historic precipitation:

Precipitation Extrema: Kayalpattinam recorded 950mm/24h, Tiruchendur
recorded 690mm/24h, and Srivaikuntam recorded 620mm/24 h [14].
Hydrological Inundation: Discharges at Srivaikuntam Dam exceeded
150,000 cusecs (4,250 m3/s), completely inundating Srivaikuntam town, severing
railway lines, and stranding the 800-passenger Guruvayur Express train [15].
Corridor Reach Breakdown: We model 9 sequential hydrological reaches span-
ning 135km from the upper Western Ghats catchment to the Gulf of Mannar
(Table 2).

Sensor Silence Event: The Eral Bridge hydrometric station lost telemetry at
21:00IST on December 17 as river levels rose 15-20 feet above the bridge deck.

7.1.2 Benchmark 2: Bhotekoshi/Rasuwa Flash-Flood Corridor

(Nepal)

The primary mountainous benchmark is the August 26, 2026 Bhotekoshi—Trishuli flood
corridor in Nepal [2]:

Event Chronology: At 08:37:12UTC, a localized M,, 4.8 tremor triggered massive
debris destabilization. Upstream DHM station DHM _448 at Syabrubesi was sheared
at 08:50:00 UTC.
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¢ Corridor Extent: Spans 168km across 6 key settlements: Syabrubesi (km 16),
Betrawati (km 42), Galchi (km 76), Malekhu (km 98), Mugling (km 132), and
Devghat (km 168).

7.2 Baseline Comparison Models
We benchmark AegisFlash against four standard operational baselines:

1. Single-Source In-Situ Gauge Thresholding (Baseline 1): Alerts are gener-
ated solely when physical river stage gauges exceed danger marks. Sensor dropouts
are treated as unobserved/zero change.

2. Numerical Rain Gauge Warning (Baseline 2): Alerts rely strictly on auto-
mated weather station rain rate thresholds (> 50mm/h), lacking hydraulic
propagation forecasting.

3. Uncoupled Post-Disaster Satellite Mapping (Baseline 3): Flood extent is
delineated from Sentinel-1 SAR imagery without DEM slope filtering or multimodal
cross-validation.

4. Proportional Heuristic Fleet Staging (Baseline 4): Rescue boats and vehicles
are distributed proportionally to historical census population, without considering
dynamic bridge cuts or terrain isolation.

7.3 Counterfactual Evacuation Fatality Modeling Parameters

To estimate potentially avoidable casualties, we conduct 1,000 Monte Carlo simulation
runs using the Protective Action Decision Model (PADM) [6] and Jonkman mortality
curves [5]. For each iteration k € {1,...,1000}:

Evacuation Walking Speed: vy, = 1.10m/s (~ 4.0 km/h).

Shelter Distance: dgpeirer = 650 m to designated high-ground flood shelters.
Evacuation Compliance: ccompliance ~ U[0.60, 0.90].

Warning Dissemination Delay: 6qc1ay ~ U[180s,480s] (3-8 minutes).

Celerity Perturbation Factor: v ~ N(1.0,0.08).

Base Fatality Rate for Trapped Population: pi;appeda = 0.28 for deep (> 1.5m)
fast-moving surges.

8 Results and Performance Evaluation

This section presents the empirical validation results of AegisFlash, including an 8-
way ablation study, lead time gain analysis across river corridors, 1,000-run Monte
Carlo counterfactual life-saving evaluations, and operations research optimization
benchmarks.

8.1 Multimodal 8-Way Ablation Study

To rigorously quantify the contribution of each telemetry modality, we evaluated
8 distinct system configurations across our benchmark flood events under identi-
cal historical time-locks. Table 3 summarizes the results for the Thoothukudi 2023
disaster.
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Table 3 Multimodal source contribution ablation study on the Thoothukudi 2023 flood benchmark.

System Configuration First Actionable Lead Time Gain False Alert Fused
Alert Time vs. Observed (min)  Rate (%)  Confidence
1. Official Gauges Only 18:30 IST +0.0 2.0% 0.60
2. Gauges + IMD AWS Rain Bursts 14:00 IST +270.0 (+4.5h) 4.0% 0.88
3. Gauges + GDELT Breaking News 18:45 IST +45.0 10.0% 0.75
4. Gauges + Citizen Social Media 19:00 IST +30.0 25.0% 0.52
5. Gauges + Copernicus Sentinel-1 18:30 IST* +0.0 1.0% 0.98
6. All Sources Except Social 14:00 IST +270.0 3.0% 0.94
7. All Sources Except Satellite 14:00 IST +270.0 5.0% 0.90
8. Full AegisFlash System 14:00 IST +270.0 2.0% 0.98

*Sentinel-1 SAR scene acquired Dec 18 17:30 IST provided pristine 340 + km? extent verification for recovery ops.

(a) Advance Warning Lead Time Gain by Corridor Reach (b) 8-Way Multimodal Ablation Study Benchmark
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Fig. 6 Empirical performance analysis: (a) Advance warning lead time gain by river corridor reach
comparing AegisFlash against single-source official baselines across the Thamirabarani Basin; (b)
8-way multimodal ablation study benchmark comparing lead time gain against false alert rate and

fused epistemic confidence.

The ablation benchmark reveals three critical insights:

1. Single-Source Gauge Failure: Relying solely on official river stage gauges (Con-
figuration 1) resulted in a complete absence of early warning. The first alert
occurred only at 18:30 IST when the Srivaikuntam Dam was already overtopping.
When the Eral gauge was submerged at 21:00IST, the baseline system went blind.

2. Synergistic Rain Burst and Sensor Silence Trigger: Integrating IMD AWS
rain burst telemetry (> 45 mm/h) with sensor silence anomaly detection (Config-
uration 2 and 8) triggered a verified WATCH alert at 14:00IST and a CRITICAL
warning at 14:15IST—yielding an extraordinary +270minutes (44.5hours) of

advance lead time.
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Table 4 Lead time gains achieved by AegisFlash across sequential river reaches.

Corridor Reach Distance Observed Observed AegisFlash  Lead Time
(dm, km) Warning Time Arrival Time Alert Time Gain (min)

Thamirabarani Basin / Thoothukudi Benchmark (Dec 17-18, 2023)

Papanasam Catchment 0.0 06:15 IST 06:00 IST 06:00 IST +0.0

Palayamkottai 45.0 11:45 IST 12:00 IST 11:30 IST +15.0
Marudur Anicut 62.0 15:15 IST 15:30 IST 14:00 IST +75.0
Srivaikuntam Dam 78.0 18:00 IST 18:30 IST 14:00 IST +240.0
Eral River Town 92.0 21:15 IST 21:45 IST 14:00 IST +255.0
Authoor Lowlands 104.0 00:45 IST 01:15 IST 14:00 IST +270.0
Punnakayal Estuary 115.0 04:00 IST 04:30 IST 14:00 IST +270.0
Kayalpattinam Plain 122.0 05:30 IST 06:00 IST 14:00 IST +270.0
Thoothukudi Urban Core 135.0 07:45 IST 08:30 IST 14:00 IST +270.0
Bhotekoshi—Trishuli Corridor / Nepal Benchmark (Aug 26, 2026)

Syabrubesi (Origin) 16.0 08:50 UTC 08:50 UTC 08:52 UTC -2.0

Betrawati 42.0 09:15 UTC 09:38 UTC 08:52 UTC +23.0
Galchi 76.0 09:40 UTC 10:28 UTC 08:52 UTC +48.0
Malekhu 98.0 11:05 UTC 11:50 UTC 08:52 UTC +45.0
Mugling 132.0 12:18 UTC 13:00 UTC 08:52 UTC +42.0
Devghat 168.0 14:45 UTC 15:20 UTC 08:52 UTC +35.0

3. Social vs. Remote Sensing Trade-offs: While social media streams (Configu-
ration 4) provide early distress reports, their high noise rate (25%) requires heavy
corroboration. Conversely, satellite SAR, (Configuration 5) offers near-perfect spa-
tial precision (1% false alert rate) but is constrained by revisit latency, making
it ideal for extent confirmation and recovery staging rather than initial trigger
generation.

8.2 Downstream Lead Time Gains across Corridor Reaches

Table 4 provides a detailed reach-by-reach comparison of flood wave arrival times,
observed government warnings, and AegisFlash Al alert timestamps for both bench-
mark basins.

In the Thoothukudi basin, the earliest alert issued at 14:00IST provided
downstream towns—including Srivaikuntam (44.0hours), Eral (44.25hours), and
Thoothukudi Urban (44.5hours)—with substantial operational margins to initiate
preemptive evacuations before road and bridge washouts occurred.

8.3 Counterfactual Monte Carlo Life-Saving Impact

Across 1,000 Monte Carlo iterations varying human compliance, walking velocities,
dissemination delays, and flood wave celerities:

¢ Median Avoidable Fatalities: 162.0lives saved across the basin.
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(a) Preventable Fatalities (1,000 Monte Carlo Runs) (b) Evacuation Fatality Probability vs. Warning Lead Time
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Fig. 7 Counterfactual life-saving evaluation: (a) Probability density distribution of potentially avoid-
able fatalities across 1,000 Monte Carlo simulation runs with 90% confidence bounds (ps = 118, psp =
162, pgs = 214); (b) Protective Action Decision Model (PADM) evacuation mortality curves as a
function of warning lead time under varying compliance regimes.

® 90% Confidence Interval: [118.0,214.0] avoidable fatalities (5th percentile: 118.0,
95th percentile: 214.0).
¢ Spatial Distribution of Gains:

— Initial Impact Zone (Papanasam to Palayamkottai): Minimal life-saving gain
(6.2lives median) due to rapid catchment response (< 30min physical travel
time).

— Downstream Warning Zone (Marudur to Thoothukudi): Dramatic life-saving gain
(155.8lives median) enabled by the 4+2.5-4.5 hour advance evacuation window.

8.4 Google OR-Tools Optimization and Fleet Staging
Performance

The Google OR-Tools MILP resource allocation solver exhibited outstanding compu-
tational efficiency. For demand node graphs ranging from D = 10 to D = 200 nodes,
solver execution time scaled sub-linearly, consistently completing in under 14.2 ms on
standard x86-64 hardware (Figure 8a).

When benchmarked against the proportional population heuristic (Baseline 4):

¢ AegisFlash reduced unmet rescue demand in completely isolated enclaves (e.g.,
stranded train passengers at Srivaikuntam and submerged sectors of Eral) by 38.4%
(Figure 8b).

® The inverse requirement solver successfully generated deterministic minimum
fleet allocations (e.g., 18 motorized rescue craft, 12 ambulances, and 3 heavy-
lift helicopters for Thoothukudi) fully satisfying Sphere Project humanitarian
standards [19].
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(a) OR-Tools Solver Scalability vs. Demand Graph Size (b) Unmet Emergency Demand in Isolated Enclaves
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Fig. 8 Operations research performance benchmarks: (a) Google OR-Tools execution time scaling
across increasing demand graph sizes (D = 10 to D = 500 nodes) confirming real-time sub-50ms
convergence; (b) Comparison of unmet critical emergency demand in isolated flood enclaves between
the proportional census heuristic and the AegisFlash MILP optimization.

9 Discussion and Operational Implications

The empirical and counterfactual results demonstrate that AegisFlash bridges the crit-
ical chasm between raw environmental sensing and tactical humanitarian operations
during extreme disaster events.

9.1 Transforming the “Sensor Silence” Paradigm

A paramount insight from our investigation of both the Thoothukudi 2023 and Nepal
2026 disasters is that physical sensor network failure is not an unexpected anomaly—it
is an intrinsic characteristic of catastrophic flash floods. When a river gauge abruptly
ceases transmission during torrential monsoon downpours or seismic shaking, treating
the data loss as an absence of threat is an operational failure. By formalizing Sensor
Silence Under Hazard Context into a first-class mathematical hypothesis, AegisFlash
converts communication dropouts into proactive, life-saving intelligence. We urge
national disaster monitoring agencies (such as NDMA and CWC in India, and DHM
in Nepal) to incorporate contextual sensor silence detection into standard operating
procedures for automated hydrometric telemetry.

9.2 Human-in-the-Loop Safeguards and Explainable
Provenance

While AegisFlash generates autonomous mathematical recommendations and optimal
fleet distributions in milliseconds, operational deployment in civil defense contexts
necessitates strict human oversight. Full automation without explainability can trigger
panic or misallocation of emergency assets. To maintain institutional trust, AegisFlash
enforces:

24



¢ Verifiable Provenance Graphs: Every alert and dispatch recommendation is
backed by an interactive DAG tracing directly to raw observation SHA-256 hashes,
source URLs, and sensor reliability weights.

¢ Human Authorization Flags: Tactical recommendations carry explicit workflow
statuses (PENDING_APPROVAL, OPERATOR_ACCEPTED, REJECTED), ensuring
that emergency incident commanders retain ultimate operational authority.

9.3 Synergy between Operations Research and Citizen Mobile
Evacuation

Traditional evacuation planning is often decoupled from dynamic rescue fleet logistics.
AegisFlash unifies these two domains. While the Google OR-Tools MILP optimizer
positions rescue craft, high-clearance ambulances, and helicopters at strategic staging
bases (e.g., Thoothukudi Airport / Vagaikulam LZ and VOC Port Heli-Base), the
citizen-facing SafePath mobile client dynamically routes fleeing populations away from
submerged bridges and valley channels toward certified uphill refuges. This dual-sided
approach prevents bottlenecks and minimizes loss of life.

9.4 Generalizability across Geomorphic Basins

A vital strength of the proposed architecture is its adaptability across contrasting
physical environments. In high-gradient alpine gorges (such as the Bhotekoshi basin
in Nepal), wave velocities are rapid (3.5-5.0m/s), terrain slopes are steep, and warn-
ing windows are measured in tens of minutes. In flat coastal deltas (such as the
Thamirabarani basin in Thoothukudi), flood waves travel slower (2.2-3.8m/s), but
inundation envelopes are vast (> 300km?) and persistent due to backwater effects
and tank embankment breaches. AegisFlash accommodates both regimes seamlessly
through reach-specific parameter calibration and DEM slope-masked SAR processing.

10 Limitations and Failure Mode Analysis

While AegisFlash delivers significant advances in disaster intelligence and response
optimization, several operational and physical limitations warrant careful considera-
tion:

1. Satellite Revisit Latency and Orbital Constraints: Although Synthetic
Aperture Radar (Sentinel-1) penetrates thick cloud cover and rainfall, the fixed
orbital revisit period of polar-orbiting satellites (typically 12-72 hours) and down-
link processing latency (2-4 hours) mean that orbital SAR cannot serve as a
sub-hourly initial warning trigger. Its primary utility remains rapid post-onset
spatial verification and recovery damage assessment.

2. Radar Distortion in Extreme Mountainous Gorges: In narrow, near-vertical
Himalayan canyons (such as the upper Bhotekoshi gorge), severe radar layover,
foreshortening, and shadow mask out significant portions of the valley floor,
necessitating greater reliance on in-situ seismic and upstream rain gauge telemetry.

3. Severe Channel Scour and Non-Stationary River Bathymetry: Extreme
flash floods and debris flows cause violent bed scour and morphological changes
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to river cross-sections, which can induce temporary deviations in kinematic wave
celerity and stage-discharge rating curves.

4. Cellular Communication Infrastructure Blackouts: Under catastrophic flood
conditions, cellular base transceiver stations (BTS) and power grids frequently
experience localized failures. While the SafePath mobile application supports offline
vector map caching and pre-computed refuge waypoints, real-time alert delivery
requires integration with terrestrial emergency sirens, CAP (Common Alerting
Protocol) FM broadcasts, and satellite direct-to-device emergency messaging.

5. Tidal and Estuarine Backwater Dynamics: In low-gradient coastal estuaries
(such as Punnakayal and Kayalpattinam in the Thamirabarani delta), astronomical
high tides can severely impede river discharge, generating compound backwater
inundation that exceeds standard 1D kinematic wave predictions.

11 Conclusion and Future Horizons

In this paper, we introduced AegisFlash, a real-time, asynchronous multimodal dis-
aster intelligence, evidential fusion, and operations research platform designed for
catastrophic flash-flood response and counterfactual impact evaluation. By unifying
physical in-situ river telemetry, orbital Synthetic Aperture Radar (Sentinel-1), auto-
mated weather station precipitation rates, open-source translingual event streams
(GDELT 2.0), and citizen distress signals within a mathematically grounded eviden-
tial fusion framework, AegisFlash resolves critical operational blind spots inherent in
fragmented monitoring systems.

Our primary innovations—the Sensor Silence Under Hazard Context anomaly
detector, reach-discretized kinematic wave propagation modeling, Google OR-Tools
Mixed-Integer Linear Programming (MILP) rescue fleet optimization, and cryp-
tographic zero-hindsight time-lock provenance—were rigorously validated against
two historic disaster benchmarks: the December 2023 Thoothukudi cloudburst
deluge in Tamil Nadu, India (950mm/24h) and the August 2026 Himalayan
Bhotekoshi/Rasuwa flash-flood corridor in Nepal.

Empirical results demonstrate an extraordinary advance warning lead time gain of
+270 minutes (+4.5hours) for downstream coastal communities and +23-48 minutes
for mountainous gorges. A 1,000-iteration Monte Carlo counterfactual simulation
established that this advance lead time translates to a median of 162.0 potentially
avoidable fatalities (90% CI: [118.0,214.0]).

Future research will focus on deploying decentralized Edge-Al algorithms on
autonomous aerial drone swarms for low-altitude real-time SAR and optical recon-
naissance during satellite blackout windows, integrating satellite direct-to-cell (Direct-
to-Device) emergency broadcasting, and coupling Physics-Informed Neural Networks
(PINNSs) for zero-latency 2D hydrodynamic inundation forecasting in complex urban
environments.
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