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EXECUTIVE ABSTRACT & SYSTEM ARCHITECTURE

This technical white paper investigates whether a single reinforcement-learning agent, trained across multiple hazard
regimes, can coordinate flood, drought, and ecological water-quality risk management in real time from heterogeneous
observational data streams — without requiring hazard-specific rule sets for each dimension. We present WaterPrism, an
independent deep-tech decision-support platform evaluated and empirically validated on the River Cam catchment
(Cambridge, UK) that addresses this challenge through four tightly coupled analytic layers: multi-source data fusion,
predictive risk modelling, autonomous infrastructure control, and geopolitical water security intelligence.

The data fusion layer applies Inverse-Distance-Weighted (IDW) spatial aggregation across nine heterogeneous gauge nodes
sourced from the UK Environment Agency (EA) Flood Monitoring API and the Finnish Meteorological Institute (FMI) WFS,
normalising precipitation, soil moisture, river stage, evapotranspiration, turbidity, and chlorophyll-a to a unified temporal grid
against a bias-corrected ERAS reanalysis baseline. Predictive risk is computed concurrently across flood (ERA5-analogue
pattern matching yielding 48—-168-hour lead-time forecasts), drought (composite 30-day precipitation anomaly, gauge
percentiles, and FAO-56 Penman—Monteith evapotranspiration stress), and water quality (turbidity/chlorophyll-a proxies
benchmarked against EU Water Framework Directive thresholds).

Autonomous infrastructure dispatch is governed by a Proximal Policy Optimisation (PPO) agent trained for 503,808 steps
across 325 ERA5-augmented episodes (13 historical storm profiles x 25 what-if perturbations). The agent executes a
continuous-discrete 5-dimensional action space spanning sluice-gate position, pump speed, pre-drain rate, flood barrier
deployment, and evacuation advisory tier. Geopolitical water security intelligence is integrated via automated six-hour polling
of the UN/JRC Global Disaster Alert and Coordination System (GDACS), monitoring six active strategic water-infrastructure
threat nodes globally. Live empirical validation confirms physically consistent, cross-dimensional hazard response without
state collapse.

4-Tier Risk Fusion 5-D Actuator Dispatch
Flood « Drought « Quality * 503,808 Steps 48-168 h Lead Time Sluices » Pumps ¢ Barriers ©
Security PPO RL Policy Convergence ERAGS Historical Storm Matching Alerts
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1. The Multi-Hazard Challenge & System Overview

Modern water infrastructure management operates under compounding climatic and anthropogenic stress.
Traditionally, municipal utilities, catchment authorities, and disaster response agencies employ isolated,
hazard-specific decision-support systems. Flood management relies on hydraulic threshold alarms; drought mitigation
is managed via retrospective reservoir depletion indices; and water-quality surveillance is dictated by periodic
grab-sample laboratory telemetry. This structural fragmentation induces catastrophic blind spots at the intersections of
hazard regimes:

* The Drought-Quality Paradox: Prolonged drought depletes baseline river discharge, drastically reducing natural
effluent dilution capacity. Consequently, water quality decays precisely when volumetric water scarcity peaks.

e The Storm-Runoff Conflict: Intense convective storm events generate urban and agricultural runoff spikes,
simultaneously maximizing flood crest risk and driving severe turbidity and nutrient shockloads that overwhelm
treatment intakes.

e Actuator Coupling Conflicts: Autonomous or manual flood-prevention weir opening intended to prevent upstream
inundation accelerates downstream toxic sediment scour, compromising regional potability and ecological
compliance.

WaterPrism dissolves this hazard compartmentalization. Operating on a unified situational digital twin, the system
continuously digests multi-source streaming hydrology, evaluates concurrent multi-dimensional risks, validates
decisions against symbolic ethical boundaries, and dispatches coordinated 5-dimensional physical actions in real time.

2. High-Level Six-Pillar System Workflow

The WaterPrism architecture is structured into six synchronized operational roles that observe the exact same
underlying state:

Pillar / Tab Primary Operational Role Underlying Analytical Mechanism

Situational Awareness & Geospatial Real-time IDW spatial sensor fusion across UK EA & FMI gauge

MONITOR Mapping nodes; live basin choropleth; water-quality index mapping.
Predictive Early-Warning & Crisis ERA5-analogue storm matching (48-168 h lead time); FAO-56
FORECAST Prioritization Penman—Monteith drought trajectory; surge precursor tracking.

Model Verification & Sensor Fusion Numerical Weather Prediction (NWP) model comparison; gauge
SCIENCE Explainability variance decomposition; epistemic uncertainty quantification.

Symbolic Ethics & Regulatory Audit 4-Agent Constitutional Ethics Validator; Gini inequality minimization (G

GOVERNANCE Trail < 0.08); SPHERE humanitarian standards; SHA-256 audit logs.
Infrastructure Health & Pump Telemetry anomaly detection; pump duty cycle optimization; predictive
OPS Optimization weir maintenance; cavitation prevention.
Historical Storm Replay & What-If Replay of 18 historical storm profiles (Harvey, Idalia, UK storms) with
SIMULATE Counterfactuals interactive barometric, wind, and soil-moisture overrides.
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3. Multi-Source Observational Data Fusion Layer

A critical vulnerability of municipal water management is gauge heterogeneity and latency mismatch. WaterPrism
resolves this via a real-time spatial aggregation pipeline that ingests, cleans, and harmonizes heterogeneous data
streams onto a uniform spatio-temporal grid at 15-minute resolution.

Mathematical Formulation: Spatial IDW Aggregation

For any unmonitored catchment coordinate x, the estimated hydrometeorological state u(x) is evaluated using a
power-parameterized Inverse Distance Weighting (IDW, p = 2) kernel across N active gauge telemetry stations:

Equation 1 (Spatial Fusion Kernel):
ux) =5 _Nwx) - ou wher e w(x) =d(x, x) /5 _Ndx, xj)‘p
where d(x, xi) denot es the Euclidean di stance between target grid centroid x and gauge station X with

singularity condition u(x) = u; if d(x, xl) < € (10’5).

Telemetry Station Network & Parameter Spectrum

The empirical prototype is validated on the River Cam catchment in Cambridgeshire, UK, supported by cross-regional
calibration against high-latitude boreal data from the Finnish Meteorological Institute (FMI):

Temporal Sampling & Analytical Weight in
Station ID & Source Monitored Telemetry Variables Latency Fusion

E2043 (Cam-Baits Bite) River stage (m), discharge (m3/s), 15 min « REST API (<60 s Primary Sluice Reference

UK Environment Agency

E2055 (Jesus Lock)
UK Environment Agency

E2114 (Bottisham Lock)
UK Environment Agency

velocity vector

Upstream weir stage, gate
aperture, bypass overflow

Downstream discharge, tailwater

level, surge transit

delay)

15 min « REST API (<60 s
delay)

15 min « REST API (<60 s
delay)

(0.35)

Urban Flood Boundary
(0.25)

Drainage Sink Node (0.20)

FMI WFS (Boreal Sensor)
Finnish Met. Institute

Precipitation intensity, soil

moisture deficit, snow water eq. 10 min « WFS 2.0 GeoServer Precipitation Driver (0.10)

ECMWF ERAS Baseline
Copernicus Climate Service

30-yr climatology, surface
pressure, Penman—Monteith ET,

Hourly ¢ Bias-Corrected

Reanalysis Climatological Prior (0.10)
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4. Concurrent Predictive Risk Modelling Architecture

WaterPrism computes risk concurrently across three physical dimensions. Rather than collapsing indicators into a
single obscure metric, each risk domain maintains an independent physical state engine:

A. Flood Risk Engine: ERA5-Analogue Pattern Matching

Instead of relying on slow hydrodynamic ODE grids during flash-flood crises, WaterPrism deploys an ERA5-analogue
pattern matching engine over a curated library of 18 historical storm profiles (2005-2023). For the incoming
meteorological precursor vector X, = [SLP, AP3h, WindSpeed, Precip24h, SoilMoisture], the system evaluates
normalized Euclidean distances against the historical manifold. When distance satisfies D(xt, xhist) < 0.25, historical

hydrographs are warped to deliver rapid 48-168 hour lead-time stage forecasts with quantifiable confidence intervals.

B. Drought Risk Engine: Multi-Factor Climatological Depletion

Drought onset is calculated via a composite index uniting meteorological precipitation deficit, hydrologic baseflow
depletion, and agronomic evaporative stress based on the standard FAO-56 Penman—Monteith equation:

Equation 2 (Conposite Drought Index):
g .= 0.40 - 'Anom(Psod? + 0.35 - (1 - Qperc) +. 0.25 - S . .
wher e I anom | S the 30-day precipitation anomaly relative to the ERA5 1991-2020 cli mat ol ogi cal

basel i ne, orc is the EA gauge historical discharge percentile (0.0 to 1.0), and SEl'O is the

standardi zed FAO- 56 Penman—Monteith potential evapotranspiration stress coefficient.

C. Ecological Water Quality Engine: WFD Alignment

Water quality risk is continuously evaluated against European Union Water Framework Directive (WFD, 2000/60/EC)
ecological reference thresholds. The engine fuses continuous turbidity (NTU), chlorophyll-a proxies (ug/L), and runoff
spike coefficients:

WFD Ecological Status Turbidity Range (NTU) Chlorophyll-a (ug/L) WaterPrism Operational Tier

HIGH Status <5.0 NTU < 4.0 pg/L Tier 0: Baseline Ecology Protected
GOOD Status 5.0-12.0 NTU 4.0 -10.0 pg/L Tier 1: Normal Municipal Supply Safe
MODERATE Status 12.0-25.0 NTU 10.0 — 25.0 pg/L Tier 2: Advisory Watch ¢ Aerator Armed
POOR Status 25.0 -50.0 NTU 25.0 — 50.0 pg/L Tier 3: Sluice Scour Interlock Active

Tier 4: Intake Shutdown & Emergency
BAD Status >50.0 NTU >50.0 pg/L Flush
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5. Autonomous Reinforcement Learning Control Layer

To break the dependency on fragile, static rule-based threshold tables, WaterPrism deploys a continuous-control
Proximal Policy Optimisation (PPO) reinforcement-learning agent (Schulman et al., 2017). The policy was trained
for 503,808 simulation steps across 325 ERA5-augmented episodes (comprising 13 historical storm profiles
perturbed with 25 what-if parameter variations spanning barometric drop rate, wind speed, antecedent soil moisture,
and tidal surge height).

State Space & 5-Dimensional Actuator Action Space

The agent operates over a 12-dimensional observation vector and outputs five simultaneous, coordinated physical
control signals:

Physical Actuator / Target
Dimension / Signal Type & Range Subsystem Operational Objective

Regulates upstream river stage;
Jesus Lock & Bottisham Lock prevents urban overtopping while
Action 1: Sluice Position Continuous [0.0, 1.0] Weir Gates dampening scour.

Dynamic evacuation of low-lying
Primary Station PS-CAM-001 floodwaters with energy-optimal
Action 2: Pump Speed Continuous [0.0, 1.0] (0-12 m3/s) throttling.

Proactive capacity clearance
Retention Basins & Urban Storm 12-24h prior to predicted convective
Action 3: Pre-Drain Rate Continuous [0.0, 1.0] Ponds rain peak.

Deploys demountable barriers
Action 4: Barrier Pneumatic Deployable Flood during surge alerts; prevents
Deployment Discrete {0, 1, 2} Defences residential inundation.

Issues tiered flood/drought warnings
Municipal SCADA & Public to emergency services and utility
Action 5: Advisory Tier Discrete {0, 1, 2, 3} Warning API managers.

Reward Function & Multi-Objective Loss

The PPO policy optimizes a composite reward Rtotal penalizing urban flood depths, pump energy consumption, and
downstream sediment erosion, while rewarding drought storage retention:

Equation 3 (PPO Miulti-Objective Reward):
Rt =-w o max (0, ht - hflood) -w, Epunp(az) - W ATur bi d|ty(a1) two mn(V, Vreserve)
Convergence achi eved at nean episodic reward 27.265 (vs. baseline heuristic -14.82). Training executed

with Stabl e Baselines3 across 325 parallelized vectorize environnents.
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6. Geopolitical Water Security & Global Threat Ingestion

Water security is no longer an isolated local meteorological problem; it is intrinsically linked to transnational supply
chains, regional conflicts, and critical energy corridors. WaterPrism features a dedicated geopolitical threat tracking
layer that continuously monitors six strategic water-infrastructure nodes while ingesting live disaster feeds globally:

Global Water Security Threat Matrix (Active Monitored Nodes)

Threat
Node ID & Location Threat Category Operational Vulnerability & Impact Vector

97% coastal aquifer contamination; total
WST-1: Gaza Catchment Desalination dependency on compromised reverse-osmosis
Eastern Mediterranean Infrastructure Crisis CRITICAL energy inputs; catastrophic public health risk.

Maritime interdiction threatens coagulant,

WST-2: Red Sea Corridor Chemical Supply chlorine, and membrane shipments necessary
Bab el-Mandeb Choke Point ~ Corridor Risk CRITICAL for Middle Eastern desalination.

WST-3: Yemen Coastal Direct military targeting and sabotage of

Zone Desalination Plant municipal water processing; water

Southern Red Sea Warfare CRITICAL weaponization in civil conflict zones.

Naval military tensions risk crude tanker spills

WST-4: Strait of Hormuz threatening intake channels that supply >80%
Persian Gulf Intake Oil Slick Risk HIGH of Gulf state municipal drinking water.
Downstream toxic sediment flush, cooling water
WST-5: Kakhovka / Dnipro ~ Dam Breach Legacy & loss for Zaporizhzhia nuclear reactors, and
Southern Ukraine Ecology CRITICAL catastrophic long-term agricultural canal loss.

Electronic warfare jamming of vessel navigation
WST-6: Gulf of Oman and water transport logistics supplying island
Indian Ocean Gateway Tanker Transit Corridor HIGH utility hubs.

Automated GDACS & UNEP Feed Integration

Every six hours, WaterPrism automatically ingests the public-domain UN/JRC Global Disaster Alert and
Coordination System (GDACS) RSS telemetry. The feed filters for Orange and Red alerts across drought, flood, and
tropical cyclone events globally. During live operational validation (19 April 2026), 237 active items were processed,
isolating 5 major international crisis vectors (including Tropical Cyclone SINLAKU-26 and four critical drought alerts
spanning Southern Africa and the Andes), dynamically setting the global water-threat register to CRITICAL with 13
active events.
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7. Symbolic Ethics Engine, Governance & SPHERE Auditing

A central requirement for municipal and utility deployment of autonomous Al is provable governance. Deep neural
networks must never execute black-box physical actions (such as opening emergency flood barriers or shutting down
municipal pumps) without passing through an explicit, machine-readable ethical boundary.

The 4-Agent Constitutional Ethics Validator

WaterPrism implements a four-agent consensus committee that reviews every PPO actuator recommendation before
SCADA dispatch:
1. Humanitarian Equity Agent (SPHERE Standards): Verifies that no automated pump reduction or reservoir
diversion drops community potable supply below the SPHERE Survival Minimum (15 L/capita/day).
2. Ecological Compliance Agent (EU WFD): Enforces strict river velocity and biological minimum discharge
thresholds, vetoing sluice closure if dissolved oxygen or dilution collapse is predicted.

3. Disproportionate Impact Agent (Gini Minimization): Calculates spatial inequality metrics across demographic
zones. Vetoes flood gate interventions that disproportionately sacrifice disadvantaged or downstream communities
(enforcing Gini < 0.08).

4. Infrastructure Integrity Agent (ASME V&V 40): Evaluates mechanical pump fatigue, cavitation indices, and pipe
surge pressures, preventing equipment self-destruction during emergency maneuvers.

Sample Live Governance Trace (River Cam Incident #KB-001)

GOVERNANCE AUDI T LEDGER — EVENT KB- 001 ( APPROVED W TH CONSTRAI NTS)
e Triggering Condition: Node CAM1 (CamBaits Bite) Stage Ri sk = 34% (3,200 resi dents exposed)
¢ Proposed PPO Action: Throttle primary punp station PS-CAM 001 to 44%capacity to mtigate
downst r eam scour .
e Ethics Conm ttee Eval uation:
[ Humani tari an Agent]: PASS —Upstream potable water reserve remains at 48 L/cap/day (> 15 L
m ni mum .
[ Ecol ogi cal Agent]: PASS —Predicted downstreamdilution ratio stays within WFD Good st at us.
[Gni Equity Agent]: APPROVED —Flood mitigation benefit distribution Gni = 0.072 (< 0.08
threshol d).
[ASME V&V Integrity]: APPROVED —Punp notor thernmal envel ope and surge pressure nomnal.
e Cryptographic Audit Hash: Ox7c9b2f4...d8el (SHA-256 anchored to i mutable systemaudit |og)
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8. Historical Storm Benchmarks & Validation Results

WaterPrism was rigorously stress-tested across 18 major historical storm events replayed through the full decision
pipeline. The system proved capable of identifying precursors, activating pre-drainage, and maintaining physical safety
bounds:

Key Injected Meteorological Observed Real-World Impact | WaterPrism Model
Historical Storm Event Parameters (Ground Truth) Response & Mitigation

Lead Time 72 h: Pre-drain

SLP: 938 hPa « Wind: 64 m/s 1,320 mm rain in 5 days; triggered at t-48h; sluices
Hurricane Harvey (2017) Precip: 100 mm/24h ¢ Surge: catastrophic reservoir opened 100%; flood peak
Gulf Coast / Houston 3.6m overtopping. dampened by 22%.
Pneumatic Barriers
SLP: 953 hPa « Wind: 56 m/s Deployed: Automatic surge
Hurricane Idalia (2023) Precip: 85 mm/24h « Surge: 4.5m storm surge; coastal reverse-flow lock activated;
Florida Big Bend 4.5m reverse sewer flooding. zero pump cavitation.

Analogue Match Distance
0.18: Peak river stage

Storm Dennis (2020) SLP: 920 hPa « Wind: 42 m/s Saturated catchment runoff; predicted within 4.2 cm of
UK River Catchments Precip: 140 mm/48h « SM: 0.94  widespread UK river crests. gauge observation.
Dynamic PPO Dispatch:
SLP: 968 hPa « Wind: 38 m/s Jesus Lock throttled to buffer
Storm Babet (2023) Precip: 110 mm/36h  Stalled Stalled eastern storm track; Cambridge urban reach; zero
Eastern Scotland & Anglia Front localized urban flash floods. overtopping.

Live Catchment Empirical Validation (19 April 2026)

Live observation against independent UK Environment Agency and FMI feeds on 19 April 2026 confirmed
cross-dimensional consistency without state collapse: the drought module scored 0.339 (WATCH) reflecting a 54%
precipitation deficit (17 mm observed vs. 37 mm ERAGS climatological baseline) matching concurrent EA low-flow
advisories, while the water quality module independently reported score 0.024 (GOOD, WFD High) with turbidity at 4.3
NTU under dry baseflow conditions. This empirical separation confirms that the orthogonal modules respond in
physically faithful directions without artificial cross-talk.
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9. Municipal Utility Integration, EnergyNet & Industrial Scalability

WaterPrism is architected for seamless drop-in integration into modern municipal SCADA networks, regional river
authority dispatch centers, and industrial water treatment installations. Beyond flood and water-quality protection, the
platform addresses operational expenditure (OPEX) decarbonization:

The Water-Energy Nexus: EnergyNet Coupling
Water distribution and wastewater pumping account for approximately 2—3% of global electricity consumption.
WaterPrism natively couples with EnergyNet v3.8 (Sampo's decentralized microgrid energy engine):
* Dynamic Tariff Arbitrage: Pumps are scheduled to pre-fill reservoirs and pre-drain stormwater basins during
low-cost or negative-price renewable energy surplus hours.

* Demand-Side Frequency Response: WaterPrism pump stations can rapidly shed load (frequency containment
reserve) during grid instability without violating water safety constraints.

» Carbon-Intensity Optimization: Actuator schedules are mathematically weighted against the real-time carbon
intensity (gcozlkWh) of the regional electric grid.

Next-Cycle Engineering Roadmap

Deployment
Target Milestone / Feature Underlying Technology / Architecture Horizon

SWMM Urban Drainage Coupling WaterPrism PPO policy directly into EPA Storm Water

Coupling Management Model (SWMM) pipe-network solvers. Q32026
Sentinel-2/3 Satellite Optical Automated retrieval of chlorophyll-a, cyanobacteria bloom indices, and

Ingestion suspended solids via Copernicus Sentinel optical satellites. Q4 2026
ACLED Conflict Record Real-time NLP entity extraction from the Armed Conflict Location &

Auto-Ingestion Event Data Project for automated water weaponization tracking. Q12027
Cross-Basin Transfer Reinforcement learning policy extension across multi-catchment

Optimization transboundary canal networks. Q2 2027
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10. Regulatory Compliance, ASME V&V 40 Protocol & References

WaterPrism is engineered to satisfy the highest computational rigor and regulatory compliance frameworks:

« ASME V&V 40-2018: Standard for Assessing Credibility of Computational Models through Verification and
Validation. Incorporates grid-convergence verification, code verification, and empirical model validation against
historical gauge benchmarks.

* EU Water Framework Directive (2000/60/EC): Ecological and chemical river quality monitoring alignment.

¢ EU Al Act (High-Risk Category Annex lll): Complies with high-risk Al requirements for critical infrastructure: full
human oversight override, comprehensive technical audit logging, deterministic guardrails, and transparency.

« WMO-No. 168: World Meteorological Organization Guide to Hydrological Practices.
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