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Abstract- Urban stormwater infrastructure systems
worldwide face unprecedented challenges due to the
combined impacts of climate change and rapid
urbanization. This comprehensive literature review
examines the multifaceted effects of climate change on
urban stormwater drainage systems and explores
innovative adaptation strategies to enhance resilience.
Through analysis of peer-reviewed literature, this review
demonstrates that climate change is intensifying extreme
precipitation events, fundamentally altering runoff
dynamics, and compromising the hydraulic capacity of
existing infrastructure designed under stationary climate
assumptions. Key findings reveal that combined sewer
systems face increased overflow frequencies, with total
yearly discharge volumes projected to increase by 145-
256% under various climate scenarios. The review
synthesizes evidence supporting integrated grey-green
infrastructure  approaches, including  bioretention
systems, permeable pavements, and green roofs, which
can reduce peak flows by 22-85% and flooding volumes
by 86-98%. Advanced modeling techniques using Storm
Water Management Model (SWMM) coupled with climate
projections from CMIP6 models provide critical tools for
assessing future flood risks and evaluating adaptation
strategies. The review highlights the critical need for non-
stationary design standards, nature-based solutions, and
real-time control systems to build adaptive, climate-
resilient urban drainage infrastructure. Strategic
implementation of blue-green infrastructure, supported
by multi-objective  optimization frameworks and
participatory planning, offers promising pathways for
sustainable urban water management in the face of
unprecedented climate uncertainty.
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L. INTRODUCTION

Urban stormwater infrastructure systems represent
critical assets for modern cities, designed to manage
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rainfall runoff and prevent flooding in densely
populated arcas. However, these systems face
unprecedented  challenges as climate change
intensifies extreme precipitation events while rapid
urbanization increases impervious surfaces. The
fundamental problem lies in a critical mismatch
between infrastructure design standards and projected
future conditions (Bao et al., 2025). Current urban
stormwater design approaches typically assume
stationarity—relying on historical rainfall records—
yet observations suggest increasingly intense extreme
precipitation events that violate these fundamental
assumptions.

The consequences of inadequate stormwater
management are increasingly visible in cities
worldwide. (Nguyen et al., 2025) Coastal cities in
Vietnam face increasing urban flooding vulnerability
due to climate change-induced extreme precipitation,
with recent events causing widespread flooding in
residential areas. Similarly, (Kane et al., 2024) future
urban stormwater flood risk is determined by the
confluence of both climate-driven changes in
precipitation patterns and the effectiveness of flood
mitigation systems, such as urban drainage and pump
systems, with uncertainties in infrastructure
performance receiving less attention than climate
uncertainties themselves.

Understanding the impact of climate change on
stormwater  infrastructure requires integrating
multiple disciplines—from hydrology and hydraulics
to climate science and engineering design. This
review synthesizes current scientific knowledge on
how climate change affects urban drainage system
performance, identifies key vulnerabilities, and
evaluates adaptation strategies that can enhance
resilience. By examining case studies from diverse
geographic and socioeconomic contexts, this review
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provides actionable insights for urban planners,
engineers, and policymakers seeking to build climate-
resilient water infrastructure.

II. CLIMATE CHANGE IMPACTS ON
PRECIPITATION AND RUNOFF
DYNAMICS

2.1 Intensification of Extreme Rainfall Events
Climate projections consistently demonstrate that
climate change will intensify extreme precipitation
events globally, with substantial implications for
urban stormwater systems. (Yang et al., 2024)
Integrating climatic, hydrologic, and hydraulic
modelling to assess the potential impacts of climate
change on stormwater runoff volume and pollutant
dynamics in a Canadian urban watershed reveals
substantial increases in peak flow rates and flooding
durations, with 1-h, 4-h, and 24-h peak inflow rates
increasing by 74.3%, 89.2%, and 64.1% respectively
in the 2050s. The 2080s projections show even more
dramatic increases, with peak flow rates rising by
170.7%, 158.4%, and 102.8% for the same time
intervals.

(Bao et al., 2025) A detailed assessment of urban
stormwater management system
demonstrates that extreme rainfall intensification is

resilience

particularly  pronounced for long-return-period
events, with the 24-hour rainfall depth for 200-year
events projected to increase by 32% by the 2060s.
These projections are derived from dynamically
downscaled global climate models combined with
non-stationary frequency analysis, providing high-
resolution precipitation data tailored to specific urban
watersheds. The shift from stationary to non-
stationary  climate  conditions  fundamentally
challenges traditional engineering approaches based
on fixed design storms and historical return periods.

2.2 Changes in Runoff Volume and Peak Flow

Beyond precipitation intensity, climate change alters
the total volume of stormwater runoff reaching urban
drainage systems. (Nodine et al., 2024) Analysis of
climate change impacts on urban stormwater runoff
across 23 United States cities reveals that all cities
showed increases in average annual stormwater
runoff, with changes up to 30% over the next 30
years due to a greater frequency of high intensity
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storm events, and untreated stormwater runoff
potentially increasing by as much as 48% in some
cities. These variations highlight the spatial
heterogeneity of climate impacts, with different cities
experiencing substantially different magnification
factors depending on regional climate patterns and
local precipitation dynamics.

The relationship between increased runoff and
system capacity forms a critical vulnerability. (Le et
al., 2024) Research investigating climate change and
urbanization's  influence on urban flooding
demonstrates that urbanization shortens the initial
abstraction ability while climate change increases
extreme rainfall and water levels of receiving
sources, with impacts becoming substantially more
severe when urbanization rates exceed 70%
combined with climate change. This synergistic
effect between climate change and urbanization
creates compounding stresses on infrastructure
designed for historical conditions.

2.3 Quality Impacts: Pollutant Loading and Urban
Runoff Characterization

Climate change not only affects stormwater quantity
but also fundamentally alters pollutant transport and
loading in urban runoff. (Yang et al., 2024) Total
suspended solids (TSS), total nitrogen (TN), and total
phosphorus (TP) loadings are anticipated to increase
by 2.0-36.1%, 3.1-21.4%, and 4.1-20.7% respectively
under climate change scenarios, with increases
varying depending on specific time periods and
emission scenarios. These projected increases in
pollutant loadings have significant implications for
receiving water quality and aquatic ecosystem health,
compounding the already significant impacts of
urban runoff on surface waters.

III. VULNERABILITY OF EXISTING URBAN

DRAINAGE INFRASTRUCTURE

3.1 Design Standards and Stationarity Assumptions

Contemporary urban drainage infrastructure faces a
fundamental design problem: most systems were
engineered based on historical rainfall statistics that
no longer represent future conditions. (Sharma et al.,
2021) Current approaches to design flood-sensitive
infrastructure typically assume a stationary rainfall
distribution and neglect many uncertainties,
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inconsistent with observations suggesting
intensifying extreme precipitation events and
uncertainties surrounding projections of coupled
natural-human systems. The Safety Factor approach
to designing urban infrastructure for changing
climates demonstrates that assuming climate
stationarity and neglecting deep uncertainties can
drastically underestimate flood risks and lead to poor
choices, with adequate safety factors of 1.4-1.7
needed to produce robust performance.

This mismatch between historical design standards
and future climate conditions creates widespread
vulnerability. (Lou et al., 2023) Under the shared
socioeconomic pathway (SSP) 5-8.5 scenario, a 35%
increase in extreme rainfall would be expected, and
under a 1-in-30-year precipitation event, the
maximum depth would increase by 5.59% and the
withdrawal time would rise by 2.94% in the future
period relative to the baseline level. Infrastructure
designed for historical 30-year or 100-year storm
events will prove inadequate when precipitation
intensities increase 20-35% or more under future
climates.

3.2 Combined Sewer System Vulnerabilities
Combined sewer systems (CSS), which convey both
stormwater and wastewater in the same pipe network,
represent a particularly vulnerable infrastructure
typology. (Rodriguez et al., 2024) Climate change is
currently reshaping precipitation patterns,
intensifying extremes, and altering runoff dynamics,
with combined sewer systems particularly susceptible
to these impacts as they can lead to combined sewer
overflow (CSO) discharges during heavy rainfall, and
the total yearly CSO discharge volume is projected to
increase by a range of 145% to 256% in response to
different rainfall scenarios. These massive increases
in overflow frequency and volume have profound
implications for water quality and public health in
cities relying on combined sewer systems,
particularly in older urban areas where CSS
infrastructure predominates.

3.3 Coastal City Vulnerabilities: Compound Flooding
Coastal cities face compounded stormwater
vulnerabilities from the interaction of precipitation
increase and sea-level rise. (Silva & Cabral, 2025)
Objective evaluation of the hydrodynamic behavior
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of drainage networks in estuarine cities reveals
vulnerability to flooding due to the combined effect
of high tides and intense rainfall, with studies
highlighting that in future climate scenarios (F2
projecting a 13.26% increase in extreme rainfall and
a sea-level rise of 0.82 m), flood depth rises
dramatically to 0.87 m and accumulated volume
increases to 306.23 m*—an approximate growth of
282% compared to current conditions. These results
underscore that adaptive structural measures such as
detention reservoirs and tide gates are crucial for
coastal cities managing compound flooding risks.

Iv. ADAPTIVE STRATEGIES: GREY
INFRASTRUCTURE AND NETWORK
OPTIMIZATION

4.1 Pipe Network Expansion and Optimization

Traditional approaches to adapt drainage systems to
climate change have focused on expanding grey
infrastructure—enlarging pipes and increasing
system conveyance capacity. (Zhang et al., 2024) A
structural optimization framework for urban drainage
systems reveals that a precise deployment strategy for
grey infrastructure is essential, with interventions
including introducing loops and enlarging pipe
diameters improving effective flow distribution and
enhancing flow capacity, making each intervention
suitable for drainage systems with different degrees
of centralization. However, these approaches face
significant limitations due to high costs, space
constraints in dense urban areas, and the limited
effectiveness in managing extreme events when
precipitation increases exceed design capacity.

4.2 Real-Time Control and Smart Drainage Systems

Advanced operational approaches utilizing real-time
control (RTC) technologies represent an important
complement to structural grey infrastructure
adaptations. (Li & Burian, 2023) Assessment of real-
time control to mitigate impacts of climate change on
urban flooding resilience demonstrates that RTC
improves the flooding resilience by up to 17% under
climatic rainfall changes, with RTC exhibiting lower
resistibility but higher recovery rate in system
performance curves compared with green stormwater
infrastructure. (He et al., 2025) Deep reinforcement
learning (DRL) has emerged as a promising tool to
improve decision-making and stability in dynamic,
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nonlinear urban drainage systems, with recent studies
demonstrating the potential of DRL control in flood
mitigation, sewer overflow reduction, water quality
management, and wastewater treatment optimization.

V. GREEN INFRASTRUCTURE AND
NATURE-BASED SOLUTIONS FOR
CLIMATE ADAPTATION

5.1 Performance of Green Infrastructure Under
Climate Change

Green infrastructure (GI) systems offer promising
approaches to climate adaptation by decentralizing
stormwater management and enhancing infiltration
and storage capacity. (Muleta & Knolmar, 2025)
Research examining the effectiveness of green
stormwater infrastructure for resilient storm sewer
systems reveals remarkable performance, with
simulation results showing an average reduction in
flooding volumes ranging between 86 and 98% over
the area after integration of green infrastructure, and
reductions ranging between 78 and 89% in pipe
surcharging duration. These results demonstrate the
substantial potential of GI to enhance system
resilience even under challenging climate scenarios.
However, the effectiveness of green infrastructure
varies substantially depending on climate conditions
and design parameters. (Liu et al., 2022) Cost-
effectiveness analysis of extensive green roofs for
urban stormwater control reveals that the median
runoff volume reduction of green roofs for the 1-year
storm was 15.2% under SSP2-4.5 scenario, declining
to 5.6% for the 100-year storm as rainfall intensity
increases. This declining effectiveness at higher
rainfall  intensities = emphasizes that  green
infrastructure alone cannot fully offset climate
change impacts, particularly for extreme events,
necessitating hybrid approaches combining green and
grey infrastructure.

5.2 Hybrid Grey-Green Infrastructure Optimization

Recent research emphasizes the superiority of
integrated grey-green infrastructure systems over
reliance on single infrastructure types. (Zhou et al.,
2025) Multi-stage optimization framework for
synergetic grey-green infrastructure reveals that the
optimized layouts yielded substantial life cycle cost
savings compared to grey infrastructure alone, with
centralized and decentralized strategies achieving
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reductions of 6.6% and 4.7% respectively, and the
integrated approach adapted to extreme rainfall
conditions by shifting preference from permeable
pavements to bioretention cells. (Wang et al., 2025)
Integration of grey and green infrastructure
demonstrates that greenery-optimized systems
achieve a 33% improvement in operational resilience
with only a marginal increase in life cycle cost of less
than 9%, and the integration of bioretention cells and
porous pavements increases technological resilience
by 7.1%.

5.3 Specific Green Infrastructure Technologies

5.3.1 Bioretention Systems and Rain Gardens
Bioretention cells and rain gardens have
demonstrated effectiveness for infiltration and
pollutant removal. (Cavadini et al., 2024)
Investigation of blue-green
performance to prevent increases in combined sewer
overflows reveals that four bioretention cell
combinations show the most promise to prevent
increases in CSO volume and frequency in a future
climate, with given the diverse responses of different

infrastructure

green infrastructure elements to distinct rainfall
patterns, their combinations can enhance CSO
discharge reduction across varying climate patterns.
(Bachtiar et al., 2025) Evaluation of rain gardens as
sustainable green infrastructure demonstrates that for
a two-year return period, the proposed rain garden
can fully accommodate runoff within its designed
capacity, with these findings demonstrating the
potential of rain gardens as an effective nature-based
solution to improve drainage efficiency and enhance
urban flood resilience.

5.3.2 Permeable Pavements

Permeable pavements provide dual benefits of
infiltration and pollutant removal while maintaining
urban surface functionality. (Roseboro et al., 2021)
Case study analysis of porous pavements as a
resilient approach to mitigate combined sewer
overflows demonstrates that using Storm Water
Management Model (SWMM) simulations for the
city of Buffalo, New York, porous pavements can
reduce combined sewer overflow volumes by 2-31%
depending on return period and climate scenario,
with the analysis showing that CSO discharges could
increase 11-73% by 2070-2099 compared to 1970-
1999 when no intervention is performed.
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5.3.3 Green Roofs and Vertical Green Systems

Green roofs offer valuable stormwater management
benefits particularly in dense urban environments
with limited ground-level space. (Rodriguez et al.,
2024) Research on green infrastructure interventions
in combined sewer systems reveals that green roofs
routed to pervious areas exhibit the highest adaptive
capacity, ranging from 9% to 22% at a system level,
followed by permeable pavements with an adaptation
capacity between 7 and 13%. (Moravej et al., 2025)
Analysis of vertical green systems combined with on-
site storage demonstrates that these systems can
achieve 60-100% annual stormwater reduction
depending on climate and system sizing, with
particular effectiveness in managing frequent, low-
intensity rainfall events, achieving reductions above
80% for 1.5-year average recurrence interval events
across diverse Australian cities.

54 Blue-Green
Implementation

The spatial distribution and strategic siting of blue-
green infrastructure fundamentally influences its

Infrastructure Strategic

effectiveness and resilience benefits. (Liu et al.,
2021) Assessment of sponge city performance at city
scale demonstrates that remote sensing-based
approaches can track changes in volume capture
ratio, with findings showing that neither entire cities
nor subregions reach the volume capture ratio target
of 80% without substantial green infrastructure
implementation.

ADVANCED MODELING AND CLIMATE
PROJECTIONS FOR INFRASTRUCTURE
ASSESSMENT

6.1 Storm Water Management Model (SWMM)
Applications

The Storm Water Management Model has become
the dominant tool for assessing urban stormwater
system performance under climate change scenarios.
(Bao et al., 2025) Integrated framework assessment
of urban stormwater management system resilience
combines dynamic downscaling of global climate
models using Weather Research and Forecasting
(WRF) model, non-stationary frequency analysis via
Generalized Extreme Value (GEV) distribution to
project future rainfall intensities, and 1D-2D coupled
urban flood models to evaluate flood risk. (Tiigel et
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al., 2025) Modeling extreme precipitation and
flooding in Berlin under climate change scenarios
demonstrates  that the  convection-permitting
COSMO-CLM climate model simulations reveal that
for future periods (2031-2060 under RCP8.5), the 1-
hour 100-year event rainfall increases by 46%, with
the strongest hourly intensity in simulated periods
increasing by 123% compared to the historical 100-
year event, resulting in 51% increase in simulated
maximum water depth and 43% increase in
maximum surface runoff at flooding hotspots.

6.2 Climate Model Downscaling and Precipitation
Projections

Translating global climate projections to local-scale
precipitation data requires sophisticated downscaling
techniques. (Muleta & Knolmar, 2025) Green
stormwater infrastructure performance assessment
utilizes daily climate data downscaled by four CMIP6
models—CESM2, GFDL-CM4, GFDL-ESM4, and
NorESM2-MM—with daily data disaggregated into
15-minute  temporal  resolution  using  the
HyetosMinute R-package for evaluation under two
future climate scenarios (SSP2-4.5 and SSP5-8.5) at
mid-century (2041-2060) and late century (2081-
2100) timeframes. This methodological approach
enables detailed assessment of infrastructure
performance under diverse climate futures reflecting
various socioeconomic pathways.

6.3  Non-Stationary  Rainfall  Analysis and
Infrastructure Dimensioning

Contemporary  rainfall  analysis  increasingly
recognizes non-stationary precipitation characteristics
requiring  updated  intensity-duration-frequency
curves. (Kazmierczak et al., 2025) Development of
the PMAXTP atlas for reliable precipitation data
reveals that the Institute of Meteorology and Water
Management in Poland now provides tools for
precise  determination of maximum rainfall
characteristics, with plans to update this atlas every
10 years to reflect climate changes and the increasing
frequency of intense rainfall. (Pandey & Singh, 2025)
Assessment of flood vulnerability through MIKE+
modeling demonstrates that when monsoon rainfall is
projected to increase by 10%, 20%, and 50% due to
climate change, the drainage system becomes
hydraulically inefficient, with 52 overflooding nodes,
57 pressurized links, and 07 critical catchments
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identified as vulnerable, representing 9.13% of the
total catchment area.

MULTI-OBJECTIVE OPTIMIZATION AND
ADAPTIVE INFRASTRUCTURE DESIGN

7.1 Life-Cycle Cost and Resilience Trade-offs
Infrastructure adaptation planning must balance
multiple competing objectives including capital cost,
operational resilience, and environmental
sustainability. (Liu et al, 2025) Multi-stage
optimization framework for grey and green
infrastructure  reveals that while multi-stage
optimized layouts have slightly higher life cycle costs
compared to directly optimized layouts with the same
centralization level, they demonstrate superior
hydrological performance, with up to a 56.79%
improvement in runoff reduction compared to
traditional direct optimization layouts in the short
term. (Tang et al., 2025) Optimization of urban
green-gray  stormwater  infrastructure  through
resilience-cost trade-off analysis demonstrates that
compared with the scenario where all suitable areas
are implemented with green infrastructure, TOPSIS-
optimal schemes reduce total life-cycle cost by
53.36% on average while enhancing urban drainage
system resilience during periods of higher rainfall
return.

7.2  Decentralization  vs.  Centralization in
Infrastructure Deployment

The spatial configuration of green and grey
infrastructure—whether centralized or
decentralized—substantially affects system
performance and costs. (Wang et al., 2023)
Assessment and optimization of grey-green
infrastructure systems demonstrates that in terms of
spatial configuration, the contribution of green
infrastructure appeared not as critical as the adoption
of decentralization of drainage networks, with
optimized grey-green infrastructure saving life cycle
costs while reducing total outflow by 56-66%, peak
flow by 22-85%, and total suspended solids by more
than 60% compared to fully centralized grey
infrastructure systems. (Xu et al., 2023) Novel
framework for simulating future scenarios of urban
stormwater management reveals that surface runoff
in new urban areas was mainly affected by
urbanization, while climate change was a major
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factor in older urban areas, with implications that
future studies on stormwater management should
consider the different characteristics of new and old
urban regions and build adaptive strategies.

7.3 Environmental Sustainability Indicators
Comprehensive  assessment frameworks  must
integrate multiple performance dimensions beyond
simple flooding metrics. (Zhang et al, 2024)
Development of comprehensive environmental
sustainability  indicator  integrating reliability,
resilience, vulnerability, and hydrological
sustainability demonstrates that layouts optimized
using such comprehensive indicators show superior
performance under extreme storms and climate
change scenarios, primarily reflected in less flood
severity, flood duration, and conduit surcharge, with
the framework addressing both system-level overload
consequences and component-level failure-recovery
processes.

VIIL REGIONAL CASE STUDIES AND
GEOGRAPHIC VARIABILITY

8.1 Coastal and Estuarine Cities

Coastal cities face unique challenges from compound
flooding combining precipitation increase and sea-
level rise. (Tigel et al., 2025) Comprehensive
analysis of extreme precipitation and flooding in
Berlin demonstrates that impacts of climate change
and different adaptation measures vary spatially, with
infiltration from unsealed surfaces and retention roofs
providing different levels of benefit depending on
rainfall intensity, and full retention on roofs reducing
maximum water depth at local hotspots by 22-24%
and combined sewer overflow volume by 15-20%.

8.2 Asian Urban Centers

Asian cities face particular vulnerabilities from rapid
urbanization combined with intensifying monsoon
patterns. (Rodriguez et al., 2025) Modeling of urban
drainage in intermediate Colombian city reveals that
installing sustainable urban drainage systems can
significantly reduce flood risk by accumulating part
of the runoff flow and decreasing the collapse of pipe
systems.

8.3 Cold Climate and High-Latitude Cities
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(Floch et al., 2022) Investigation of climate change
and urbanization effects on urban drainage in
Trondheim, Norway demonstrates that low-impact
development techniques have high potential to
mitigate climate-driven runoff impacts, with spatial
targeting of downstream zones more efficient than
homogeneous implementation for reducing peaks at
the catchment outlet. (Holmes et al., 2025) Research
on capillary barrier systems for sustainable drainage
systems in temperate climates demonstrates that
combined SuDS and capillary barriers offer solutions
to urban flooding and soil deterioration challenges,
with laboratory experiments and numerical modeling
demonstrating the importance of antecedent moisture
conditions for performance during rainstorm events.

IX. IMPLEMENTATION BARRIERS AND
GOVERNANCE CHALLENGES

9.1 Financial and Technical Obstacles

Despite growing evidence supporting nature-based
solutions, implementation barriers remain substantial.
(Switata & Maliszewski, 2025) Research on retention
of stormwater from road surfaces reveals that
findings indicate a mixed perception of current
drainage performance, with many respondents
reporting inadequate solutions, with key barriers
including high implementation costs, technical and
infrastructural challenges, resistance to change, and
limited public awareness. (Mugume & Nakyanzi,
2024) Study of  Dblue-green infrastructure
effectiveness demonstrates that while spatially
distributed infiltration trenches and bioretention cells
could lead to modest reduction of total flood volume
and average flood duration of at least 12.0% and
34.3% respectively when combined with improved
infrastructure cleaning and maintenance, findings
point toward the need to implement blue-green
infrastructure options in combination with improved
asset management and investments in grey
infrastructure expansion.

9.2 Institutional and Governance Frameworks

Successful climate adaptation in urban stormwater
management requires institutional reforms and cross-
sectoral coordination. (Kourtis & Tsihrintzis, 2021)
Review of adaptation of urban drainage networks to
climate change identifies that current scientific
approaches often fail to address future quantity and
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quality of urban runoff adequately, with the Storm
Water Management Model being the most widely
used software in modeling adaptation options, yet
uncertainties of climate projections, bias correction
methods, and socio-economic scenarios remain
significant. (Nethmini et al., 2025) Conceptual
framework for blue-green infrastructure reveals that
community engagement, inter-agency collaboration,
knowledge sharing, and policy integration are
essential to overcoming adoption barriers, with the
framework supporting strategic integration of blue-
green infrastructure to enhance resilience,
sustainability, and multifunctionality in stormwater
infrastructure.

9.3  Community
Considerations

Engagement and  Equity

Inclusive planning approaches ensure equitable
distribution of climate adaptation benefits. (Mondal
et al., 2025) Comprehensive review of urban green
infrastructure roles in climate adaptation emphasizes
the need for interdisciplinary collaboration, policy
innovation, and community engagement to maximize
the adaptive and mitigative potential of urban green
spaces, with key challenges including fragmented
governance, limited funding, and inequitable access
to green infrastructure particularly in marginalized
urban communities. (Oliveira et al., 2025) Nature-
based solutions in stormwater management through
co-creation reveals that community-identified
priorities should be used in design of urban landscape
interventions, with recognition that unique challenges
faced by cities in the Global South require adapting
nature-based solutions to contexts of precarious
urbanization patterns and social inequities.

X. SYNTHESIS AND FUTURE DIRECTIONS

10.1 Key Findings and Implications

This review reveals consistent evidence that climate
change poses fundamental challenges to wurban
stormwater infrastructure designed under historical
climate conditions. The projected intensification of
extreme precipitation events, particularly for long-
return-period storms, will render existing stormwater
systems inadequate within decades unless substantial
adaptations are undertaken. Combined sewer systems
face particularly acute vulnerabilities, with overflow
volumes potentially increasing 145-256% under
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various climate scenarios. However, growing
evidence supports the effectiveness of integrated
grey-green infrastructure approaches combining
expanded conventional capacity with distributed
green infrastructure and advanced operational
controls.

10.2 Recommendations for Urban Planning and
Infrastructure Design

Contemporary urban stormwater infrastructure
planning must transition from stationary to adaptive
design paradigms. (Maia et al., 2025) Integrative
literature review on challenges in implementing
structural stormwater drainage measures reveals that
the transition to hybrid models combining distinct
types of infrastructure is an irreversible trend, with
drainage emerging as the most fragile aspect of basic
sanitation in many regions.

Future infrastructure development should prioritize:
(1) adoption of non-stationary rainfall analysis and
dynamic design standards updated regularly to reflect
emerging climate patterns; (2) integration of
decentralized green infrastructure with optimized
grey infrastructure networks; (3) implementation of
real-time control systems utilizing advanced data
analytics and machine learning; (4) strategic spatial
planning ensuring equitable distribution of green
infrastructure benefits across urban areas; and (5)
institutional ~ reforms  supporting  cross-sectoral
coordination and adaptive management.

10.3 Research Gaps and Future Research Priorities

Significant research gaps remain requiring future
investigation. (Wang et al., 2025) Bibliometric
analysis of grass swale research emphasizes that
despite advancements in hydrological performance
optimization, key research gaps remain including
cost-effective design strategies,
maintenance protocols, and integration with other
green infrastructure systems, with future research
needing to focus on developing innovative low-cost
swale designs and assessing seasonal variations in

long-term

performance. Further research should address: (1)
long-term performance and
requirements of green infrastructure under changing
climate conditions; (2) interactions between
urbanization, land-use change, and climate impacts;
(3) social and economic barriers to adoption of

maintenance
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nature-based solutions; and (4) development of
standardized evaluation metrics enabling comparison
of adaptation strategies across diverse urban contexts.

XI. CONCLUSION

Urban stormwater infrastructure systems face a
critical juncture as climate change intensifies
precipitation extremes while existing systems become
progressively inadequate. This review synthesizes
evidence demonstrating that integrated adaptation
strategies combining optimized grey infrastructure,
strategically distributed green infrastructure, and
advanced operational controls offer promising
pathways toward climate-resilient cities. Success
requires moving beyond incremental improvements
toward transformative changes in planning
paradigms, design standards, and governance
frameworks. Cities must embrace non-stationary
design approaches, prioritize nature-based solutions,
and ensure equitable participation in adaptation
planning. By implementing evidence-based strategies
informed by rigorous climate projections and
hydrodynamic modeling, cities can build stormwater
systems capable of managing both contemporary
challenges and future climate uncertainties while
providing co-benefits for urban livability, ecosystem
health, and social equity.
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