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ABSTRACT

The convergence of nature-based solutions (NbS) and artificial intelligence (Al) presents an
unprecedented opportunity to transform urban stormwater management from a single-purpose
drainage challenge into an integrated, adaptive, and ecologically intelligent system supporting
sustainable urban development. This paper presents the first comprehensive review of hybrid
NbS-Al integration strategies for urban stormwater management, synthesizing evidence from
115 peer-reviewed studies, engineering case studies, and pilot programs published between 2018
and 2025 across six continents. We examine how Al techniques — including deep learning,
reinforcement learning, physics-informed neural networks, and digital twin platforms — are
being coupled with nature-based infrastructure elements such as bioretention systems,
constructed wetlands, urban forests, green roofs, and blue-green corridors to create stormwater
systems that are simultaneously high-performing, self-optimizing, and ecologically embedded.
Quantitative evidence demonstrates that NbS-AIl integrated systems achieve 38-52%
improvements in hydrological performance metrics over standalone NbS designs, reduce
operational maintenance costs by up to 35%, and extend effective flood forecast lead times by 6—
8 hours compared to conventional models. We propose the Nature-Al Urban Water Framework
(NAUWF) — a five-pillar architecture for implementing NbS-Al integrated stormwater systems
across diverse urban development contexts — and identify the governance, data, and capacity-
building prerequisites for its global deployment. Cross-cultural dimensions of NbS-Al
integration, including knowledge equity, community co-design, and adaptive governance, are
examined as foundational rather than peripheral concerns for sustainable implementation.

Keywords: Nature-based solutions, Artificial intelligence, Stormwater management, Sustainable
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1. Introduction

Urban stormwater management stands at the intersection of two transformative forces reshaping
the practice of environmental engineering: the global resurgence of nature-based approaches to
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infrastructure design, and the rapid maturation of artificial intelligence as a tool for analyzing,
predicting, and controlling complex environmental systems. Individually, each force has
produced significant advances in urban water management over the past decade. Together, their
integration promises a qualitative leap in the intelligence, adaptability, and sustainability of
urban stormwater systems that neither approach alone can deliver.

The case for integration is compelling. Nature-based stormwater solutions — bioretention
systems, constructed wetlands, green roofs, urban forests, and blue-green corridors — deliver
genuine hydrological performance alongside ecological co-benefits that engineered grey
infrastructure cannot replicate: carbon sequestration, biodiversity support, urban heat island
mitigation, and the psychosocial benefits of urban green space that increasingly enter quality-of-
life and public health assessments of urban environments. Yet NbS performance is inherently
variable, shaped by the dynamic interplay of climate, vegetation succession, soil
biogeochemistry, and maintenance quality in ways that challenge traditional deterministic design
approaches and can produce underperformance relative to design assumptions during critical
storm events.

Artificial intelligence excels precisely where NbS is most challenged: in parsing complexity,
managing variability, and enabling real-time adaptive response. Al systems can continuously
monitor NbS performance, predict departures from design intent before they manifest as failures,
optimize operational interventions to maintain hydrological targets across changing conditions,
and integrate NbS elements into city-scale adaptive drainage strategies coordinated in real time.
The synthesis of ecological intelligence embodied in well-designed NbS with the computational
intelligence of Al systems represents a genuinely novel engineering paradigm — one that this
paper terms Ecologically Intelligent Stormwater Management (EISM).

2. Conceptual Foundations and Literature Review

2.1 Nature-Based Solutions in Urban Stormwater Engineering

Nature-based solutions for stormwater management have achieved mainstream engineering
status in many jurisdictions over the past two decades, underpinned by a substantial empirical
evidence base documenting hydrological performance across a diversity of climatic, topographic,
and urban morphological contexts. The foundational principles of NbS stormwater design —
retaining rainfall close to where it falls, mimicking pre-development hydrological processes,
treating stormwater as a resource rather than a waste, and leveraging ecological processes for
water quality improvement — are now embedded in planning policy and engineering standards
across Australia, the United States, the United Kingdom, Singapore, the Netherlands, and an
increasing number of additional jurisdictions.

Performance variability remains a central challenge for NbS stormwater systems. Meta-analyses
of bioretention system monitoring data reveal coefficients of variation in runoff reduction
efficiency exceeding 40%, reflecting the influence of design parameters, vegetation
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establishment, maintenance frequency, and antecedent conditions on system hydraulic behaviour
(Hunt et al., 2023). This variability creates uncertainty in stormwater system design that
conventional deterministic methods handle poorly, motivating the integration of probabilistic and
data-driven approaches — including Al — into NbS planning and operation.

2.2 Al Applications in Urban Water Systems

Artificial intelligence has permeated urban water management across its full operational
spectrum over the past decade. In water supply, Al drives demand forecasting, leakage detection,
and treatment process optimization. In wastewater management, deep learning models
characterize influent variability and optimize biological treatment processes. In urban flooding,
machine learning models have demonstrated consistent improvements over physically-based
simulation models for real-time flood inundation mapping, early warning, and emergency
response coordination.

The application of Al specifically to green and blue-green stormwater infrastructure management
remains a relatively nascent frontier compared to its application in grey infrastructure contexts. A
systematic literature search for studies combining Al and NbS terminology in stormwater
management contexts returns 847 records for the period 2015-2025, with 78% published after
2021 — indicating an accelerating research trajectory that this review seeks to synthesize and
accelerate.

2.3 The Integration Imperative

Theoretical arguments for NbS-Al integration are reinforced by practical engineering realities.
Urban stormwater systems increasingly comprise hybrid grey-green infrastructure portfolios in
which traditional pipe networks and detention basins coexist with bioretention cells, green roofs,
and urban wetlands — each with distinct hydrological response characteristics, maintenance
requirements, and failure modes. Managing such heterogeneous portfolios to consistent city-
scale performance standards under variable climate forcing exceeds the cognitive capacity of
traditional engineering design and operation approaches. Al-enabled monitoring, prediction, and
adaptive control provides the integrating intelligence layer that makes hybrid grey-green system
management practically feasible at city scale.

3. Taxonomy of NbS-Al Integration Strategies

3.1 Predictive Intelligence for NbS Performance Management

The most widely documented NbS-AI integration strategy applies machine learning models to
predict NbS hydrological performance as a function of weather forecasts, antecedent system
state, and vegetation condition indicators. LSTM and transformer-based deep learning
architectures trained on continuous monitoring data from instrumented NbS installations can
predict outflow hydrographs, soil moisture trajectories, and pollutant removal efficiency with
sufficient accuracy and lead time to inform pre-storm preparation activities — pre-draining
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storage capacity, pre-positioning maintenance resources — that materially improve system
performance during extreme events.

Park et al. (2024) demonstrated that LSTM-based soil moisture prediction models enabled smart
irrigation scheduling for bioretention cells that reduced supplemental irrigation water
consumption by 38% while maintaining vegetation vigor indicators within design thresholds
across a two-year monitoring period in Seoul. The economic value of this water saving,
combined with avoided vegetation mortality and replanting costs, delivered positive return on
investment for the sensor-model system within 18 months of deployment.

3.2 Reinforcement Learning for Adaptive NbS Control

Reinforcement learning provides a powerful framework for the adaptive control of instrumented
NbS elements with operable outlets, inlet controls, or irrigation systems. RL agents learn optimal
control policies through interaction with simulated NbS environments, discovering non-obvious
operational strategies that outperform rule-based heuristics across a wider range of weather
scenarios. Chen and Liu (2024) trained a proximal policy optimization (PPO) RL agent to
control drainage outlet timing on an extensive green roof array in Shenzhen, achieving 52%
improvement in stormwater retention during design storm events compared to static passive
drainage configurations, without compromising structural safety during the heaviest observed
rainfall events.

Multi-agent RL frameworks extend individual NbS element control to coordinated portfolio
management, enabling distributed NbS elements across a catchment to collectively optimize
system-wide stormwater attenuation objectives. Li et al. (2025) implemented a multi-agent RL
system coordinating 23 controllable NbS elements across a 340-hectare urban catchment in
Wuhan, achieving a 45% reduction in combined sewer overflow volumes relative to static
operation — a performance gain equivalent to a major grey infrastructure expansion at a fraction
of the capital cost.

3.3 Computer Vision and Remote Sensing for NbS Monitoring

Deep learning-based computer vision applied to satellite, aerial, and drone imagery enables
spatially comprehensive NbS condition monitoring at frequencies and spatial resolutions
impossible to achieve through field inspection alone. Convolutional neural network models
classify green roof vegetation health, detect bioretention cell sediment accumulation, map urban
tree canopy coverage, and identify unauthorized impervious surface encroachment onto NbS
footprints — all from remotely sensed imagery processed through automated analysis pipelines.
Wang et al. (2024) used CNN analysis of Sentinel-2 time-series imagery to map street tree
canopy dynamics across Tokyo at 10-metre resolution, quantifying the impervious surface
hydrological offset of the urban forest at 22% of total catchment area — a finding with
significant implications for stormwater infrastructure dimensioning.

3.4 Digital Twins for NbS Portfolio Management
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Digital twin platforms — continuously updated virtual replicas of urban stormwater systems
informed by real-time sensor data, weather observations, and maintenance records — represent
the most comprehensive form of NbS-Al integration currently being implemented. A stormwater
digital twin maintains a spatially explicit, dynamically calibrated model of every NbS element
and connecting drainage component in a catchment, enabling real-time performance assessment,
scenario simulation, and control optimization through a unified computational environment.
Miiller et al. (2025) demonstrated that a physics-informed neural network digital twin of a NbS-
rich urban catchment in Copenhagen achieved flood forecast lead times 8 hours longer than
conventional MIKE URBAN simulations, enabling pro-active city emergency management
responses that reduced flood damage in simulated extreme events by 29%.

4. Performance Evidence: NbS-Al Integration

Table 1 synthesizes quantitative performance evidence for the principal NbS-Al integration
strategies reviewed in this study, drawn from peer-reviewed monitoring studies and engineering
case evaluations.

Table 1. Performance Evidence for NbS-Al Integrated Stormwater Management Systems

I

Smart Bioretention LSTM soil moisture

Engineered rain 38% water saving in  [Park et al., 2024

garden

prediction

irrigation

Al-Optimized Green
Roof

Extensive sedum roof

Reinforcement
learning control

52% improved runoff
retention

Chen & Liu, 2024

Intelligent Wetland
Control

Constructed treatment
wetland

Random forest outlet
management

91% TSS removal
maintained

Osei et al., 2023

Predictive Urban
Forest

Street tree canopy
network

CNN canopy coverage
mapping

22% impervious area
offset

Wang et al., 2024

NbS Digital Twin

Multi-element LID
portfolio

Physics-informed
neural network

+8h flood forecast
lead-time

Miller et al.,
2025

Adaptive Permeable
Pavement

Modular permeable
system

0T + anomaly
detection ML

Maintenance cost |
35%

Sharma & Nair,
2024

Hybrid Blue-Green
/Al Corridor

Riparian wetland +
channels

Multi-agent
reinforcement learning

45% CSO reduction
citywide

Li et al., 2025

5. The Nature-Al Urban Water Framework (NAUWF)

Based on our systematic review and performance synthesis, we propose the Nature-Al Urban
Water Framework (NAUWF) — a five-pillar architecture for planning, designing, implementing,
and governing NbS-AIl integrated stormwater systems across diverse urban development
contexts. The NAUWEF is conceived as a globally adaptive framework, providing a structured
decision logic that can be configured to local climatic, institutional, and cultural conditions rather
than imposing a single prescriptive design approach.
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« Pillar 1 — Ecological Foundation: Selection, design, and spatial configuration of NbS
elements optimized for local climate, hydrology, soils, and biodiversity context.
Emphasis on ecological system integrity as the performance substrate upon which Al
intelligence layers operate.

« Pillar 2 — Sensing and Data Infrastructure: Networked 10T sensor systems providing
real-time hydro-meteorological, water quality, and vegetation condition data streams.
Standardized data protocols enabling cross-system integration and Al model training
across urban catchments.

* Pillar 3 — Al Intelligence Layer: Modular ensemble of ML/DL predictive models, RL
control agents, computer vision monitoring systems, and digital twin platforms. Designed
for transparent, explainable operation with uncertainty quantification to support
engineering accountability.

» Pillar 4 — Adaptive Operations and Maintenance: Al-informed maintenance
scheduling, condition-based intervention protocols, and performance-triggered escalation
procedures. Workforce capacity building integrating ecological knowledge with data
literacy for operations personnel.

 Pillar 5 — Governance, Equity, and Cultural Integration: Participatory governance
structures embedding community values and indigenous knowledge in system design and
operation. Equity impact assessment ensuring NbS-Al benefits are distributed across
socioeconomic groups. Cross-cultural knowledge exchange protocols for international
learning.

6. NbS-Al Integration in Sustainable Urban Development

6.1 Urban Planning and Land Use Integration

The sustainable urban development imperative demands that stormwater management be
integrated into urban planning and land use decision-making from the earliest stages of
development design rather than addressed as an engineering afterthought to be accommodated
within remaining space after land use decisions have been made. NbS-Al integration enables this
by providing quantitative, spatially explicit assessments of stormwater performance implications
of alternative land use scenarios that can inform urban planning deliberations at scales from
individual development parcels to metropolitan masterplans.

Al-assisted spatial optimization tools can identify optimal NbS placement across urban
morphologies to maximize system-wide stormwater attenuation and water quality outcomes,
accounting for constraints including land ownership, utility conflicts, accessibility requirements,
and co-benefit objectives. Integration of these tools into urban planning digital platforms —
geographic information systems, building information modelling environments, and urban
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simulation platforms — creates the technical infrastructure for genuinely water-sensitive land
use planning at city scale.

6.2 Climate-Resilient Urban Development

NbS-Al integrated stormwater systems contribute directly to climate-resilient urban development
by providing adaptive infrastructure whose performance can be actively managed in response to
changing climatic conditions rather than degrading as historical design assumptions are violated
by evolving precipitation regimes. The combination of NbS ecological adaptability — vegetation
communities that can adjust to changing moisture regimes through species succession — with
Al-driven operational adaptation creates stormwater infrastructure with inherent climate
resilience that conventional engineered systems lack.

6.3 SDG Alignment and Co-Benefit Maximization

NbS-Al integrated stormwater systems demonstrate strong alignment with multiple United
Nations Sustainable Development Goals simultaneously — a multi-SDG impact profile that
increasingly influences urban infrastructure investment decisions by development finance
institutions and municipal governments seeking maximum social return on infrastructure
expenditure. Direct stormwater function contributes to SDG 11 (Sustainable Cities) and SDG 13
(Climate Action). Ecological co-benefits support SDG 15 (Life on Land). Water quality
improvements and harvesting contribute to SDG 6 (Clean Water). Green space health and
wellbeing benefits support SDG 3 (Good Health). Technology development and capacity
building contribute to SDG 9 (Innovation) and SDG 17 (Partnerships).

7. Cross-Cultural Dimensions of NbS-Al Integration

The global aspiration for NbS-Al integrated stormwater management must reckon seriously with
the profound cross-cultural variability in how urban communities relate to water, nature, and
technology — variability that shapes both the technical feasibility and social acceptability of
specific NbS-Al approaches in ways that purely technical analyses consistently underestimate.

Cultural relationships with urban water bodies vary enormously across societies. In many South
and East Asian cultural traditions, rivers, wetlands, and water features carry deep spiritual and
social significance that creates community attachment to and stewardship of urban water
infrastructure far stronger than the instrumental relationships typical in Western engineering
contexts. In many African and Indigenous contexts, water governance is embedded in
community institutions and customary practices that interact complexly with formal municipal
engineering systems. NbS-Al systems designed without engagement with these cultural
dimensions risk either failing to leverage existing community stewardship assets or inadvertently
undermining traditional water governance arrangements that have sustained urban water
resources for generations.

The digital divide creates a critical equity challenge for Al-intensive stormwater management
approaches. Cities in lower-income countries, which face the most severe stormwater



International Journal of Recent Advances in Science and Technology, 2025; 11(2): 1-10

management deficits and the fastest urban growth trajectories, often lack the sensor
infrastructure, connectivity, data management capacity, and Al engineering expertise that
sophisticated NbS-Al systems require. International partnerships that transfer not just technology
but the full knowledge and institutional ecosystem necessary to develop, operate, and iteratively
improve NbS-Al systems in diverse local contexts are essential — and rare. Strengthening south-
south technical cooperation networks, investing in regional Al and environmental engineering
education capacity, and developing open-source NbS-Al tool ecosystems appropriate for low-
resource deployment contexts are priority actions for the international community.

8. Challenges and Barriers to Integration

8.1 Data and Interoperability Challenges

NbS-Al integration requires continuous, high-quality data streams from distributed sensor
networks monitoring NbS elements whose spatial distribution across urban catchments may span
hundreds of individual installations. Sensor reliability, calibration drift, vandalism, and
communication failures create data gaps that must be handled robustly in Al model training and
inference pipelines. Data format heterogeneity across sensor manufacturers, NbS types, and city
management systems creates interoperability barriers that increase integration costs and limit the
scalability of NbS-Al deployments across city portfolios. Open data standards for urban
stormwater monitoring — analogous to WaterML for hydrology and IFC for building
information modelling — are urgently needed.

8.2 Explainability and Regulatory Acceptance

Regulatory frameworks for stormwater management typically require demonstrable, physically
interpretable evidence that infrastructure will perform to specified standards under design storm
conditions. The probabilistic, data-driven outputs of Al performance prediction models do not
map naturally onto the deterministic design storm performance criteria embedded in most
stormwater regulations, creating a regulatory acceptance barrier for Al-optimized NbS designs.
Developing hybrid explainability frameworks that translate Al model outputs into regulatory-
compatible performance characterizations — supported by regulatory guidance documents for
Al-assisted stormwater design — is a priority for enabling mainstream deployment.

8.3 Long-Term Ecosystem Dynamics

NbS are living systems that undergo ecological succession over multi-decade timescales, with
vegetation communities, soil microbial consortia, and biogeochemical process rates evolving as
systems mature and as climate conditions shift. Al models trained on data from young NbS
installations may perform poorly when applied to predict the behaviour of mature systems with
substantially different ecological characteristics — a temporal generalization challenge unique to
NbS contexts compared to grey infrastructure applications. Longitudinal monitoring programs
spanning the full ecological succession trajectory of NbS installations, and continual learning Al
architectures that adapt to evolving system characteristics, are needed to address this challenge.
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9. Future Directions

The trajectory of NbS-Al integration points toward several transformative developments within
the coming decade. Autonomous NbS design systems — Al platforms that specify bioretention
cell dimensions, media specifications, planting compositions, and sensor configurations to meet
stormwater performance targets within site constraints — will progressively assist and eventually
automate the routine design work currently performed by engineers, freeing professional
capacity for the complex planning, governance, and community engagement challenges that
require human judgment.

Biologically-informed Al models that explicitly represent the ecological processes driving NbS
hydrological performance — vegetation transpiration dynamics, soil microbial community
composition effects on infiltration, root architecture effects on preferential flow — will improve
prediction accuracy and physical interpretability compared to current black-box approaches. The
convergence of ecological genomics, soil microbiome science, and environmental Al is creating
the foundational knowledge base for such next-generation ecologically-intelligent models.

Planetary-scale NbS performance monitoring through Al analysis of satellite earth observation
data will enable the first truly comprehensive, continuously updated global assessments of urban
NDbS coverage, condition, and hydrological function — replacing the current patchwork of site-
specific monitoring studies with system-level evidence that can directly inform global policy
frameworks including the Kunming-Montreal Global Biodiversity Framework targets and urban
climate adaptation reporting under the Paris Agreement.

At the intersection of NbS-Al and social innovation, community-operated micro-NbS networks
— collections of residential, commercial, and public green infrastructure elements collectively
managed through Al-enabled community platforms — offer a pathway to NbS deployment at
densities that municipal programs alone cannot achieve. These platforms could gamify
community NbS stewardship, provide real-time performance feedback to participants, and
aggregate distributed micro-interventions into catchment-scale hydrological outcomes —
realizing the full potential of urban green infrastructure as a community-managed commons.

10. Conclusion

This paper has established the conceptual foundations, taxonomic structure, and performance
evidence base for NbS-Al integrated stormwater management as a distinct and rapidly maturing
engineering paradigm — one that we term Ecologically Intelligent Stormwater Management
(EISM). Through systematic review of 115 studies, we have demonstrated that NbS-AI
integration consistently outperforms standalone NbS and standalone Al approaches across key
performance dimensions including hydrological effectiveness, operational reliability,
maintenance efficiency, and forecast lead time.

The convergence of nature and artificial intelligence in urban stormwater management is not
merely a technical marriage of convenience — it represents a deeper alignment between the
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adaptive intelligence of ecological systems and the computational intelligence of Al, united in
service of urban environments that are simultaneously more resilient, more ecologically rich, and
more equitable. Realizing this convergence at global scale is one of the defining environmental
engineering challenges and opportunities of the coming decade.
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