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Executive Summary

India’s Namami Gange mission has delivered measurable progress in infrastructure and monitoring,
yet the river basin continues to face episodic pollution, nonpoint-source discharges, and
governance fragmentation. Modern Al, when married to a sovereign data fabric, real-time sensors,
satellite remote sensing, and accountable institutional processes, can convert raw observations into
operational decisions: where to dispatch repair teams, which drains to close, which industries need
audit prioritization, and how to optimize sewage-treatment operation at scale. This paper presents
a conclusive, implementable plan for embedding Al into Namami Gange operations: a prioritized
architecture, data and governance standards, a three-phase rollout, measurable KPIs, budgetary
order-of-magnitude, capacity building requirements, and explicit risk mitigations. The
recommendations are practical, politically feasible, and designed for handoff to central and state
agencies without further research contingencies.

Key load-bearing context: NMCG’s program scale and ongoing project pipeline; the growing
deployment of real-time water quality monitoring and loT approaches across the basin; recent
government initiatives to create a Digital Twin/Water Cycle Atlas; and India’s expanding satellite
capability that dramatically improves basin-scale observation.

Why apply Al now? The operational case

e Observable improvements in water infrastructure and monitoring under Namami Gange have
reduced point-source pollution in many stretches, but achieving resilient, sustained river health
requires operational intelligence: continuous anomaly detection, automated root-cause
inference, prioritized field action, and closed-loop feedback into operations.

e The pieces that make actionable Al practical are now in place: wide availability of satellite data
and scheduled launches (improving revisit and radar capability), growing sensor deployments
and pilot RTWQMS projects, and centralized program structures that can adopt top-down
standards. These enable a pan-basin Al solution to move from prototype to production.

Historical constraints and lessons learned

A careful, historically informed diagnosis explains prior shortfalls and guides design choices:

e Data fragmentation — monitoring has historically been episodic and siloed across CPCB,
state pollution control boards, NMCG, municipalities, and CWC. Where data existed it was
often not standardized for machine consumption.
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* Reactive operations — interventions were frequently reactive (post-event cleanups, STP
commissioning focus) rather than predictive or prescriptive.

* (Capacity constraints — districts and municipalities often lack sustained technical teams to
maintain sensors, validate models, or act on model outputs.

* Procurement and vendor risk — previous projects used variable procurement models, which
sometimes produced one-off dashboards without durable integration into operations.4

These constraints require that any Al program prioritise data standards, institutional embedding,
and capacity building over flashy analytics.

Principle design decisions

* Sovereign, interoperable data fabric — a federated data architecture that allows data
ownership to remain with states/districts but exposes standard APIs for ingestion and
inference. (Keep raw data on government infrastructure; permit vetted external models to run
in hybrid cloud/on-prem gateways.)

* Multi-modal observation stack — ingest: (a) in-situ sensor telemetry (pH, DO, BOD, turbidity,
conductivity, flow, temperature), (b) satellite and SAR imagery (suspended sediment, thermal
anomalies, land-use change), (c) municipal and industrial discharge permits and STP
operational telemetry, (d) citizen reports and crowdsourced geotagged imagery. Evidence
shows RTWQMS pilots and Al forecasting prototypes can integrate these modalities to
provide real-time operational insight.

¢ Operational Al — focus on a small number of high-value, high-confidence models: anomaly
detection on sensor streams, short-horizon water quality forecasting (6—72 hours), source
attribution models for pollutant spikes, sensor health diagnostics, and resource optimization
(routing crews and sequencing STP operations).

¢ Digital Twin orchestration — a basin-scale Digital Twin that fuses telemetry and physics
models to simulate interventions (e.g., what happens if a stormwater drain is closed?).
Government documents and project notes indicate work toward Digital Twin/Water Cycle
Atlas initiatives — the Al program should reuse and extend that work.

Architecture — components and responsibilities

A. Observation layer (district-level responsibility)

* Deploy hardened RTWQMS nodes at strategic locations (upstream of urban centres,
downstream of large drains, near industrial clusters). Use standard IEC/ISO sensor telemetry
protocols and GPS time sync. Vendors must provide OTA firmware updates and documented
calibration logs. (Districts maintain ownership and custodianship.)
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B. Ingest & store (state/NMCG shared services)

» A secure ingestion gateway (MQTT/HTTPS) accepts telemetry; a time-series store (on
government-controlled cloud or on-prem) holds raw and preprocessed data with retention
tiers. All data require minimal normalized schema (timestamp, lat/lon, parameter, unit,
sensor_id, qc_flag).

C. Remote sensing pipeline (centralised at NMCG/ISRO partnership)

» Regular ingestion of optical and SAR products (e.g., NISAR, Sentinel, Landsat) and derived
indices (suspended sediment index, thermal anomalies, land-use change). A 24/7 satellite
processing pipeline produces maps and waterline delineations. (ISRO collaboration is a natural
fit given recent launch cadence.)

D. Analytics and Model Layer (federated compute)

e Model serving occurs in two modes: (1) district-proximate (for low-latency actions) and (2)
central ensemble (for basin simulations). Models are containerized, versioned, and undergo a
formal MLOps lifecycle: training data registry, evaluation on holdout basin splits, explainability
outputs, and continuous monitoring for drift.

E. Decision Workbench & Ops Integration

e A lightweight decision support Ul for district officers with ranked action lists (e.g.,
“Investigate drain X; projected DO drop in 12h; risk = high; suggested action = deploy mobile
aerator”). This integrates with existing ticketing systems and includes audit trails.

F. Governance & Audit

* An Al Governance Board (central + states) signs off model SLAs, data sharing MOUs, and
transparency requirements. All models publish short, public model cards summarizing scope,
data sources, limitations, and expected error bands.

Concrete, prioritized use-cases (first 18 months)

Anomaly detection & rapid response (Phase 0-6 months)
e Automatically detect sudden parameter excursions (BOD/DO/pH). Route alarms to district
control rooms with likely cause suggestions (industrial discharge, sewage spill). Rationale: low
technical risk, immediate operational benefit.
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Short-horizon water quality forecasting (6—12 months)
* 6-72 hour probabilistic forecasts of DO and BOD at critical nodes using hybrid ML+physics
models. Use to proactively adjust STP aeration, schedule desludging, and mobilize field teams.

Source attribution for hotspots (9—18 months)
¢ Combine flow analytics, sensor gradients, drain locational data, and satellite imagery to
triangulate likely upstream sources.

Digital Twin scenario testing (12—24 months)
* Integrate physics model and ensemble ML to estimate outcomes of interventions (e.g.,
temporary diversion of flow around a pollution event).

Optimization of STP operations and energy use (12—24 months)
* Optimize aeration schedules and sludge handling across municipal STPs to minimize cost
while meeting effluent standards.

Each use-case includes a required success metric (e.g., reduction in mean response time to
anomalies by 50% in year one; 10-20% energy reduction in STP aeration by year two).

Implementation roadmap — three phases

Phase | — Stabilize (0—6 months)
* Inventory existing sensors and data sources; implement ingestion gateway; deploy anomaly
detection pilots at 10 high-risk nodes; stand up Al governance board and data sharing MOUs.
Deliverable: real-time alarms integrated into district control rooms.

Phase Il — Scale (6—18 months)
* Expand sensor network to cover all major urban nodes in priority states; deploy short-horizon
forecasting models and source-attribution pilots; build satellite ingestion pipeline with
ISRO/NIC linkage. Deliverable: production forecasting at 30+ nodes.

Phase Il — Optimize & Institutionalize (18—-36 months)
* Roll out Digital Twin, link STP optimization, embed Al outputs in procurement and
compliance processes, train district teams, and operationalize model maintenance and MLOps.
Deliverable: nationwide operational Al capability for Ganga basin with documented SOPs.
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Governance, procurement and legal considerations

* Data ownership: states/districts retain ownership; NMCG or center provides federation
services. MOUs must be signed for data sharing and for third-party contractors.

* Procurement model: prefer outcome-based contracts for analytics (SLA on detection latency,
false positive rates, uptime) and capex/opex split for sensors (districts buy sensors; central
support for cloud/processing). Avoid vendor lock-in: insist on open APIs and exportable model
artifacts.

* Ethics & transparency: publish model cards and audit logs for critical decisions; require
explainability for source-attribution outputs used to trigger enforcement actions.

* Regulatory alignment: integrate outputs with CPCB and state pollution boards’ compliance
frameworks—Al outputs should augment, not replace, legal inspection protocols.

Capacity building and organisation change

* District Digital Nodal Officers (DDNOs) — allocate a trained officer per district responsible
for Al ops, sensor maintenance coordination, and liaison with NMCG central analytics.

¢ Shared MLOps cell at NMCG — maintain models, run re-training, manage satellite ingest.
This cell provides “model packages” to districts and offers 24/7 support for alerts during
critical events.

¢ Training — 6-9 month blended program for municipal engineers and state pollution board
staff: sensor calibration, data QA, interpreting probabilistic forecasts, and response SOPs.

Budget & procurement rough order-of-magnitude (indicative)

* Sensors & RTWQMS nodes (per node): ¥2—6 lakh depending on robustness and telemetry.

¢ District deployment (10-30 nodes per major district cluster): initial capex in the tens of crores
per state; central matching grants possible.

e Central analytics platform & staffing: ¥20-50 crore initial (platform, satellite processing,
MLOps cell, first 24 months).

* Recurring ops & maintenance: ~15-25% of capex annually for calibration, data costs, and
model maintenance.

This is a one-time large uplift followed by steady operational spend; the economic case includes
savings from avoided public health events, improved STP energy efficiency, and reduced
enforcement costs via targeted inspections.

XXV--MMXXVI | Government of India | Policy Research Paper — I (quantum tiger)




XXV:I-MMXXVI | Government of India | Policy Research Paper — II

Al for River Governance: Conclusive blueprint for Namami Gange

25 January 2026 Government of India Quantum Tiger

Policy brief for key agencies and stakeholders

KPIs and evaluation framework

* Operational KPIs: mean time to detect pollution event; mean time to respond; % forecasting
alerts that lead to confirmed actionable events.

¢ Environmental KPIs: mean DO improvement at sentinel nodes; % of river km meeting bathing
standards.

* Cost KPIs: energy use per ML treated at STPs; cost per avoidable pollution event.

* Governance KPIs: % of districts with MOUs and DDNO appointed; model transparency
compliance.

Quarterly public reporting of KPIs builds trust and enables course correction.
Risks & mitigations

¢ Sensor failure and data gaps — mitigate with redundancy, sensor health models, and remote
calibration support.

* Model drift due to nonstationary processes — MLOps pipelines with continuous evaluation
and scheduled re-training on newly labeled events.

* [nstitutional resistance — start with high-value, non-controversial use-cases (anomaly
detection) and demonstrate operational wins to build buy-in.

* Overreliance on black-box models for enforcement — require explainability and human-in-
the-loop confirmation for enforcement actions.

Final recommendations

e Approve an Al Pilot Fund under NMCG (¥50-100 crore) to run the three-phase program over
36 months, prioritizing high-risk urban stretches and industrial clusters.

* Mandate a Federated Data Standard across CPCB, SPCBs, municipalities and NMCG within
90 days and require MOUs for data sharing.

* Authorize the creation of an NMCG MLOps & Digital-Twin Cell and formal partnership with
ISRO for satellite ingestion and derivation services (thermal, SAR, and change detection).

* Deploy RTWQMS nodes at 100 priority locations in year-one, instrumenting district control
rooms to accept real-time alarm feeds and appoint District Digital Nodal Officers to act on
them.

¢ Use outcome-based procurement for analytics: procure on SLAs (detection latency, precision,
uptime), not on dashboards. Require open APIs and model exportability.
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* Publish KPIs publicly and run transparent audits of model performance every 6 months and
adjust budgets based on operational impact.

¢ Scale only after operational validation: after 12—18 months of measurable wins (reduced
response time and verified predictions), scale to the remainder of the basin with a predictable
capex path.

Closing: measure, act, institutionalize

Namami Gange has moved from campaign-mode to program-mode; the next essential pivot is
from monitoring to operations. Al is not a magic wand — it is an operational multiplier when used
within a sovereign data fabric, governed models, and accountable local teams. The architecture
and roadmap above are executable now: they require decisive funding, clear data MOUs, and a
political will to move from periodic reporting to continuous operationality. With these steps, Al
will convert the investments already made under Namami Gange into measurable, repeatable
improvements in river health.
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Key Refrences

* NMCG / Ministry of Jal Shakti progress and achievements (projects sanctioned and
completed). : https://www.pib.gov.in/PressReleasePage.aspx?
PRID=2209732&lang=1®=3&utm_source=quantumtiger.in

* Academic/technical reports on real-time water quality monitoring (RTWQMS) and loT pilots
for river water monitoring: https://gyanganga.ai/admin//fileupload//14.%20Real-
time%?20water%20quality%20monitoring%200f%20River%20Ganga%?20%28India%29%20us
ing%?20internet%200f%20things.pdf?utm_source=quantumtiger.in

* NMCQG press material noting Digital Twin and Water Cycle Atlas ambitions:
https:/mmcg.nic.in/press_pdf/67th%20EC%20Meeting%20Press%20Release%20English.pdf?
utm_source=quantumtiger.in

* |ISRO capability and recent satellite program information (NISAR launch and SAR capability).:
https://www.isro.gov.in/2utm_source=quantumtiger.in

* Government open data and Namami Gange datasets on data.gov.in:
https://www.data.gov.in/keywords/Namami?utm_source=quantumtiger.in
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