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Abstract  15 

Urbanisation profoundly affects the hydrology of catchments, with impacts on both humans and waterway 16 

ecosystems. Impervious surfaces produce stormwater runoff that is typically 5-10 times that from natural 17 

surfaces. Stormwater runoff is a primary driver of urban waterway degradation. In this review, we explore the 18 

changing drivers and societal expectations impacting the way urban hydrology is managed. We identify new 19 

technologies and business models that give stormwater managers and communities options to manage 20 

stormwater to deliver multiple benefits, including reducing flood risk, augmenting water supply, protecting 21 

ecosystems, and enhancing urban amenity. Increasing density of cities, combined with climate change, will see 22 

future flood risk increase.  However, cities now have access to a range of stormwater control measures, which 23 

can detain, filter, infiltrate, or evapotranspire stormwater.  Likewise, the harvesting of stormwater is increasing, 24 

given its ability to reduce runoff, thus protecting receiving waters, but also augment the water resources 25 

available to cities. User acceptance of stormwater harvesting has been shown to be up to 96%, and the amount 26 

of stormwater often exceeds water demand.  Low-cost sensing technologies, combined with real-time control 27 

capabilities, create new governance models for managing stormwater, delivering a wide range of ecosystem 28 

services to communities. Understanding the social and institutional barriers to these new approaches will be 29 

critical to creating a future where stormwater is no longer just a nuisance, but a valued resource delivering 30 

benefits to society and to waterways. 31 

 32 

Key points 33 

1. Traditional approaches to stormwater management degrade urban streams.  34 

2. Society now expects stormwater to be managed in a more integrated way, balancing flood risk, 35 

environmental protection, and opportunities to use stormwater as a resource.  36 

3. Climate change and increasing population density will exacerbate stormwater impacts and increase 37 

challenges related to management of stormwater. 38 

4. Greater understanding of stormwater impacts on receiving waters is producing a more nuanced 39 

conception of protection/restoration goals and consideration of impacts at multiple scales down to the 40 

smallest headwater streams. 41 

5. The mainstreaming of ecosystem service provision as a goal of stormwater management is leading to 42 

new decision support tools and design approaches. 43 

6. Improved forecasts, and new sensor and real-time control (RTC) technologies have opened up new 44 

ways of managing urban stormwater – both to protect the environment and to reduce the threat of 45 

water shortage in cities. 46 



7. New approaches to governance, funding and maintenance, and the involvement of new actors in 47 

hybrid centralised-decentralised approaches offer the potential for more sustainable management of 48 

urban stormwater, including its use as an important water resource. 49 

 50 

Introduction  51 

Urban hydrology describes the properties, movement and quality of water through the urban landscape. 52 

Hydrology in urban areas is characterised by major perturbations to the natural water cycle, brought about by 53 

the introduction of impervious surfaces (such as roads, roofs, footpaths) and constructed drainage systems, 54 

designed to evacuate water from the urban landscape, to reduce local flood risk (albeit with the common 55 

consequence of exacerbating downstream flood risk1). This approach increases stormwater runoff during rain 56 

events2, but also changes the flow regime in urban receiving streams when it is not raining, as impervious 57 

areas reduce infiltration into soils, thus commonly reducing groundwater levels3. Lower groundwater means 58 

less contribution to stream flows in dry weather, although this can be offset in some places by other factors 59 

such as leaks from water supply networks or from over irrigation3,4. 60 

Urban hydrology profoundly affects both humans and ecosystems. Flooding can impact life and property, 61 

while changes to flow regimes and water quality degrade streams, causing a loss of biodiversity and 62 

ecosystem services that streams provide5. Changes in water movement through the urban landscape also 63 

affect urban vegetation6, potentially exacerbating the threatening effects of droughts and heatwaves7. Flood 64 

risks grow as urban density increases, increasing impervious areas and thus volumes of runoff that flow 65 

downstream8.  66 

While mitigating flood risk remains a primary objective of urban management, the societal expectations of 67 

urban hydrology management have changed since around 2000, to include other objectives and address new 68 

challenges. There is much greater demand from communities that the environmental impacts of urban 69 

development – pollution, erosion, loss of habitat and urban amenity – be mitigated along with reducing flood 70 

risk9. With increasing water scarcity in significant parts of the world, there is also demand in these areas for 71 

alternate or supplementary water supplies, and increasing recognition that capturing urban runoff has 72 

multiple, important benefits10,11. Cities also face challenges relating to increased population density (and thus 73 

greater coverage of impervious surfaces) and a changing climate (with trends towards increasing rainfall 74 

intensity and incidence of drought in many regions12). These threats potentially render stormwater systems 75 

unable to meet their current design objectives, let alone to meet the increasing societal expectations of 76 

delivering multiple objectives. 77 

The advent of new technologies opens up previously impossible solutions to managing stormwater. The use 78 

of low-cost sensors and the Internet of Things create the possibility to create “smart stormwater networks”, 79 

which are optimised through real-time control to simultaneously reduce floods, deliver suitable water quality 80 

and flow to streams, irrigate the urban landscape, and provide supplementary water supplies13. With careful 81 

design, there is potential for such technologies to help in addressing the water shortages in many cities around 82 

the world, help to provide environmental flows for threatened species living in urban and peri-urban streams, 83 

and involve and financially reward the community for their role in managing private “smart stormwater 84 

storages”, in the same way as homeowners in many cities around the world are now rewarded for the 85 

electricity generated by rooftop solar panels14,15. 86 

In this Review, we identify the emerging changes in the field of urban hydrology, including the changes to 87 

drivers such as population, urban density and climate. We also explore the changing societal expectations of 88 

the way urban stormwater is managed, not only as a threat (to the environment and of flooding), but also as a 89 

potential resource to alleviate urban water scarcity. Lastly, we identify new opportunities that could transform 90 

the way water is managed in cities, including low-cost sensor technologies and the advent of distributed real-91 

time control – allowing stormwater and water supply systems to be optimized with both centralised and 92 

decentralised elements – and new business models for stormwater management.  93 

 94 



Urban hydrology background  95 

The need to provide for drainage of human settlements dates back to at least the Minoan Civilisation16.  96 

Along with water supply and sanitation (removal and management of human waste), urban drainage has been 97 

a central preoccupation of humans as they began to coalesce into what we now call “cities” and “towns”.   98 

Broadly speaking, drainage in cities and towns around the world is achieved through one of two means: 99 

separate sewers (where stormwater and wastewater are carried in separate pipe networks) or combined sewers 100 

(where sanitary and stormwater are combined).  In systems with separate sewers, stormwater is typically 101 

conveyed to receiving streams (typically without prior treatment to improve quality), while wastewater is 102 

conveyed to a wastewater treatment plant. In combined systems, the treatment plant is designed to treat both 103 

stormwater and wastewater.  However, the highly variable nature of stormwater means that the treatment or 104 

transport capacity is often exceeded, resulting in untreated water being discharged to urban streams17. 105 

 106 

A fundamental component of hydrology is to understand the fate and pathways of rainfall as it falls on the 107 

earth’s surface. Urban hydrology is characterised by the major perturbations to these processes that result 108 

from the creation of impervious areas, the construction of urban drainage networks, and the changes to 109 

vegetation and soil properties18. In urban catchments, the predominant pathway of rainfall is over impervious 110 

surfaces (and potentially over compacted soils) and then through constructed pipe networks.  This is in stark 111 

contrast to natural catchments, where most rainfall infiltrates (typically slowly) into soils, and is subsequently 112 

either transpired by vegetation or percolates through to groundwater, and subsequently contributes to 113 

baseflows in streams (Figure 1).  114 

 115 

The flow paths in urban catchments are theoretically “simple”, being dominated by runoff over impervious 116 

surfaces and then flow conveyed along constructed gutters, drains and pipes, rather than the complex 117 

pathways of natural areas, where soil, vegetation, topography and bedrock can all interact to change the 118 

movement and fate of water. In reality, however, urban flow paths can often be more complex than they 119 

appear. Buried infrastructure in cities (such as pipes, conduits, foundations) radically change the movement 120 

of water, often resulting in water draining rapidly from urban soils19.  Water which infiltrates into urban soils 121 

can often take preferential paths along infrastructure trenches20,21. 122 

 123 

Urban hydrology is often described as “flashy”, reflecting the large volumes of runoff produced by even 124 

small rainfall events, and the speed with which they are conveyed to receiving waters through pipe networks. 125 

Indeed, the coefficient of runoff (the amount of rainfall that becomes runoff) from an impervious surface can 126 

exceed 90%22, while in natural catchments made up of forest, the same rainfall might result in less than 10% 127 

of rainfall becoming runoff23. Conversely, urban streams often experience much lower flows in dry weather, 128 

resulting from impervious surfaces preventing infiltration and recharge of groundwater24. Effects on baseflow 129 

are however complex; over-irrigation, leakage from drinking water pipes and sewers can all add to 130 

groundwater stores and thus increase baseflow, and wastewater discharges can dramatically increase 131 

baseflow in some urban streams3,25,26.  132 

 133 

Combined, these changes to hydrology result in the degradation of receiving water channels because of 134 

increased peak flows during wet weather (causing erosion and loss of habitat diversity), along with a loss of 135 

wetted habitat in dry weather due to often-reduced baseflows27. The quality of water emanating from urban 136 

catchments is typically poor, resulting both from the many sources of potential pollution in cities and towns 137 

and from the hydraulically efficient flow paths that act to transport these pollutants downstream28,29.  138 

 139 



 140 

 141 

Figure 1. Urban water balance changes related to urban stormwater.  Changes to flow pathways and 142 

water balance as a result of urbanisation, shown by arrows.  The size of the arrow represents the 143 

relative size of the flux. The urban karst represents the permeable trenches surrounding 144 

underground infrastructure (pipes, cables, etc), which act to create a preferential flow path for 145 

water which infiltrates into the soil in urban areas. Urbanisation results in a major loss of 146 

evaporation, infiltration and transpiration, while increasing runoff directly entering waterways.  147 

Impervious surfaces typically produce five to ten times more runoff than do natural surfaces. [to 148 

be re-drawn prior to publication]. 149 

 150 

As the understanding of urban hydrology has become more sophisticated, arguably so too have the 151 

philosophies underpinning its management. Just as urban ecology has been described as evolving from an 152 

ecology “in the city” to an ecology “of the city” and ultimately towards an ecology “for the city” 30, 153 

hydrology has arguably evolved from having a single focus of understanding the movement of water in the 154 

city to a focus on water flows in urban ecosystems and “creating the city” that delivers water-related 155 

ecosystem services to its inhabitants. While past approaches were characterised by large-scale centralised 156 

solutions, with the aim of evacuating water from the urban landscape, emerging approaches increasingly 157 

focus on a mix of centralised and more local “at-source” solutions31. These aim to reduce flood risk, while 158 

protecting receiving waters from pollution and degradation, and enhancing the urban landscape32. Such 159 

approaches can potentially also result in greater community involvement in solutions to the challenges posed 160 

by urban hydrology33. In addition, emerging approaches rely on vegetated systems termed blue-green 161 

infrastructure, which use vegetation and mimic natural processes in an attempt to improve water quality and 162 

flow regimes – including raingardens, green roofs, swales, and retention basins31,34. These solutions form part 163 

of a larger umbrella of so-called nature-based solutions (NBS) in cities that aim to provide benefits to people 164 

and biodiversity35,36 (see Section Delivering ecosystem services). 165 

 166 

Changing drivers 167 

In this section we outline the principal factors affecting the management of urban hydrology.  We firstly 168 

focus on the increase in population and the density of cities, with consequences for flow regimes and the 169 

demand for water.  We then consider the impacts of climate change, particularly on flood risk, but also on the 170 

security of water supplies, before examining the question of stormwater quality, its treatment, and the 171 

emergence of micropollutants of concern. 172 



Population and urban density 173 

The number of people living in cities is rapidly increasing. Some 58% of the world’s population now live in 174 

cities (up from 30% in 1950) and this is expected to grow to 68% by 2050, with more than half the world’s 175 

countries having a majority urban population by that time37. However, this global urbanization trend varies by 176 

continent and region, with Africa and Asia particularly undergoing rapid urban growth.  In Africa alone, the 177 

urban population is projected to increase by around 57% between 2018 and 203037. Urban population growth 178 

is characterized by both expansion and densification. Expansion, the conversion of rural or forested land to 179 

new urban land, entails wholesale removal of vegetation, dramatic increases in impervious surfaces, and thus 180 

increases in stormwater runoff38.  181 

In an effort to make cities more sustainable39, strengthen local economies 40 and prevent habitat and 182 

biodiversity loss41, many cities are increasingly being renewed and densified, involving subdivision of lots, 183 

replacement of single-family homes with multi-family and mixed-use buildings, and construction of large 184 

apartment complexes and commercial buildings. This has substantial ramifications for urban hydrology, with 185 

the proportion of impervious area typically increasing, thus increasing the amount of runoff generated for a 186 

given rainfall event42. It also results in less space being available for grey and green infrastructure to address 187 

changes to hydrology, along with less green space for irrigation43, making the creation and protection of 188 

green spaces during urban renewal even more vital. Existing conventional stormwater drainage systems—189 

designed for less dense urban landscapes—begin to deliver a lower level of service to the community. 190 

Stormwater-related flooding becomes more frequent and damaging 44,45.  191 

In cities where a combined sewer carries the flow of stormwater and wastewater, the frequency with which 192 

untreated wastewater spills onto the street or into waterways commonly increases with urbanization and thus 193 

with increasing population density. For example, in the UK there are more than 20,000 ‘permitted’ combined 194 

sewer overflow structures, with the Thames receiving some 50-60 overflows per year alone 46. This poses a 195 

risk to both humans 47 and the environment 48. Upgrading existing sewer networks in urban areas is very 196 

difficult and expensive, and made even more so as the density of development increases, given the difficulties 197 

in accessing pipes under existing buildings and urban infrastructure. 198 

While land use change through urban development and redevelopment undeniably poses challenges for the 199 

management of urban hydrology, it also creates opportunity for creation of new infrastructure to facilitate 200 

better stormwater treatment and flood protection. Such changes, which often result from changes to income 201 

distribution, particularly in developing countries49, also create the opportunity to design urban water 202 

management using current knowledge, on a fresh canvas.  Doing so, however, often faces challenges.  These 203 

may include constraints such as integration with existing infrastructure and competition for space, or the 204 

increased up-front cost of reserving space, protecting headwater streams, and installing lot-scale and street-205 

scale stormwater control measures. In the absence of an established community to advocate for beneficial 206 

solutions, the status quo of traditional urban drainage can often prevail50. 207 

Given the inevitable increase in population and urban density, research is needed to (i) identify and develop 208 

new technologies that will deal with the water balance and water quality impacts of urbanization, but which 209 

require the least possible space, (ii) identify ways of encouraging developers and citizens to contribute to 210 

more sustainable stormwater management, for example through the implementation of market-based 211 

instruments. 212 

Climate change  213 

Documented and projected changes to the earth’s climate12 have major implications for the urban water cycle. 214 

Climate change was linked with intensification of short-duration rainfall events globally51 (Figure 2). Most 215 

models predict these effects across the majority of the world’s major cities, particularly in North America and 216 

Asia52. More intense rainfall leads to greater surface runoff generation, both in terms of total quantity and 217 

peak flow53—especially in urban catchments where catchment soils have reduced storage capacity 54. 218 

Combined with the effects of sea level rise on coastal areas, this will result in substantial increases to flood 219 

risk.  220 



The changes in climate will lead to more frequent flooding and overwhelming of the capacity of sewers55 in 221 

urban areas, as well as increases in the frequency56 or volume57 of untreated wastewater discharged to the 222 

environment via combined sewer overflows. In rapidly developing cities, these climate change-related 223 

problems can be aggravated by the accelerated growth of impervious areas, such as reported by Zhou, et al. 224 
58. There is uncertainty in the expected magnitude of changes in urban hydrological indicators, but the 225 

direction towards more frequent problems related to urban stormwater management is now universally 226 

recognized. This is leading cities around the world to invest in major upgrades to stormwater infrastructure; 227 

the Canadian city of Montreal is but one example, with major investment being made in response to predicted 228 

increases in the frequency of flooding and sewer overflows59. 229 

Flooding is not the only problem that cities will face: annual rainfall is projected to increase in some areas 230 

and decrease in others 60, while evapotranspiration is projected to increase across the globe 61. Changes to 231 

both rainfall and evapotranspiration will have interactive effects on the water balance and water availability 232 

in cities 62. 233 

Climate change is thus increasing the need to find solutions which maintain and improve the performance of 234 

urban drainage systems, but at the same time, it will impact on the ability of these solutions to achieve their 235 

goals. For example, the likely longer periods of drought, followed by more intense storm events, will reduce 236 

the performance and increase the maintenance costs of nature-based solutions, which use vegetation in an 237 

attempt to improve water quality and flow regimes emanating from urban areas63. 238 

 239 



 240 

Figure 2. Increasing flood risk with climate change.  Projected increases in rainfall intensities as a 241 

function of a changing climate.  Figures produced from data from IPCC, 202164. For every half-242 

degree increase in global temperatures, rainfall intensities will experience noticeable increases, 243 

which will accelerate for warming above 2.0oC. 244 

The effects of climate change on stormwater are likely to cascade with the effects of increasing urbanization 245 

and densification65, resulting in compounding of risks and subsequent impacts on (for example) the 246 

wastewater system and potentially even on water supply systems.  Stormwater managers will thus need to 247 

undertake analyses of these compound risks in the future, rather than assessments of degradation in 248 

performance due to individual factors. 249 

Research efforts are needed to better understand the climate change impacts on the performance of 250 

stormwater management systems, relative to their design intent, to inform optimisation of investments in 251 

upgrades and transformation of stormwater management assets.  Research examining future scenarios will 252 

need to inform not only future flood projections, but projections around the moisture availability to green 253 

infrastructure (such as street trees installed to receive passive irrigation from stormwater66).  This is 254 

particularly important given the critical role vegetation plays in many stormwater control measures, and the 255 

well-documented impacts of a changing climate on the health and phenology of plants67. 256 

Emerging pollutants 257 

The changes to hydrology through creation of impervious surfaces and the simplification of flow paths result 258 

in increased concentrations and loads of pollutants28,68, the management of which is part of the overall 259 

challenge of urban hydrology.  Urban areas are a source of many pollutants, resulting from both processes 260 
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occurring and materials used in urban environments (buildings, roads, cars, etc.). Unsurprisingly, urban 261 

stormwater has high concentrations of a wide range of pollutants such as heavy metals, hydrocarbons, 262 

sediment and nutrients28,68.  Stormwater pollutants can be either dissolved (such as nitrate) or particulate 263 

(such as phosphorus bound to sediments); in general the dissolved pollutants are the most difficult to 264 

remove69. In the last two decades, stormwater quality treatment systems have been developed to reduce the 265 

concentrations and loads of these pollutants, before they enter receiving waters.  Initially, the focus of 266 

stormwater quality was primarily on gross pollutants (such as anthropogenic litter), but increasingly treatment 267 

systems are designed to deal with the ‘invisible’ pollutants, including dissolved and small particulate 268 

contaminants.   Such treatment systems include nature-based solutions such as wetlands, bioretention 269 

systems, and infiltration trenches, as well as grey infrastructure involving settling tanks or granular filtration 270 

systems.  271 

There are a wide range of pollutants of emerging concern, such as pharmaceuticals, microplastics, pesticides, 272 

herbicides and fungicides70, that might not be removed by existing treatment systems. These pollutants are 273 

often also referred to as micropollutants, which are found in trace amounts in the environment.  They include 274 

pharmaceuticals and personal care products, stimulants, trace metals, microplastics, persistent organic 275 

pollutants, and trace metals71. Monitoring for such pollutants is typically expensive, and further work can 276 

help  to understand the spatial and temporal dynamics of these pollutants of concern72.  Given the large 277 

number of these emerging pollutants of concern, researchers have attempted to develop ‘fingerprinting’ 278 

methods, where concentrations of various micropollutants within stormwater runoff are compared with 279 

measured or known concentrations in various sources, in order to estimate the proportional contributions to 280 

the overall pollutant loads from each of these sources73. 281 

There are many areas where additional research and engineering solutions could improve stormwater 282 

management. One area is understanding how commonly-used measures for treating stormwater pollution 283 

(such as the constructed wetlands, biofiltration systems, stormwater infiltration described above) perform in 284 

removing micropollutants, and in the fate of these pollutants in such measures72,74.  In particular, it would be 285 

helpful to understand which micropollutants will be effectively removed by filtration and sorption, and which 286 

ones pass through untreated or leach out over time after initially being retained. Treatment of dissolved 287 

micropollutants (such as some hydrocarbons and trace metals) is particularly problematic, since they often 288 

pass through filtration media, or are leached out following initial retention69,75.  Advances since around 2015 289 

in the design of stormwater treatment measures to improve micropollutant removal include use of activated 290 

carbon or biochar, along with bioaugmentation to engineer a microbiome in the filter media76,77. A better 291 

understanding of the accumulation and fate of trapped micropollutants within stormwater treatment facilities 292 

may improve stormwater treatment, particularly given the use of such facilities by animals as habitat and 293 

legal requirements to eventually remove the trapped materials and store them in an environmentally safe 294 

manner78. 295 

 296 

Changing expectations and perceptions 297 

In this section we explore the changing way in which the management of urban hydrology is considered, 298 

reflecting an increasing societal expectation around protection of stream ecosystems and the delivery of 299 

ecosystem services to benefit urban communities.  We also examine the way in which stormwater is 300 

increasingly seen as a water resource, rather than as a nuisance, and discuss the implications this has for 301 

stormwater management approaches. 302 

Managing urban hydrology to reduce environmental impacts 303 

Typical approaches to managing urban hydrology result in degraded stream ecosystems (habitat loss, reduced 304 

water quality, loss of biodiversity) and therefore in a loss of ecosystem services provided to urban 305 

communities. While many factors affect the health of urban streams, hydrology is considered to be a master 306 

variable5. Hydrology also drives pollution (because it acts to mobilise and transport pollutants in the 307 

catchment into the receiving waters) and is the main driver of erosion and channel degradation. Degradation 308 



can occur at very low levels of urbanization, with substantial loss of instream species occurring when 309 

impervious areas draining to the stream via pipes make up much less than 10% of the catchment79,80. 310 

Recognising the impacts of traditional urban water management approaches on urban streams, there has been 311 

a shift since around 2000 to a more holistic focus. Protection of streams from degradation has become as 312 

important as the drainage function for which urban stormwater has traditionally been managed34.  This more 313 

environmentally-focussed approach aims to protect waterways and to maximize the delivery of ecosystem 314 

services, both by streams and across the urban landscape more generally.  This change in focus has been 315 

driven by community expectations81, for example as urban waterway corridors have become valued for their 316 

passive recreation values82. The extent to which communities will push for – and be receptive to – improved 317 

stormwater management, depends on their attachment to their neighbourhood, including their degree of social 318 

connection and a sense of being collectively capable of action83. The attachment to local neighbourhood is 319 

consistent with the conceptual framework of Haywood, which identifies place, community and nature as 320 

creating a sense of attachment, that will regulate pro-environmental behaviour84. Arguably, the change is also 321 

reflective of a broader increase in environmental awareness and an increasing demand for more sustainable 322 

practices around water, energy85, urban biodiversity86 and the liveability of cities87. 323 

The general aims of this more recent, environmentally-motivated approach, can be summarized as being to (i) 324 

return a more natural water balance, including the proportion of rainfall which is infiltrated, evapotranspired 325 

and which contributes to runoff; thus returning a more natural flow regime, (ii) improve water quality and 326 

reduce export of pollutants to downstream receiving waters (such as bays and estuaries), (iii) provide water 327 

for human and other needs within cities, and (iv) enhance the urban landscape, providing amenity and 328 

ecosystem services to urban communities 34. 329 

Approaches to protecting relatively unimpacted streams from future development may be very different from 330 

approaches to restoring highly degraded and constrained urban streams. For example, protection approaches 331 

may focus on maintaining near-natural hydrology, using natural or pre-urban reference condition to guide 332 

objectives88,89, or matching pre-urban erosion potential, using hydraulic analysis of modelled streamflows 333 

under different stormwater management scenarios90. Restoration in lightly impacted streams may take a 334 

similar approach91,92 with interventions that aim to reduce the stressors below degradation threshold levels, 335 

acknowledging that if hysteresis responses exist, more extreme measures (stressor reductions far below the 336 

original degradation thresholds) may be needed to see ecosystem improvements93. In already-degraded urban 337 

streams, instead of trying to restore to natural conditions, restoration goals may aim for ecosystem structure 338 

and functions that can provide important services and social benefits94. For example, highly modified urban 339 

waterways and human-constructed water features (for example, canals, stormwater ponds, ornamental ponds) 340 

may still provide water storage, nutrient processing, habitat for some flora and fauna, and opportunities for 341 

human connection to nature.  342 

Defining management objectives involves considering scale within the landscape. Urban hydrology 343 

objectives aimed at protecting or restoring large downstream receiving waters (e.g. targets aimed at reducing 344 

loads to a lake, estuary or bay95) can encourage large-scale interventions downstream in the catchment, thus 345 

inadvertently neglecting the small and important headwater streams higher up in the catchment. Headwater 346 

streams (the smallest drainage lines, that act as the first fingers of the natural drainage network, before joining 347 

downstream to become streams, then rivers), for example, are often piped and built over96,97. These headwater 348 

streams are now recognized as providing essential ecosystem functions (such as allochthonous carbon 349 

sources, nutrient cycling, groundwater recharge)98,99 and harbor unique biodiversity100,101. Multi-scale 350 

approaches that benefit all streams within the drainage network may best protect urban streams102, rather than 351 

only attempting to protect lakes, estuaries or bays downstream. Distributed stormwater management 352 

approaches focused on harvesting, infiltrating, filtering and encouraging evapotranspiration of stormwater 353 

runoff, throughout watersheds79,88, provides the best opportunity to restore both headwater systems and the 354 

downstream waterways to which they drain103.  355 

While urbanization is shown to result in homogenization of ecosystems104, considering urban stream 356 

ecosystems as homogenous may hide regional heterogeneity in processes and prevent more targeted and 357 

effective management solutions105. For example, urbanization of streams in arid environments will have 358 



vastly different impacts than those in more humid environments106; such specificities are necessary if 359 

protection of the natural flow regime is desired89. Moreover, freshwater ecosystems are integrally tied to 360 

human societies, and in urban areas where large populations interact with streams, a re-envisioning of urban 361 

aquatic ecosystems as social-ecological systems may lead to more appropriate solutions to environmental 362 

problems. A shift from either utilitarian (streams as drains or sewers) or ecocentric (streams as pristine 363 

environments to be protected from human impacts) views of aquatic ecosystems towards understanding cities 364 

as functioning (albeit highly modified) ecosystems (sensu Grimm, et al. 107) may generate new opportunities 365 

for creative solutions to urban hydrology problems. This approach may involve, for example, focusing on 366 

protecting those ecosystems not yet disturbed by urbanization, while using ecological principles around 367 

habitat diversity to design urban waterway ecosystems, which, when combined with appropriate stormwater 368 

control measures, permit a stream ecosystem to be sustained in a way that offers some biodiversity and 369 

ecosystem services to surrounding communities. 370 

 371 

Delivering ecosystem services  372 

Beyond reducing harmful impacts on the environment, there is an increased expectation that urban water 373 

management can contribute to delivering 'ecosystem services', helping to ensure that benefits from 374 

ecosystems are delivered to people. These expectations can be centred around waterways, such as increased 375 

demand for recreational use of water bodies108, or around the broader waterway corridor or even the broader 376 

urban landscape. As management of urban stormwater has moved towards a more water-sensitive framework, 377 

the provision of ecosystem services has become a primary objective109. It also reflects a broader trend in 378 

urban landscape management now covered under the umbrella term “nature-based solutions”, defined as 379 

“actions to protect, conserve, restore, sustainably use and manage natural or modified terrestrial, freshwater, 380 

coastal and marine ecosystems, which address social, economic and environmental challenges effectively and 381 

adaptively, while simultaneously providing human well-being, ecosystem services and resilience and 382 

biodiversity benefits”110. With this definition, strategies relying on green infrastructure such as vegetated 383 

stormwater systems are nature-based solutions, helping to connect the agendas of urban water management 384 

with more holistic urban planning principles for sustainable cities34,111.  385 

Examples of ecosystem services provided by vegetated stormwater management systems, in addition to their 386 

primary benefit for stormwater management, include: recreation and aesthetic benefits of green open spaces, 387 

as well as mitigating urban heat, enhancing carbon sequestration, supporting food production, and enhancing 388 

water supply through groundwater recharge or surface water retention (Figure 3). Importantly, the level of 389 

services varies broadly across the suite of nature-based solutions112. The type of system, ranging from green 390 

open spaces to high-tech green roofs113, influences its benefits – related to stormwater management or other 391 

ecosystem services. In addition, the social, ecological, and technological context mediates the level of service 392 

for a given type of structure. For example, social benefits and demand for green infrastructure vary with 393 

residents’ education and income114. Ecological factors such as climate and soils influence the potential of 394 

green infrastructure – for example, tropical systems need more retention space due to greater rainfall 395 

intensity115. Technological legacies, such as a combined or separate stormwater drainage network, also 396 

influence the potential benefits of vegetated systems – with a greater focus on avoiding peak flows and 397 

combined sewer overflows in the case of combined networks.  398 

The complex and adaptive social, ecologic, and technological subsystems that make up a city highlight the 399 

potential tradeoffs and conflicts between different solutions112. A street tree may provide important benefits 400 

for heat mitigation, but at the expense of water availability, a priority in arid cities. To address this, co-design 401 

approaches supported by science can help identify and implement solutions that suit the city, or the 402 

neighborhood. Decision-support tools that illuminate these tradeoffs have flourished in recent years115, some 403 

of them with a focus on urban water management116. These tools will be critical to achieve the ambitious 404 

goals for cities set in international agendas, starting with the Sustainable Development Goal 11 and more 405 

recently reiterated in the Global Biodiversity Framework's Target 12 that highlights the contribution of blue 406 

and green infrastructure “to inclusive and sustainable urbanization and to the provision of ecosystem 407 

functions and services” 117. 408 



 409 

 410 

Figure 3. Ecosystem services. Example of ecosystem services that can be delivered by multi-functional 411 

stormwater management approaches.  Delivery of such ecosystems is vital for community 412 

wellbeing but also critical to building investment cases around stormwater management 413 

approaches that better protect the environment. [To be re-drawn before publication] 414 

 415 

Perceptions of stormwater as a resource  416 

The use of stormwater as a resource has been increasing globally in the last decade10. In many parts of the 417 

world, stormwater harvesting is common, with examples ranging from household scale systems supplying 418 

water for toilet flushing, clothes washing and even drinking118,119, to precinct scale schemes that provide 419 

water for substantial irrigation120. The magnitude of the available resource can be quite substantial; for 420 

example, many Australian cities generate volumes of stormwater runoff that are similar to the total water 421 

supply each year (Figure 4). Uptake of stormwater as an alternative water supply option depends on factors 422 

such as public perception and regulation. 423 

User acceptance for rainwater (surface runoff from roofs only) can be as high as 96% for non-potable uses121, 424 

while user acceptance of using stormwater as a supplementary water supply is also quite strong, although 425 

more variable119. Successful projects such as the Little Stringybark Creek Project in Melbourne, Australia—426 

where hundreds of residential rainwater and stormwater harvesting systems were installed91—suggest that 427 

public perception can be overcome through education and trust building122. In this project, most of the 428 

rainwater harvesting systems installed were connected to non-potable demands such as toilet flushing, clothes 429 

washing, hot water usage, and garden watering. Similar levels of rainwater harvesting have been achieved in 430 

a new residential development called Aquarevo in southeastern Australia120. A collaboration between a local 431 

water authority and a property developer, this innovative project features new homes with real-time 432 

controlled rainwater tank systems installed. The tanks supply hot water to the homes and feature ultraviolet 433 

treatment. The treatment train has a fail-safe and potable backup to ensure that the residents are supplied 434 

appropriate quality water. These Australian case studies demonstrate the public perception can be addressed 435 

using both structural and non-structural measures.  436 

Regulation can influence the uptake of stormwater harvesting. For example in the U.S. State of Colorado, 437 

laws limit the use of rainwater for outdoor purposes only (https://kdvr.com/news/local/is-it-legal-to-collect-438 

rainwater-in-colorado/). Rules in other U.S. States can be less restrictive, but compliance with relevant 439 

plumbing codes will be required and may, in some areas, be a barrier to adoption. For example, in France, 440 

laws restrict the use of rainwater to mainly toilet flushing and cleaning the ground 123. The lack of regulatory 441 

constraints can help in promoting the uptake of rainwater tanks124.  442 



Part of the attraction of stormwater harvesting is that it can help in alleviating the effects of drought125,126, but 443 

there is also increasing evidence of the role of stormwater harvesting in alleviating both nuisance flooding127 444 

and riverine flooding128. Catchment-scale implementation of tanks can potentially also improve in-stream 445 

water quality129. Benefits can also extend to human thermal comfort, when stored tank water is used for 446 

irrigation in order to deliver microclimate cooling effects120. Capturing these sorts of additional benefits of 447 

stormwater re-use will be critical to increase up-take and to drive policy change that supports stormwater 448 

harvesting as an integrated solution to the supply of water and the delivery of greater environmental and 449 

human outcomes in cities. 450 

 451 

 452 

Figure 4. Stormwater as a resource. Example showing the water balance of major Australian cities, 453 

demonstrating the potential of stormwater to augment (or with treatment, replace) existing water 454 

supplies130.  In most cities, the volume of stormwater is similar to, or exceeds, the total water 455 

demand.  This demonstrates the potential for stormwater harvesting to solve the water shortages 456 

often facing cities in many places around the world. 457 

 458 

Despite the attractiveness of stormwater harvesting, its implementation needs to be considered in the context 459 

of the implications for governance.  The widespread use of rainwater tanks at the household scale, acts to 460 

transfers the responsibility of managing water supply from government to individuals, with its subsequent 461 

benefits and disadvantages131.  This transfer may accentuate inequality, for example by providing the 462 

enhanced security of water supply only to the households able to afford investment in rainwater tank 463 

systems132.   464 

 465 

Changing technologies 466 

In this section we outline the rapid changes that are taking place in the technology used to manage urban 467 

stormwater.  We commence with a brief discussion of advances over the last couple of decades in the 468 

stormwater control measures used to return more natural flow and water quality regimes.  We then examine 469 

more recent technological advances, including the way stormwater management systems are monitored, with 470 

a focus on advances in low-cost monitoring technologies. Lastly, we describe the increasing power of 471 



forecasting capabilities to drive real-time control of stormwater systems, transforming them from passively 472 

operated infrastructure into systems capable of adapting to variable climatic and environmental conditions. 473 

Increased adoption of stormwater control measures 474 

Technologies used to manage urban runoff have changed in the last two decades, arguably partly because of 475 

advances in technology and partly also in response to changed community expectations133.  Stormwater 476 

control measures (SCMs) aim to improve water quality and deliver more natural flow regimes and a more 477 

natural water balance. While their use has increased over time, there remain political, institutional and 478 

technical barriers115,134. In more recent years, SCMs increasingly serve multiple purposes, including reducing 479 

flood risk, protecting receiving waters or at least reducing downstream pollutant loads, enhancing local 480 

landscape amenity, increasing biodiversity and mitigating the urban heat island effect. As shown in Figure 5, 481 

SCMs include a broad range of technologies, such as stormwater ponds and wetlands, swales and filter strips, 482 

infiltration trenches and basins, porous pavements, vegetated roofs, rainwater tanks, gross pollutant traps, 483 

particular filtration systems and bioretention systems135,136. 484 

 485 

 486 

Figure 5. Examples of stormwater control measures. Stormwater infiltration pond, Villeurbanne, France 487 

(A), stormwater runoff-irrigated street trees, Montreal, Canada (B), Porous pavement, Valence, 488 

France (C), Wetland and rain-garden, Singapore (D), Rainwater tank, Melbourne, Australia (E), 489 

Streetscape rain-gardens (F & G), Montreal, Canada and Melbourne, Australia, Carpark 490 

infiltration swale, Villeurbanne, France (H). Photo credits: Frédéric Cherqui. These examples 491 
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show how stormwater control measures are integrated into the urban landscape to provide 492 

aesthetic and amenity benefits, along with their primary function of retaining, detaining and 493 

treating urban stormwater runoff. 494 

 495 

The use of vegetation in SCMs is well recognized for its ability to enhance pollutant removal137, reduce 496 

runoff through evapotranspiration and maintain the porosity of stormwater filtration media, through root-497 

created preferential flow pathways138.  Recent research now provides very specific insights into the traits of 498 

plants that should be used in SCMs such as bioretention systems, to achieve the best water quality treatment 499 

performance 139 and to maintain system porosity over time138. At the other end of the spectrum, SCMs 500 

designed only to treat water quality (without providing other benefits such as flow reduction or improvement 501 

of urban amenity) often use no vegetation, with filtration provided by the use of sophisticated and targeted 502 

filtration media, such as granulated activated carbon140. Specification of filtration media can also be targeted 503 

towards the removal of pollutants of particular concern, such as pathogens141. 504 

 505 

Among the functions of SCMs, infiltration is often central, given its role in reducing runoff volume, 506 

recharging often-depleted groundwater (and thus supporting stream baseflows, as well as the growth of urban 507 

trees). In the last few years, researchers have delivered great insights into the fate of infiltrated water142, and 508 

also its contaminants72, allowing the risk of contaminating nearby groundwater or baseflows to be quantified 509 

and thus avoided. Infiltration systems may take the form of simple trenches or basins, or be ‘hidden’ within 510 

the urban landscape, through the creation of porous pavements to replace standard asphalt or concrete. 511 

 512 

Low-cost monitoring technologies 513 

Monitoring is an important component of managing stormwater systems. As an example, continuous 514 

monitoring of water level in stormwater treatment wetlands can indicate whether the outlet has become blocked 515 

by debris, which could lead to a loss of vegetation143 and reduce treatment effectiveness144.  Similarly, 516 

stormwater infiltration systems are known to clog over time; and measuring water level drawdown time can be 517 

used to schedule appropriate maintenance to remove the deposited silt.  Monitoring is also required for 518 

regulatory purposes, such as reporting of the frequency and, ideally, quality of sewer network overflows into 519 

receiving waters17. 520 

The spatial and temporal variability of urban hydrology means that monitoring should be undertaken at short 521 

timesteps (such as 5 minutes) and at many locations within the system or drainage network.  In reality, however, 522 

this is usually not possible, due to the high cost. This explains in part why stormwater systems have to date 523 

been poorly monitored, leading to inadequate maintenance and frequent system failures145. 524 

The rapid development and popularity of low-cost sensors in recent years has opened a new avenue for urban 525 

hydrology monitoring146-148. The development of versatile and cheap electronics with micro-controllers like 526 

Arduino and Raspberry Pi has attracted hobbyists and specialized communities149. The potential of these 527 

solutions to improve accessibility and scope of monitoring and allow collaboration on open-source hardware 528 

and software development, have favored the enlargement of these communities150. At the same time, growing 529 

production of sensors for industry has led to a reduction in prices, greater availability of sensors, and strong 530 

technological evolution)151. Low-cost systems are especially relevant in urban areas where dense monitoring 531 

networks and specialized control systems are required and security of traditional systems can be problematic152. 532 

The benefits of low-cost systems go beyond their cost savings. In many cases, the problem being solved is not 533 

so much the high cost of traditional monitoring, but rather its black-box nature. Low-cost technological 534 

development goes hand-in-hand with open-source and open data philosophies, near-real-time data access, low 535 

energy consumption, autonomy, modularity, and greater control over the measurement. Other benefits include 536 

increased spatial density of measurement points153,154, bi-directional communication, and the ability to integrate 537 

sensors and control systems (for example, triggering water sampling).  538 

Real-time communication is a major development which offers adaptive control (such as remote setpoint 539 

change, triggering of actions) and optimizes maintenance (alerts related to lack of data or critical situations 540 



such as battery level). Moreover, the availability of sensors produced by industry makes it possible, often after 541 

adaptations, to meet the numerous monitoring needs in urban hydrology155. For example, cameras can be used 542 

to measure water level, flow or turbidity, but also to identify flood damage156-160. By extension of the notion of 543 

low-cost monitoring, we can also include crowd-sourcing approaches161,162, such as measuring rainfall using 544 

car windscreen wipers163, private weather stations164-166 or surveillance cameras167.  545 

There are numerous limitations of these systems, requiring a research effort from both technology developers 546 

and technology users to meet the needs of urban stormwater managers. A major shortcoming is the lack of 547 

knowledge crossover between metrology (the science of measurement) and prototyping168. Knowledge of 548 

programming and electronics is important for prototyping, but without knowledge of metrology or of the 549 

behavior of the hydrologic systems being monitored, the measurements produced will either be inaccurate or 550 

not provide useful information. At the same time, manufacturers of traditional monitoring equipment can learn 551 

from the demand for customization and flexibility. Hybrid systems are now emerging, with some low-cost 552 

developers producing more ready-to-use and accurate systems152, and some traditional manufacturers 553 

producing more customizable systems. An evolution towards a spectrum where users can choose their preferred 554 

accuracy, reliability and cost, will likely best serve the needs of the urban hydrology community. 555 

 556 

Forecast capability and real-time control  557 

Two interacting areas of technological advancement are revolutionising the management of urban hydrology. 558 

The first is the development of high spatial resolution rainfall forecasts, available both over longer term 559 

(typically up to 7 days) and much shorter term (typically up to 11 hours for ‘nearcasting’ and up to 1 hour for 560 

‘nowcasting’). Such short-term forecasts, which are vital to managing hydrology during intense rain events, 561 

have particularly been driven by the development of radar measurement of rainfall 169 and its integration with 562 

data from traditional rain-gauges 170. We note that advances in forecast technologies may not equally benefit 563 

all countries, with modelling of tropical systems still facing important challenges171. However, social media is 564 

also creating new ways of providing flood warning, for example by using mapping apps to identify road 565 

blockages during flooding, and allowing real-time sharing of flood behaviour between citizens and emergency 566 

management agencies49. 567 

 568 

In parallel, the use of real-time control (RTC) to dynamically operate stormwater networks has increased 569 

dramatically. Real-time control systems respond automatically to changing observed or predicted conditions in 570 

the network – such as increased flow or a change in water quality 172 – to optimise management of the network. 571 

For example, managers may open valves to allow flood waters to flow into a detention basin. While RTC has 572 

been used since the 1990s, this early use was primarily for single-objective optimisation (usually mitigation of 573 

flood risk or control of combined sewer overflows) of large, centralised infrastructure13. 574 

 575 

The combination of advances in RTC with advances in meteorological forecasting has opened up new 576 

applications for real-time control of stormwater systems to meet multiple objectives, such as combined flood 577 

mitigation and water quality improvement173,174. It has also allowed coordinated control of large numbers of 578 

decentralised stormwater control measures, rather than single, large systems175. For example, Xu et al 15 579 

employed RTC to operate a network of rainwater tanks, optimising between the multiple objectives of water 580 

supply, flood mitigation and supply of baseflow to streams. Shen et al.176 combined RTC with nature-based 581 

solutions, optimising water quality for protection of receiving waters and supply of harvested water for non-582 

potable water supply. With increasingly powerful rainfall forecasts available, model predictive control 583 

strategies can operate using longer-term (e.g. 7-day) forecast windows, adjusting as the forecast changes and 584 

becomes more certain closer to the rainfall event177, particularly with radar-based rainfall nowcasts170. Such 585 

long forecast windows, while much longer than the time of concentration of urban catchments (the time for 586 

flow in all parts of the catchment to reach the outlet), allows slow releases from detention storages in the days 587 

leading up to storms, so that the storages are ready to capture and detain rainfall. 588 

 589 

These advances facilitate some potentially revolutionary approaches to managing urban hydrology. For 590 

example, networks of household rainwater tanks could be used to deliver distributed supplies of water and flood 591 



mitigation services, with homeowners being paid for their contributions to the network’s operation, in much 592 

the same way as solar panel owners receive a feed-in tariff for their contributions to the electricity network178. 593 

The network of tanks could be further integrated with stormwater control measures throughout the catchment, 594 

such as rain gardens within the streetscape, or stormwater treatment wetlands downstream. Such an 595 

arrangement can optimise the flow regime through these treatment facilities, ensuring they can perform at their 596 

optimum for water quality improvement, while minimising the risk of overflows, which would result in 597 

discharge of untreated flows downstream and, in some cases, in increased flooding risks. Likewise, in combined 598 

sewer systems, where stormwater and sanitary wastewater are merged, coordinated implementation of nature-599 

based solutions and control of detention tanks has been shown to substantially reduce the incidence of sewer 600 

overflows into receiving waters during storms17. This introduces the possibility of coordinating networks of 601 

real-time controlled detention storages for both wastewater and stormwater (separately), allowing flow rates to 602 

maintain within the capacity of the network, even during large storms, so that receiving waters are not impacted 603 

by wastewater inputs. 604 

 605 

A major future challenge to the implementation of RTC for urban stormwater networks is in the deployment 606 

and maintenance of the large number of sensors179 needed to provide the necessary data – in real-time – to 607 

optimize the network operation. Likewise, while improved operation can be achieved by the use of forecasting 608 

and predictive control, doing so requires major computing infrastructure, to ensure system operation can be 609 

optimised quickly enough to match the highly variable and stochastic nature of urban hydrology. A promising 610 

area of future development is the rapid development of neural-network based machine learning techniques to 611 

underpin predictive models of complex drainage systems, avoiding the need to parameterise complex 612 

conceptual models. The challenge, however, is obtaining long enough time-series of data to train such 613 

models180. 614 

Changing governance and business models  615 

In this section we explore the changes in governance, economics and law that may help to achieve a more 616 

sustainable management of urban runoff.  We firstly examine the frequent misalignment between those who 617 

pay for stormwater mitigation measures and those who benefit from them.  We then briefly discuss the 618 

complex issue of water rights as it pertains to harvesting of stormwater. 619 

Alignment of benefit providers and beneficiaries  620 

A misalignment between the beneficiaries of attempts to improve the management of urban runoff and its 621 

impacts, and those who pay for such improvements, has arguably hampered progress. This has led to proposals 622 

for more innovative funding models, such as stormwater utility fees 181,182. While such fees create a more 623 

sustainable funding model, the use of credits against these fees arguably shows the most promise, because they 624 

can drive behaviour towards reducing stormwater runoff, by sharing in cost-savings with landowners 181. 625 

Some studies have explored the use of offsets, allowing those impacting stormwater runoff (for example 626 

through the creation of new impervious areas) to avoid on-site mitigation works, by paying for mitigation works 627 

elsewhere 182. However, offsets have been strongly criticized, given the non-transferability of impact mitigation 628 

efforts183. For example, if a proposed development will increase runoff in one catchment (A) is offset by works 629 

nearby, but in another catchment (B), as is often the case, degradation to the waterway of catchment A will not 630 

be reduced. This is fundamentally different to offset arrangements for CO2 reduction efforts, for example, where 631 

there is no geographic specificity.  632 

Principal among the research challenges in this area is the development of reliable and easy-to-implement 633 

methods for quantifying and valuing the benefits of stormwater mitigation efforts184. Indeed, the concept of 634 

accounting for and payment for ecosystem services remains at the frontier of current knowledge and research 635 

efforts 185. As challenging as it is, the density and physical constraints of urban landscapes mean that such 636 

approaches, where the community participates in efforts to deliver ecosystem services by improvement in the 637 

management of urban runoff, holds substantial potential14.  638 

An additional challenge – yet also an opportunity – is that managing stormwater runoff at the source (where 639 

the rain falls) offers the best potential for addressing the problems, and these decentralised solutions involve 640 



collaboration of many landholders and water or drainage authorities 133. Perhaps the greatest challenge is in 641 

aligning the beneficiaries with investors in nature-based solutions, given the multiple benefits and stakeholders 642 

involved 186. Individual stakeholders are interested in different benefits from the nature-based solutions, 643 

depending on who they are and how they interact with the solutions. Building a business model in such cases 644 

is complicated by the difficulty in monetizing the many and varied socio-ecological benefits, and by the fact 645 

that these benefits are often common or public good in nature, with benefits accruing to multiple stakeholders. 646 

For such nature-based solutions, a promising area for advancement is to identify how private investors may 647 

capture value from the benefits they create for the wide range of beneficiaries 186. This may involve a public 648 

authority using fiscal instruments (such as charges and taxes) to reimburse private investments in such green 649 

infrastructure. 650 

Ownership of stormwater as a water resource 651 

While stormwater runoff undeniably creates a ‘problem’, it also delivers a valuable resource, particularly given 652 

the scarcity and relative unreliability of water resources faced by many cities around the world. In recent years, 653 

there have been several attempts to develop hybrid supply options for urban water, involving a centralised 654 

potable water supply, combined with a decentralised supply of rainwater or stormwater119,187. More recently, 655 

driven by increasing water shortages, these have included options where stormwater is treated to potable 656 

standards and integrated into the full water supply. This has particularly been driven in regions with water 657 

scarcity problems, such as the town of Orange in south-eastern Australia188. The advent of real-time control 658 

technology has also opened up the possibility of business models where individual owners of rainwater tanks 659 

within an urban area could be financially rewarded for their contributions not only to water supply, but to 660 

reduction in flood risk and to provision of environmental flows to receiving water during times of drought 661 

(Figure 6)13,14. 662 

 663 



 664 

Figure 6. A smart rainwater grid. A real-time controlled grid of water storages, informed by sub-daily 665 

weather forecasts (A) and a market (B) to encourage releases of water, for example to provide 666 

environmental flows to waterways (G), or to reduce flooding.  Individual owners of rainwater 667 

tanks (either households (E) or businesses (D) can receive financial rewards (B) for contributing 668 

to operation of the grid, operated by a central control algorithm and control system (H). The 669 

network combines these private storages with large water storages (C) and wetlands (F) operated 670 

by water authorities and government agencies. Such a grid represents a potential future for 671 

distribute management of stormwater to minimise environmental impacts and maximise the 672 

benefits to society. 673 

 674 

At the individual allotment scale, such business models can, in many jurisdictions, be pursued without regard 675 

to the ownership of the water resource, but at larger scales, where stormwater from several properties has 676 

accumulated (for example in a pipe), issues of ownership become important. Clarity over ownership and rights 677 

to such water will be critical to supporting investment in such larger scale stormwater harvesting schemes189.  678 

For example, in the US, harvesting of stormwater has been illegal in many locations because of its potential to 679 

impact downstream water entitlements, meaning that enabling household-scale rainwater harvesting has 680 

required specific legislative changes, such as by the state of Colorado132. 681 

 682 

For stormwater harvesting to be used at a range of scales to effectively reduce excess runoff, while also creating 683 

an important supplementary water resource, jurisdictions around the world may need to implement legal reform 684 

to give confidence to investors in stormwater harvesting infrastructure, while also protecting downstream water 685 

users and receiving waters from over-extraction.  686 

 687 



Summary and future perspectives 688 

Urbanisation substantially changes the pathways and fate of rainfall once it falls on the landscape. Impervious 689 

areas prevent infiltration, thus reducing groundwater recharge and contributions to baseflow, and replace it 690 

with surface runoff, creating a streamflow regime that is highly flashy. Urban areas generate high loads of 691 

pollutants, and the hydraulic efficiency of impervious surfaces and drainage networks result in a marked decline 692 

in water quality. The results of these mechanisms are pollution, erosion, habitat loss and a decline in both 693 

biodiversity and ecosystem services. At a time when urban populations are growing larger and denser, and 694 

when climate change is leading to higher intensity storms, but also more severe droughts and water shortages, 695 

there is a societal expectation that urban hydrology be managed in a more holistic way. Doing so can reduce 696 

the loss of biodiversity and ecosystem services offered by urban streams, but also deliver a major additional 697 

water resource for cities.   698 

 699 

Achieving this future, however, will require a substantial effort from the international scientific community, to 700 

develop new approaches to governance, to investment, and to enable the deployment of new technologies.  701 

 702 

As more is understood about an emerging range of quite toxic and persistent pollutants, research is required to 703 

understand their fate in the environment, and to develop effective technologies to achieve their removal from 704 

urban runoff.  Such research will require both laboratory and field studies and will need to consider the context 705 

of the receiving waters. 706 

 707 

Economic and social science-based research will be needed to identify ways of aligning the beneficiaries of 708 

improved stormwater management with the costs of those investments, to offer the best opportunity for 709 

incentivizing change. Without this, there will likely remain a market failure, with sustainable solutions 710 

remaining as boutique examples rather than becoming everyday practice. Delivering this new model also 711 

requires better understanding the social and institutional factors that act as drivers or barriers to change, learning 712 

from environmental transitions in other areas such as energy, transport and biodiversity conservation.  In 713 

particular, understanding the social factors that will drive uptake – by individuals and by institutions – of 714 

sustainable stormwater management approaches, will be critical. 715 

 716 

Economic research is needed to develop methods to determine the appropriate costing of water as a resource 717 

and definition of the ownership over stormwater as a resource, to provide the confidence to invest in practices 718 

such as large-scale stormwater harvesting. Economic research will also be needed to identify credible and 719 

feasible ways to value ecosystem services, to underpin investment models. 720 

 721 

Novel approaches, like those applied in fields such as the energy market, where households contribute to energy 722 

production and storage through the use of solar panels and batteries, may offer solutions if successfully tested. 723 

While water has very different properties, the potential for networks of real-time controlled rainwater storages 724 

to reduce flooding, protect the environment and supplement existing water resources, is compelling. Such 725 

innovations open up potential new business models, where the costs of operating and maintaining stormwater 726 

control measures, traditionally a major impediment to investment, could be offset by ongoing revenue.  727 

Importantly, however, such methods can only be tested through carefully designed experimental interventions 728 

to test how such markets would be operated. 729 

 730 

Urban hydrology appears to be at a crossroads. Managed in the way it has been over many decades, urban 731 

stormwater will continue to degrade urban waterways, reduce the amenity of the urban landscape, and indirectly 732 

contribute to the water scarcity that cities increasingly find themselves facing. But with innovative approaches, 733 

a very different future is possible – one where stormwater becomes a valued resource and where it both delivers 734 

benefits to society and supports healthy urban streams. 735 

 736 

 737 

 738 
2 739 



References  740 

1 Rosenzweig, B. R. et al. Pluvial flood risk and opportunities for resilience. Wiley 741 

Interdisciplinary Reviews: Water 5, e1302 (2018). 742 

2 Wang, Y. et al. Accumulated impacts of imperviousness on surface and subsurface 743 

hydrology—continuous modelling at urban street block scale. Journal of Hydrology 744 

608, 127621 (2022). 745 

3 Bhaskar, A. et al. Will it rise or will it fall? Managing the complex effects of 746 

urbanization on base flow. Freshwater Science 35, 293-310 (2016). 747 

4 Passarello, M., Sharp Jr, J. & Pierce, S. Estimating urban-induced artificial recharge: 748 

A case study for Austin, TX. Environmental & Engineering Geoscience 18, 25-36 749 

(2012). 750 

5 Walsh, C. J. et al. The urban stream syndrome: current knowledge and the search 751 

for a cure. Journal of the North American Benthological Society 24, 706-723 (2005). 752 

6 Berland, A. et al. The role of trees in urban stormwater management. Landscape 753 

and Urban Planning 162, 167-177, 754 

doi:https://doi.org/10.1016/j.landurbplan.2017.02.017 (2017). 755 

7 Melaas, E. K., Wang, J. A., Miller, D. L. & Friedl, M. A. Interactions between urban 756 

vegetation and surface urban heat islands: a case study in the Boston metropolitan 757 

region. Environmental Research Letters 11, 054020 (2016). 758 

8 Prosdocimi, I., Kjeldsen, T. & Miller, J. Detection and attribution of urbanization 759 

effect on flood extremes using nonstationary flood‐frequency models. Water 760 

resources research 51, 4244-4262 (2015). 761 

9 Morison, P. J. & Brown, R. R. Understanding the nature of publics and local policy 762 

commitment to Water Sensitive Urban Design. Landscape and urban planning 99, 763 

83-92 (2011). 764 

10 de Sá Silva, A. C. R., Bimbato, A. M., Balestieri, J. A. P. & Vilanova, M. R. N. 765 

Exploring environmental, economic and social aspects of rainwater harvesting 766 

systems: A review. Sustainable Cities and Society 76, 103475 (2022). 767 

11 Begum, S., Rasul, M. G. & Brown, R. J. A comparative review of stormwater 768 

treatment and reuse techniques with a new approach: Green Gully. WSEAS 769 

Transactions on environment and development 4, 1002-1013 (2008). 770 

12 IPCC. Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of 771 

Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on 772 

Climate Change 3056 (Cambridge University Press, Cambridge, UK and New York, 773 

USA, 2022). 774 

13 Xu, W. D., Burns, M. J., Cherqui, F. & Fletcher, T. D. Enhancing stormwater control 775 

measures using real-time control technology: a review. Urban Water Journal 18, 776 

101-114 (2021). 777 

14 Fletcher, T. et al. in Novatech 2023: 11th Conférence internationale sur l'eau dans la 778 

ville, Lyon, France, 3-7 July, 2023. 779 

15 Xu, W. D., Burns, M. J., Cherqui, F., Smith‐Miles, K. & Fletcher, T. D. Coordinated 780 

Control Can Deliver Synergies Across Multiple Rainwater Storages. Water 781 

Resources Research 58, e2021WR030266 (2022). 782 

16 Angelakis, A. Hydro-technologies in the Minoan Era. Water Science and 783 

Technology: Water Supply 17, 1106-1120 (2017). 784 

17 Jean, M.-È., Morin, C., Duchesne, S., Pelletier, G. & Pleau, M. Optimization of Real-785 

Time Control With Green and Gray Infrastructure Design for a Cost-Effective 786 

https://doi.org/10.1016/j.landurbplan.2017.02.017


Mitigation of Combined Sewer Overflows. Water Resources Research 57, 787 

e2021WR030282, doi:https://doi.org/10.1029/2021WR030282 (2021). 788 

18 Oswald, C. J. et al. Integrating urban water fluxes and moving beyond impervious 789 

surface cover: A review. Journal of Hydrology 618, 129188 (2023). 790 

19 Bonneau, J., Fletcher, T. D., Costelloe, J. F. & Burns, M. J. Stormwater infiltration 791 

and the ‘urban karst’–A review. Journal of Hydrology 552, 141-150 (2017). 792 

20 Kaushal, S. S., McDowell, W. H. & Wollheim, W. M. Tracking evolution of urban 793 

biogeochemical cycles: past, present, and future. Biogeochemistry 121, 1-21 (2014). 794 

21 Wong, C. I., Sharp Jr, J. M., Hauwert, N., Landrum, J. & White, K. M. Impact of 795 

urban development on physical and chemical hydrogeology. Elements 8, 429-434 796 

(2012). 797 

22 Bell, C. D., McMillan, S. K., Clinton, S. M. & Jefferson, A. J. Hydrologic response to 798 

stormwater control measures in urban watersheds. Journal of Hydrology 541, 1488-799 

1500 (2016). 800 

23 Zhang, L., Dawes, W. R. & Walker, G. R. Response of mean annual 801 

evapotranspiration to vegetation changes at catchment scale. Water Resources 802 

Research 37, 701–708 (2001). 803 

24 Price, K. Effects of watershed topography, soils, land use, and climate on baseflow 804 

hydrology in humid regions: A review. Progress in Physical Geography DOI: 805 

10.1177/0309133311402714, 1-28 (2011). 806 

25 Ledford, S. H., Zimmer, M. & Payan, D. Anthropogenic and biophysical controls on 807 

low flow hydrology in the southeastern United States. Water Resources Research 808 

56, e2020WR027098 (2020). 809 

26 Fillo, N. K., Bhaskar, A. S. & Jefferson, A. J. Lawn irrigation contributions to semi‐810 

arid urban baseflow based on water‐stable isotopes. Water Resources Research 57, 811 

e2020WR028777 (2021). 812 

27 Konrad, C. P. & Booth, D. B. in Amercian Fisheries Society Symposium 47    157-813 

177 (Amercian Fisheries Society, 2005). 814 

28 Hatt, B. E., Fletcher, T. D., Walsh, C. J. & Taylor, S. L. The influence of urban 815 

density and drainage infrastructure on the concentrations and loads of pollutants in 816 

small streams. Environ Manage 34, 112-124 (2004). 817 

29 Pamuru, S. T., Forgione, E., Croft, K., Kjellerup, B. V. & Davis, A. P. Chemical 818 

characterization of urban stormwater: Traditional and emerging contaminants. 819 

Science of the Total Environment 813, 151887 (2022). 820 

30 Pickett, S. T. A., Cadenasso, M. L., Childers, D. L., McDonnell, M. J. & Zhou, W. 821 

Evolution and future of urban ecological science: ecology in, of, and for the city. 822 

Ecosystem Health and Sustainability 2, e01229, 823 

doi:https://doi.org/10.1002/ehs2.1229 (2016). 824 

31 Choat, B. et al. Assessing stormwater control measure inventories from 23 cities in 825 

the United States. Environmental Research: Infrastructure and Sustainability 3, 826 

025003 (2023). 827 

32 McPhillips, L. E. & Matsler, A. M. Temporal evolution of green stormwater 828 

infrastructure strategies in three US cities. Frontiers in built environment 4, 26 829 

(2018). 830 

33 Barclay, N. & Klotz, L. Role of community participation for green stormwater 831 

infrastructure development. Journal of environmental management 251, 109620 832 

(2019). 833 

https://doi.org/10.1029/2021WR030282
https://doi.org/10.1002/ehs2.1229


34 Fletcher, T. D. et al. SUDS, LID, BMPs, WSUD and more – The evolution and 834 

application of terminology surrounding urban drainage. Urban Water 12, doi:DOI: 835 

10.1080/1573062X.2014.916314 (2015). 836 

35 Depietri, Y. & McPhearson, T. Integrating the grey, green, and blue in cities: Nature-837 

based solutions for climate change adaptation and risk reduction. Nature-based 838 

solutions to climate change adaptation in urban areas: Linkages between science, 839 

policy and practice, 91-109 (2017). 840 

36 Keeler, B. L. et al. Social-ecological and technological factors moderate the value of 841 

urban nature. Nature Sustainability 2, 29-38 (2019). 842 

37 United Nations. World urbanization prospects; 2018 Revision, 843 

<https://population.un.org/wup/> (2018). 844 

38 Johnson, M. P. Environmental impacts of urban sprawl: a survey of the literature 845 

and proposed research agenda. Environment and planning A 33, 717-735 (2001). 846 

39 Quastel, N., Moos, M. & Lynch, N. Sustainability-As-Density and the Return of the 847 

Social: The Case of Vancouver, British Columbia. Urban Geography 33, 1055-1084, 848 

doi:10.2747/0272-3638.33.7.1055 (2012). 849 

40 Pont, M. B., Perg, P., Haupt, P. & Heyman, A. in IOP Conference Series: Earth and 850 

Environmental Science.  052031 (IOP Publishing). 851 

41 Seto, K. C., Güneralp, B. & Hutyra, L. R. Global forecasts of urban expansion to 852 

2030 and direct impacts on biodiversity and carbon pools. Proceedings of the 853 

National Academy of Sciences 109, 16083-16088, doi:10.1073/pnas.1211658109 854 

(2012). 855 

42 Panos, C. L., Hogue, T. S., Gilliom, R. L. & McCray, J. E. High-resolution modeling 856 

of infill development impact on stormwater dynamics in Denver, Colorado. Journal of 857 

Sustainable Water in the Built Environment 4, 04018009 (2018). 858 

43 Blount, K., Abdi, R., Panos, C. L., Ajami, N. K. & Hogue, T. S. Building to conserve: 859 

Quantifying the outdoor water savings of residential redevelopment in Denver, 860 

Colorado. Landscape and Urban Planning 214, 104178 (2021). 861 

44 Browne, S., Lintern, A., Jamali, B., Leitão, J. P. & Bach, P. M. Stormwater 862 

management impacts of small urbanising towns: The necessity of investigating the 863 

‘devil in the detail’. Science of The Total Environment 757, 143835, 864 

doi:https://doi.org/10.1016/j.scitotenv.2020.143835 (2021). 865 

45 Nirupama, N. & Simonovic, S. P. Increase of Flood Risk due to Urbanisation: A 866 

Canadian Example. Natural Hazards 40, 25-41, doi:10.1007/s11069-006-0003-0 867 

(2007). 868 

46 Petrie, B. A review of combined sewer overflows as a source of wastewater-derived 869 

emerging contaminants in the environment and their management. Environmental 870 

Science and Pollution Research 28, 32095-32110, doi:10.1007/s11356-021-14103-1 871 

(2021). 872 

47 Sojobi, A. O. & Zayed, T. Impact of sewer overflow on public health: A 873 

comprehensive scientometric analysis and systematic review. Environmental 874 

Research 203, 111609, doi:https://doi.org/10.1016/j.envres.2021.111609 (2022). 875 

48 Passerat, J., Ouattara, N. K., Mouchel, J.-M., Vincent, R. & Servais, P. Impact of an 876 

intense combined sewer overflow event on the microbiological water quality of the 877 

Seine River. Water Research 45, 893-903, 878 

doi:https://doi.org/10.1016/j.watres.2010.09.024 (2011). 879 

49 Venter, Z. S., Shackleton, C. M., Van Staden, F., Selomane, O. & Masterson, V. A. 880 

Green Apartheid: Urban green infrastructure remains unequally distributed across 881 

https://population.un.org/wup/
https://doi.org/10.1016/j.scitotenv.2020.143835
https://doi.org/10.1016/j.envres.2021.111609
https://doi.org/10.1016/j.watres.2010.09.024


income and race geographies in South Africa. Landscape and Urban Planning 203, 882 

103889 (2020). 883 

50 Sammonds, M. & Vietz, G. Setting stream naturalisation goals to achieve ecosystem 884 

improvement in urbanising greenfield catchments. Area 47, 386-395 (2015). 885 

51 Fowler, H. J. et al. Anthropogenic intensification of short-duration rainfall extremes. 886 

Nature Reviews Earth & Environment 2, 107-122, doi:10.1038/s43017-020-00128-6 887 

(2021). 888 

52 Arnell, N. W. & Gosling, S. N. The impacts of climate change on river flood risk at 889 

the global scale. Climatic Change 134, 387-401, doi:10.1007/s10584-014-1084-5 890 

(2016). 891 

53 Neupane, B., Vu, T. M. & Mishra, A., K. Evaluation of land-use, climate change, and 892 

low-impact development practices on urban flooding. Hydrological Sciences Journal 893 

66, 1729-1742, doi:10.1080/02626667.2021.1954650 (2021). 894 

54 Booth, D. B. & Jackson, C. R. URBANIZATION OF AQUATIC SYSTEMS: 895 

DEGRADATION THRESHOLDS, STORMWATER DETECTION, AND THE LIMITS 896 

OF MITIGATION1. JAWRA Journal of the American Water Resources Association 897 

33, 1077-1090, doi:https://doi.org/10.1111/j.1752-1688.1997.tb04126.x (1997). 898 

55 Ding, X. et al. Assessment of the impact of climate change on urban flooding: A 899 

case study of Beijing, China. Journal of Water and Climate Change 13, 3692-3715, 900 

doi:10.2166/wcc.2022.224 (2022). 901 

56 Kilic, H. S. et al. in EGU General Assembly 2022    (EGU, Vienna, Austria, 2022). 902 

57 Kim, K., Kim, R., Choi, J. & Kim, S. The applicability of LID facilities as an adaptation 903 

strategy of urban CSOs management for climate change. Water Supply 22, 75-88, 904 

doi:10.2166/ws.2021.285 (2022). 905 

58 Zhou, Q., Leng, G., Su, J. & Ren, Y. Comparison of urbanization and climate 906 

change impacts on urban flood volumes: Importance of urban planning and drainage 907 

adaptation. Science of The Total Environment 658, 24-33, 908 

doi:https://doi.org/10.1016/j.scitotenv.2018.12.184 (2019). 909 

59 Jean, M. È., Morin, C., Duchesne, S., Pelletier, G. & Pleau, M. Real-time model 910 

predictive and rule-based control with green infrastructures to reduce combined 911 

sewer overflows. Water Research 221, 118753 (2022). 912 

60 Head, L., Adams, M., McGregor, H. V. & Toole, S. Climate change and Australia. 913 

WIREs Climate Change 5, 175-197, doi:https://doi.org/10.1002/wcc.255 (2014). 914 

61 Wang, R. et al. Recent increase in the observation-derived land evapotranspiration 915 

due to global warming. Environmental Research Letters 17, 024020, 916 

doi:10.1088/1748-9326/ac4291 (2022). 917 

62 Wasko, C. Review: Can temperature be used to inform changes to flood extremes 918 

with global warming? Philosophical Transactions of the Royal Society A: 919 

Mathematical, Physical and Engineering Sciences 379, 20190551, 920 

doi:10.1098/rsta.2019.0551 (2021). 921 

63 Raquel, C. d. S. M., Montalto, F. A. & Palmer, M. I. Potential climate change impacts 922 

on green infrastructure vegetation. Urban forestry & urban greening 20, 128-139 923 

(2016). 924 

64 IPCC. in Climate Change 2021: The Physical Science Basis. Contribution of 925 

Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on 926 

Climate Change (ed V. Masson-Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, 927 

S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. 928 

https://doi.org/10.1111/j.1752-1688.1997.tb04126.x
https://doi.org/10.1016/j.scitotenv.2018.12.184
https://doi.org/10.1002/wcc.255


Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, B. Zhou)  929 

1513–1766 (Cambridge University Press, 2021). 930 

65 Lawrence, J., Blackett, P. & Cradock-Henry, N. A. Cascading climate change 931 

impacts and implications. Climate Risk Management 29, 100234, 932 

doi:https://doi.org/10.1016/j.crm.2020.100234 (2020). 933 

66 Szota, C. et al. Tree water-use strategies to improve stormwater retention 934 

performance of biofiltration systems. Water Research 144, 285-295, 935 

doi:https://doi.org/10.1016/j.watres.2018.07.044 (2018). 936 

67 Chambers, L. E. et al. Phenological Changes in the Southern Hemisphere. Plos One 937 

8, e75514, doi:10.1371/journal.pone.0075514 (2013). 938 

68 Simpson, I. M., Winston, R. J. & Brooker, M. R. Effects of land use, climate, and 939 

imperviousness on urban stormwater quality: A meta-analysis. Science of the Total 940 

Environment 809, 152206 (2022). 941 

69 Flanagan, K. et al. Retention and transport processes of particulate and dissolved 942 

micropollutants in stormwater biofilters treating road runoff. Science of the Total 943 

Environment 656, 1178-1190 (2019). 944 

70 Sébastian, C., Becouze-Lareure, C., Lipeme Kouyi, G. & Barraud, S. Event-based 945 

quantification of emerging pollutant removal for an open stormwater retention basin 946 

– Loads, efficiency and importance of uncertainties. Water Research 72, 239-250, 947 

doi:https://doi.org/10.1016/j.watres.2014.11.014 (2015). 948 

71 Bertram, M. G., Martin, J. M., Wong, B. B. & Brodin, T. Micropollutants. Curr. Biol. 949 

32, R17-R19 (2022). 950 

72 Pinasseau, L., Wiest, L., Volatier, L., Mermillod-Blondin, F. & Vulliet, E. Emerging 951 

polar pollutants in groundwater: Potential impact of urban stormwater infiltration 952 

practices. Environmental Pollution 266, 115387 (2020). 953 

73 Langeveld, J. G. et al. Monitoring organic micropollutants in stormwater runoff with 954 

the method of fingerprinting. Water Research 235, 119883 (2023). 955 

74 Zhang, K., Randelovic, A., Page, D., McCarthy, D. T. & Deletic, A. The validation of 956 

stormwater biofilters for micropollutant removal using in situ challenge tests. 957 

Ecological Engineering 67, 1-10 (2014). 958 

75 Costello, D. M., Hartung, E. W., Stoll, J. T. & Jefferson, A. J. Bioretention cell age 959 

and construction style influence stormwater pollutant dynamics. Science of the total 960 

environment 712, 135597 (2020). 961 

76 LeviRam, I. et al. Engineering a biofilters microbiome with activated carbon and 962 

bioaugmentation to improve stormwater micropollutant removal. Environmental 963 

Technology & Innovation 32, 103338 (2023). 964 

77 Bentley, M. J. & Summers, R. S. Ash pretreatment of pine and biosolids produces 965 

biochars with enhanced capacity for organic micropollutant removal from surface 966 

water, wastewater, and stormwater. Environmental Science: Water Research & 967 

Technology 6, 635-644 (2020). 968 

78 Sievers, M., Hale, R., Parris, K. M. & Swearer, S. E. Impacts of human‐induced 969 

environmental change in wetlands on aquatic animals. Biological Reviews 93, 529-970 

554 (2018). 971 

79 Walsh, C. J., Fletcher, T. D. & Ladson, A. R. Stream restoration in urban catchments 972 

through redesigning stormwater systems: looking to the catchment to save the 973 

stream. J N Am Benthol Soc 24, 690-705 (2005). 974 

https://doi.org/10.1016/j.crm.2020.100234
https://doi.org/10.1016/j.watres.2018.07.044
https://doi.org/10.1016/j.watres.2014.11.014


80 King, R. S., Baker, M. E., Kazyak, P. F. & Weller, D. E. How novel is too novel? 975 

Stream community thresholds at exceptionally low levels of catchment urbanization. 976 

Ecological Applications 21, 1659–1678, doi:10.1890/10-1357.1 (2010). 977 

81 Adem Esmail, B. & Suleiman, L. Analyzing Evidence of Sustainable Urban Water 978 

Management Systems: A Review through the Lenses of Sociotechnical Transitions. 979 

Sustainability 12, 4481 (2020). 980 

82 Ferguson, B. C., Brown, R. R., Frantzeskaki, N., de Haan, F. J. & Deletic, A. The 981 

enabling institutional context for integrated water management: Lessons from 982 

Melbourne. Water Research 47, 7300-7314, 983 

doi:https://doi.org/10.1016/j.watres.2013.09.045 (2013). 984 

83 Pradhananga, A. K. & Davenport, M. A. Community attachment, beliefs and 985 

residents’ civic engagement in stormwater management. Landscape and Urban 986 

Planning 168, 1-8 (2017). 987 

84 Haywood, B. K., Parrish, J. K. & He, Y. Shapeshifting attachment: Exploring multi-988 

dimensional people–place bonds in place-based citizen science. People and Nature 989 

3, 51-65, doi:https://doi.org/10.1002/pan3.10174 (2021). 990 

85 Breyer, C., Heinonen, S. & Ruotsalainen, J. New consciousness: A societal and 991 

energetic vision for rebalancing humankind within the limits of planet Earth. 992 

Technological Forecasting and Social Change 114, 7-15 (2017). 993 

86 Ives, C. D. et al. Capturing residents’ values for urban green space: Mapping, 994 

analysis and guidance for practice. Landscape and Urban Planning 161, 32-43, 995 

doi:https://doi.org/10.1016/j.landurbplan.2016.12.010 (2017). 996 

87 Bedi, C., Kansal, A. & Mukheibir, P. A conceptual framework for the assessment of 997 

and the transition to liveable, sustainable and equitable cities. Environmental 998 

Science & Policy 140, 134-145, doi:https://doi.org/10.1016/j.envsci.2022.11.018 999 

(2023). 1000 

88 Walsh, C. J. et al. Principles for urban stormwater management to protect stream 1001 

ecosystems. Freshw. Sci. 35, 398-411 (2016). 1002 

89 Walsh, C. J., Fletcher, T. D. & Burns, M. J. Urban stormwater runoff: A new class of 1003 

environmental flow problem. Plos One 7, e45814 (2012). 1004 

90 Hawley, R. J., Russell, K. & Taniguchi-Quan, K. Restoring geomorphic integrity in 1005 

urban streams via mechanistically-based storm water management: minimizing 1006 

excess sediment transport capacity. Urban Ecosyst. 25, 1247-1264, 1007 

doi:10.1007/s11252-022-01221-y (2022). 1008 

91 Walsh, C. J., Fletcher, T. D., Bos, D. G. & Imberger, S. J. Restoring a stream 1009 

through retention of urban stormwater runoff: a catchment-scale experiment in a 1010 

social–ecological system. Freshw. Sci. 34, 1161-1168, 1011 

doi:https://doi.org/10.1086/682422 (2015). 1012 

92 Mayer, A. L. et al. Environmental reviews and case studies: Building green 1013 

infrastructure via citizen participation: A six-year study in the Shepherd Creek 1014 

(Ohio). Environmental Practice 14, 57-67 (2012). 1015 

93 Jefferson, A. J. et al. Stormwater management network effectiveness and 1016 

implications for urban watershed function: A critical review. Hydrol. Process. 31, 1017 

4056-4080, doi:https://doi.org/10.1002/hyp.11347 (2017). 1018 

94 Smith, R. F. et al. Urban stream renovation: incorporating societal objectives to 1019 

achieve ecological improvements. Freshw. Sci. 35, 364-379, 1020 

doi:https://doi.org/10.1086/685096 (2016). 1021 

https://doi.org/10.1016/j.watres.2013.09.045
https://doi.org/10.1002/pan3.10174
https://doi.org/10.1016/j.landurbplan.2016.12.010
https://doi.org/10.1016/j.envsci.2022.11.018
https://doi.org/10.1086/682422
https://doi.org/10.1002/hyp.11347
https://doi.org/10.1086/685096


95 Burns, M. J., Fletcher, T. D., Walsh, C. J., Ladson, A. R. & Hatt, B. E. Hydrologic 1022 

shortcomings of conventional urban stormwater management and opportunities for 1023 

reform. Landsc. Urban Plan. 105, 230-240 (2012). 1024 

96 Elmore, A. J. & Kaushal, S. S. Disappearing headwaters: patterns of stream burial 1025 

due to urbanization. Front. Ecol. Environ. 6, 308-312 (2008). 1026 

97 Roy, A. H., Dybas, A. L., Fritz, K. M. & Lubbers, H. R. Urbanization affects the 1027 

extent and hydrologic permanence of headwater streams in a midwestern US 1028 

metropolitan area. J. North Am. Benthol. Soc. 28, 911-928 (2009). 1029 

98 Freeman, M. C., Pringle, C. M. & Jackson, C. R. Hydrologic connectivity and the 1030 

contribution of stream headwaters to ecological integrity at regional scales J. Am. 1031 

Water Resour. Assoc. 43, 5-14 (2007). 1032 

99 Imberger, M. et al. Headwater streams in an urbanizing world.  (2023). 1033 

100 Meyer, J. L. et al. The contribution of headwater streams to biodiversity in river 1034 

networks. J. Am. Water Resour. Assoc. 43, 86-103 (2007). 1035 

101 Engman, A. C. & Roy, A. H. in Routledge Handbook of Urban Biodiversity   (eds 1036 

Charles Nilon & Myla Aronson)  (Routledge, 2023). 1037 

102 Kaushal, S. S. & Belt, K. T. The urban watershed continuum: evolving spatial and 1038 

temporal dimensions. Urban Ecosystems 15, 409-435 (2012). 1039 

103 Hopkins, K. G. et al. Lessons learned from 20 y of monitoring suburban 1040 

development with distributed stormwater management in Clarksburg, Maryland, 1041 

USA. Freshw. Sci. 41, 459-476 (2022). 1042 

104 Groffman, P. M. et al. Ecological homogenization of urban USA. Frontiers in Ecology 1043 

and the Environment 12, 74-81 (2014). 1044 

105 Booth, D. B., Roy, A. H., Smith, B. & Capps, K. A. Global perspectives on the urban 1045 

stream syndrome. Freshw. Sci. 35, 412-420 (2016). 1046 

106 McPhillips, L., Earl, S., Hale, R. & Grimm, N. Urbanization in arid central Arizona 1047 

watersheds results in decreased stream flashiness. Water Resources Research 55, 1048 

9436-9453 (2019). 1049 

107 Grimm, N. B. et al. Global Change and the Ecology of Cities. Science 319, 756, 1050 

doi:10.1126/science.1150195 (2008). 1051 

108 White, M. P. et al. Associations between green/blue spaces and mental health 1052 

across 18 countries. Scientific reports 11, 8903 (2021). 1053 

109 Wong, T. H., Rogers, B. C. & Brown, R. R. Transforming cities through water-1054 

sensitive principles and practices. One Earth 3, 436-447 (2020). 1055 

110 UNEP. in m https://wedocs.unep.org/bitstream/ 1056 

handle/20.500.11822/39864/NATURE-1057 

BASED%20SOLUTIONS%20FOR%20SUPPORTING%20SUSTAINABLE%20DEV1058 

ELOPMENT.%20English. pdf?sequence=1&isAllowed=y    (2022). 1059 

111 Qi, Y. et al. Addressing Challenges of Urban Water Management in Chinese 1060 

Sponge Cities via Nature-Based Solutions. Water 12, 2788-2788, 1061 

doi:10.3390/w12102788 (2020). 1062 

112 Keeler, B. L., Hamel, P. & Donahue, M. Social-ecological and technological factors 1063 

moderate the value of urban nature. Nature Sustainability 2, 29–38-29–38 (2019). 1064 

113 Snep, R. P. H., Voeten, J. G. W. F., Mol, G. & Van Hattum, T. Nature Based 1065 

Solutions for Urban Resilience: A Distinction Between No-Tech, Low-Tech and 1066 

High-Tech Solutions. Frontiers in Environmental Science 8 (2020). 1067 

114 Venkataramanan, V. et al. A systematic review of the human health and social well-1068 

being outcomes of green infrastructure for stormwater and flood management. 1069 

https://wedocs.unep.org/bitstream/


Journal of Environmental Management 246, 868-880, 1070 

doi:10.1016/j.jenvman.2019.05.028 (2019). 1071 

115 Hamel, P. & Tan, L. Blue–Green Infrastructure for Flood and Water Quality 1072 

Management in Southeast Asia: Evidence and Knowledge Gaps. Environmental 1073 

Management, doi:10.1007/s00267-021-01467-w (2021). 1074 

116 Bach, P. M., Kuller, M., McCarthy, D. T. & Deletic, A. A spatial planning-support 1075 

system for generating decentralised urban stormwater management schemes. 1076 

Science of The Total Environment 726, 138282-138282, 1077 

doi:10.1016/J.SCITOTENV.2020.138282 (2020). 1078 

117 CBD. in https://www.cbd.int/conferences/2021-2022/cop-15/documents    (2022). 1079 

118 Burns, M. J. et al. The performance of rainwater tanks for stormwater retention and 1080 

water supply at the household scale: an empirical study. Hydrological Processes 29, 1081 

152-160 (2015). 1082 

119 Campisano, A. et al. Urban rainwater harvesting systems: Research, 1083 

implementation and future perspectives. Water research 115, 195-209 (2017). 1084 

120 Livesley, S. J., Marchionni, V., Cheung, P. K., Daly, E. & Pataki, D. E. Water smart 1085 

cities increase irrigation to provide cool refuge in a climate crisis. Earth's Future 9, 1086 

e2020EF001806 (2021). 1087 

121 Fielding, K. S., Gardner, J., Leviston, Z. & Price, J. Comparing Public Perceptions of 1088 

Alternative Water Sources for Potable Use: The Case of Rainwater, Stormwater, 1089 

Desalinated Water, and Recycled Water. Water Resources Management 29, 4501-1090 

4518, doi:10.1007/s11269-015-1072-1 (2015). 1091 

122 Bos, D. G. & Brown, H. L. Overcoming barriers to community participation in a 1092 

catchment-scale experiment: building trust and changing behavior.  (2015). 1093 

123 Vialle, C. et al. Environmental analysis of a domestic rainwater harvesting system: A 1094 

case study in France. Resources, Conservation and Recycling 102, 178-184, 1095 

doi:https://doi.org/10.1016/j.resconrec.2015.07.024 (2015). 1096 

124 Khan, Z., Alim, M. A., Rahman, M. M. & Rahman, A. A continental scale evaluation 1097 

of rainwater harvesting in Australia. Resources, Conservation and Recycling 167, 1098 

105378 (2021). 1099 

125 Grant, S. B. et al.     (ACS Publications, 2013). 1100 

126 Yannopoulos, S., Giannopoulou, I. & Kaiafa-Saropoulou, M. Investigation of the 1101 

Current Situation and Prospects for the Development of Rainwater Harvesting as a 1102 

Tool to Confront Water Scarcity Worldwide. Water 11, 2168 (2019). 1103 

127 Burns, M. J., Schubert, J. E., Fletcher, T. D. & Sanders, B. F. Testing the impact of 1104 

at-source stormwater management on urban flooding through a coupling of network 1105 

and overland flow models. WIREs Water 2, 291-300, doi:10.1002/wat2.1078 (2015). 1106 

128 Schubert, J. E., Burns, M. J., Fletcher, T. D. & Sanders, B. F. A framework for the 1107 

case-specific assessment of Green Infrastructure in mitigating urban flood hazards. 1108 

Advances in Water Resources 108, 55-68 (2017). 1109 

129 Walsh, C. J., Imberger, M., Burns, M. J., Bos, D. G. & Fletcher, T. D. Dispersed 1110 

Urban-Stormwater Control Improved Stream Water Quality in a Catchment-Scale 1111 

Experiment. Water Resources Research 58, e2022WR032041, 1112 

doi:https://doi.org/10.1029/2022WR032041 (2022). 1113 

130 Coombes, P. & Barry, M. The relative efficiency of water supply catchments and 1114 

rainwater tanks in cities subject to variable climate and the potential for climate 1115 

change. Australian Journal of Water Resources 12, 85-100, 1116 

doi:10.1080/13241583.2008.11465337 (2008). 1117 

https://www.cbd.int/conferences/2021-2022/cop-15/documents
https://doi.org/10.1016/j.resconrec.2015.07.024
https://doi.org/10.1029/2022WR032041


131 Button, C. Domesticating water supplies through rainwater harvesting in Mumbai. 1118 

Gender & Development 25, 269-282 (2017). 1119 

132 Cousins, J. J. Remaking stormwater as a resource: Technology, law, and 1120 

citizenship. WIREs Water 5, e1300, doi:https://doi.org/10.1002/wat2.1300 (2018). 1121 

133 Novaes, C. & Marques, R. Public policy: urban stormwater in a paradigm shift, is it 1122 

the end or just the beginning? Water Science and Technology 85, 2652-2662 1123 

(2022). 1124 

134 Brown, R. R. Impediments to integrated urban stormwater management: the need 1125 

for institutional reform. Environmental Management 36, 455-468 (2005). 1126 

135 Fletcher, T. D., Andrieu, H. & Hamel, P. Understanding, management and modelling 1127 

of urban hydrology and its consequences for receiving waters; a state of the art. 1128 

Advances in Water Resources 51, 261-279, doi:doi: 1129 

10.1016/j.advwatres.2012.09.001 (2013). 1130 

136 Rentachintala, L. R. N. P., Reddy, M. G. M. & Mohapatra, P. K. Urban stormwater 1131 

management for sustainable and resilient measures and practices: a review. Water 1132 

Science and Technology 85, 1120-1140, doi:10.2166/wst.2022.017 (2022). 1133 

137 Muerdter, C. P., Wong, C. K. & LeFevre, G. H. The role of vegetation in bioretention 1134 

for stormwater treatment in the built environment: Pollutant removal, hydrologic 1135 

function, and ancillary benefits. Environmental Science: Water Research & 1136 

Technology 4, 592-612 (2018). 1137 

138 Técher, D. & Berthier, E. Supporting evidences for vegetation-enhanced stormwater 1138 

infiltration in bioretention systems: a comprehensive review. Environmental Science 1139 

and Pollution Research 30, 19705-19724 (2023). 1140 

139 Payne, E. G. I. et al. Which species? A decision-support tool to guide plant selection 1141 

in stormwater biofilters. Advances in Water Resources, 1142 

doi:https://doi.org/10.1016/j.advwatres.2017.12.022 (2018). 1143 

140 Schumann, P., Andrade, J. O., Jekel, M. & Ruhl, A. Packing granular activated 1144 

carbon into a submerged gravity-driven flat sheet membrane module for 1145 

decentralized water treatment. Journal of Water Process Engineering 38, 101517 1146 

(2020). 1147 

141 Xiong, J. et al. Application of biochar in modification of fillers in bioretention cells: a 1148 

review. Ecological Engineering 181, 106689 (2022). 1149 

142 Bonneau, J. et al. Where does infiltrated stormwater go? Interactions with vegetation 1150 

and subsurface anthropogenic features. Journal of Hydrology 567, 121-132 (2018). 1151 

143 Robertson, J. J., Fletcher, T. D., Danger, A. & Szota, C. Identifying critical 1152 

inundation thresholds to maintain vegetation cover in stormwater treatment 1153 

wetlands. Ecological Engineering 116, 80-86, 1154 

doi:https://doi.org/10.1016/j.ecoleng.2018.02.031 (2018). 1155 

144 Carballeira, T., Ruiz, I. & Soto, M. Effect of plants and surface loading rate on the 1156 

treatment efficiency of shallow subsurface constructed wetlands. Ecological 1157 

Engineering 90, 203-214 (2016). 1158 

145 Beryani, A. et al. Survey of the operational status of twenty-six urban stormwater 1159 

biofilter facilities in Sweden. Journal of Environmental Management 297, 113375 1160 

(2021). 1161 

146 Mao, F., Khamis, K., Krause, S., Clark, J. & Hannah, D. M. Low-cost environmental 1162 

sensor networks: Recent advances and future directions. Frontiers in Earth Science 1163 

7, 221 (2019). 1164 

https://doi.org/10.1002/wat2.1300
https://doi.org/10.1016/j.advwatres.2017.12.022
https://doi.org/10.1016/j.ecoleng.2018.02.031


147 Chan, K. et al. Low-cost electronic sensors for environmental research: Pitfalls and 1165 

opportunities. Progress in Physical Geography: Earth and Environment 45, 305-338 1166 

(2021). 1167 

148 Cherqui, F. et al. in Novatech 2019. 1168 

149 Pearce, J. M. Building Research Equipment with Free, Open-Source Hardware. 1169 

Science 337, 1303-1304, doi:doi:10.1126/science.1228183 (2012). 1170 

150 Hamel, P. et al. Low-cost monitoring systems for urban water management: 1171 

Lessons from the field. Water Research X 22, 100212, 1172 

doi:https://doi.org/10.1016/j.wroa.2024.100212 (2024). 1173 

151 Mekki, K., Bajic, E., Chaxel, F. & Meyer, F. A comparative study of LPWAN 1174 

technologies for large-scale IoT deployment. ICT express 5, 1-7 (2019). 1175 

152 Bartos, M., Wong, B. & Kerkez, B. Open storm: a complete framework for sensing 1176 

and control of urban watersheds. Environmental Science: Water Research & 1177 

Technology 4, 346-358, doi:10.1039/C7EW00374A (2018). 1178 

153 Abdelal, Q. & Al-Hmoud, A. Low-Cost, Low-Energy, Wireless Hydrological 1179 

Monitoring Platform: Design, Deployment, and Evaluation. Journal of Sensors 2021, 1180 

8848955, doi:10.1155/2021/8848955 (2021). 1181 

154 De Vos, L. et al. High‐resolution simulation study exploring the potential of radars, 1182 

crowdsourced personal weather stations, and commercial microwave links to 1183 

monitor small‐scale urban rainfall. Water Resour. Res. 54, 10,293-210,312 (2018). 1184 

155 Bertrand-Krajewski, J.-L., Clemens-Meyer, F. & Lepot, M. Metrology in urban 1185 

drainage and stormwater management: Plug and pray.  (IWA Publishing, 2021). 1186 

156 Iqbal, U., Perez, P., Li, W. & Barthelemy, J. How computer vision can facilitate flood 1187 

management: A systematic review. International Journal of Disaster Risk Reduction 1188 

53, 102030, doi:https://doi.org/10.1016/j.ijdrr.2020.102030 (2021). 1189 

157 Jiang, S., Babovic, V., Zheng, Y. & Xiong, J. Advancing opportunistic sensing in 1190 

hydrology: A novel approach to measuring rainfall with ordinary surveillance 1191 

cameras. Water Resour. Res. 55, 3004-3027 (2019). 1192 

158 Wang, R.-Q. & Ding, Y. Semi-supervised identification and mapping of surface water 1193 

extent using street-level monitoring videos. Big Earth Data, 1-19 (2022). 1194 

159 Lepot, M., Makris, K. F. & Clemens, F. H. Detection and quantification of lateral, 1195 

illicit connections and infiltration in sewers with Infra-Red camera: Conclusions after 1196 

a wide experimental plan. Water Res. 122, 678-691 (2017). 1197 

160 Meier, R., Tscheikner-Gratl, F., Steffelbauer, D. B. & Makropoulos, C. Flow 1198 

measurements derived from camera footage using an Open-Source ecosystem. 1199 

Water 14, 424 (2022). 1200 

161 Yang, P. & Ng, T. L. Gauging through the crowd: A crowd‐sourcing approach to 1201 

urban rainfall measurement and storm water modeling implications. Water Resour. 1202 

Res. 53, 9462-9478 (2017). 1203 

162 Paul, J. D. et al. Citizen science for hydrological risk reduction and resilience 1204 

building. Wiley Interdisciplinary Reviews: Water 5, e1262 (2018). 1205 

163 Bartos, M., Park, H., Zhou, T., Kerkez, B. & Vasudevan, R. Windshield wipers on 1206 

connected vehicles produce high-accuracy rainfall maps. Scientific Reports 9, 170, 1207 

doi:10.1038/s41598-018-36282-7 (2019). 1208 

164 Njue, N. et al. Citizen science in hydrological monitoring and ecosystem services 1209 

management: State of the art and future prospects. Sci. Total Environ. 693, 133531 1210 

(2019). 1211 

https://doi.org/10.1016/j.wroa.2024.100212
https://doi.org/10.1016/j.ijdrr.2020.102030


165 de Vos, L. W., Leijnse, H., Overeem, A. & Uijlenhoet, R. Quality control for 1212 

crowdsourced personal weather stations to enable operational rainfall monitoring. 1213 

Geophys. Res. Lett. 46, 8820-8829 (2019). 1214 

166 Yang, P., Niu, G., Du, E. & Zheng, Y. Boosting urban hydrologic research with 1215 

citizen collected data.  (2022). 1216 

167 Helmrich, A. M. et al. Opportunities for crowdsourcing in urban flood monitoring. 1217 

Environ. Model. Softw. 143, 105124 (2021). 1218 

168 Pecly, J. O. G. Strategies to obtain a better quality of environmental data gathered 1219 

by low cost systems. Environ. Monit. Assess. 195, 289, doi:10.1007/s10661-022-1220 

10805-2 (2023). 1221 

169 He, T., Einfalt, T., Zhang, J., Hua, J. & Cai, Y. New algorithm for rain cell 1222 

identification and tracking in rainfall event analysis. Atmosphere 10, 532 (2019). 1223 

170 Shehu, B. & Haberlandt, U. Relevance of merging radar and rainfall gauge data for 1224 

rainfall nowcasting in urban hydrology. Journal of Hydrology 594, 125931 (2021). 1225 

171 Lee, J. C. K. et al. Weather Prediction for Singapore&mdash;Progress, Challenges, 1226 

and Opportunities. Meteorology 1, 394-401 (2022). 1227 

172 Shishegar, S., Duchesne, S. & Pelletier, G. An Integrated Optimization and Rule-1228 

based Approach for Predictive Real Time Control of Urban Stormwater Management 1229 

Systems. Journal of Hydrology, 124000, 1230 

doi:https://doi.org/10.1016/j.jhydrol.2019.124000 (2019). 1231 

173 García, L. et al. Modeling and real-time control of urban drainage systems: A review. 1232 

Advances in Water Resources 85, 120-132 (2015). 1233 

174 Bowes, B. D. et al. Reinforcement learning-based real-time control of coastal urban 1234 

stormwater systems to mitigate flooding and improve water quality. Environmental 1235 

Science: Water Research & Technology 8, 2065-2086 (2022). 1236 

175 Webber, J. L., Fletcher, T., Farmani, R., Butler, D. & Melville-Shreeve, P. Moving to 1237 

a future of smart stormwater management: A review and framework for terminology, 1238 

research, and future perspectives. Water Research, 118409 (2022). 1239 

176 Shen, P., Deletic, A., Bratieres, K. & McCarthy, D. T. Real time control of biofilters 1240 

delivers stormwater suitable for harvesting and reuse. Water research 169, 115257 1241 

(2020). 1242 

177 Xu, W. D., Fletcher, T. D., Burns, M. J. & Cherqui, F. Real‐Time Control of 1243 

Rainwater Harvesting Systems: The Benefits of Increasing Rainfall Forecast 1244 

Window. Water Resources Research, e2020WR027856 (2020). 1245 

178 Pyrgou, A., Kylili, A. & Fokaides, P. A. The future of the Feed-in Tariff (FiT) scheme 1246 

in Europe: The case of photovoltaics. Energy Policy 95, 94-102 (2016). 1247 

179 Zhu, Q., Cherqui, F. & Bertrand-Krajewski, J.-L. End-user perspective of low-cost 1248 

sensors for urban stormwater monitoring: a review. Water Science and Technology, 1249 

doi:10.2166/wst.2023.142 (2023). 1250 

180 Palmitessa, R., Grum, M., Engsig-Karup, A. P. & Löwe, R. Accelerating 1251 

hydrodynamic simulations of urban drainage systems with physics-guided machine 1252 

learning. Water Research 223, 118972, 1253 

doi:https://doi.org/10.1016/j.watres.2022.118972 (2022). 1254 

181 Zhao, J. Z., Fonseca, C. & Zeerak, R. Stormwater utility fees and credits: a funding 1255 

strategy for sustainability. Sustainability 11, 1913 (2019). 1256 

182 Tasca, F. A., Assunção, L. & Finotti, A. International experiences in stormwater fee. 1257 

Water Science and Technology 2017, 287-299 (2018). 1258 

https://doi.org/10.1016/j.jhydrol.2019.124000
https://doi.org/10.1016/j.watres.2022.118972


183 Coker, M. E., Bond, N. R., Chee, Y. E. & Walsh, C. J. Alternatives to biodiversity 1259 

offsets for mitigating the effects of urbanization on stream ecosystems. 1260 

Conservation Biology 32, 789-797, doi:https://doi.org/10.1111/cobi.13057 (2018). 1261 

184 Furlong, K. Small technologies, big change: Rethinking infrastructure through STS 1262 

and geography. Progress in Human Geography 35, 460-482 (2011). 1263 

185 Richards, D. R. & Thompson, B. S. Urban ecosystems: A new frontier for payments 1264 

for ecosystem services. People and Nature 1, 249-261, 1265 

doi:https://doi.org/10.1002/pan3.20 (2019). 1266 

186 Mayor, B. et al. State of the art and latest advances in exploring business models for 1267 

nature-based solutions. Sustainability 13, 7413 (2021). 1268 

187 Petrucci, G. et al. Rainwater harvesting to control stormwater runoff in suburban 1269 

areas. An experimental case-study. Urban Water Journal 9, 45-55 (2012). 1270 

188 Martire, J. L. Stormwater reuse for parks and whole cities. ReNew: Technology for a 1271 

Sustainable Future, 72-75 (2018). 1272 

189 Hamlyn-Harris, D., McAlister, T. & Dillon, P. in Approaches to Water Sensitive Urban 1273 

Design   (eds Ashok K. Sharma, Ted Gardner, & Don Begbie)  177-208 (Woodhead 1274 

Publishing, 2019). 1275 

 1276 

 1277 

Acknowledgements 1278 

Fletcher, Burns and Russell are all supported by the Australian Research Council Industry Laureate 1279 

Fellowship program (IL230100020) and ARC Linkage Project LP200200107, along with the Melbourne 1280 

Waterway Research Practice Partnership (a long-term collaboration between the University of Melbourne and 1281 

Melbourne Water). Any use of trade, firm, or product names is for descriptive purposes only and does not 1282 

imply endorsement by the U.S. Government. A reviewer by David Butler (Exeter) provided vital insights. 1283 

This manuscript benefited from the substantial improvements suggested by three anonymous reviewers and 1284 

by the Editor, Hannah Hatcher. Hauser Mathias (Institute for Atmospheric and Climate Science, ETH Zurich) 1285 

provided access to IPCC data to allow production of Figure 3. Cherqui’s contribution was carried out with 1286 

support from the European Union’s Horizon 2020 Co-UDlabs Project (GA 101008626) and within OTHU 1287 

(www.othu.org) and H2O’Lyon (ANR-17-EURE-0018). 1288 

 1289 

Competing interests 1290 

To the best of our knowledge, none of the authors have any competing interests. 1291 

 1292 

Author contributions 1293 

TF, MB, and KR determined the organization and content of the paper, in collaboration with the Editor. TF 1294 

drafted the Introduction and the Background, MB, KR, PH, FC, SD, AR all contributed to drafting the 1295 

Changing Drivers, Changing Drivers and Changing Technologies sections.  TF, PH, MB and KLR drafted the 1296 

Summary. All authors contributed to review and editing of the manuscript.  1297 

https://doi.org/10.1111/cobi.13057
https://doi.org/10.1002/pan3.20

