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This thesis was commissioned by the City of Vaasa for the purpose of studying solutions 

patterns of stormwater management in the state of California through a synthesis literature 

review of published scientific literature on the topic.  

The main objective of the thesis was to ascertain what solutions patterns of stormwater 

management could be discovered and what lessons could be learned and translated into 

future actions in Finland to forestall the effects of climate change related to stormwater 

management. The thesis described relevant concepts of circular water systems, related 

national security implications, legal and administrative frameworks broadly in the United 

States. Next, circumstances specific to the state of California were detailed.  

The results of the literature review were analysed and separately validated by active parties 

in stormwater management in Finland, such as the Finnish Environmental Institute. Finally, 

these results were translated into concrete implementation recommendations for all levels of 

stormwater governance. 

Based on the results of the synthesis literature review, the key solution pattern is that of 

stormwater capture. Homeowners and local communities can use rainwater barrels, filtration 

systems, permeable pavement, green roofs, green walls, rain gardens, depressions, wetlands, 

canals, and artificial floodplains to capture stormwater for utilization. Many of these 

methods are already used in Finland, but mostly at a small scale and rarely. Implementation 

of such measures must be carefully considered through the systematic planning approach, 

while considering multiple benefits of stormwater management.  
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Tämän Vaasan kaupungin toimeksiannosta tehdyn diplomityön tarkoituksena oli tutkia 

Kalifornian osavaltion hulevesien hallinnan ratkaisumalleja aiheesta julkaistun tieteellisen 

kirjallisuuden synteesianalyysin kautta. 

Työn päämääränä oli selvittää mitä hulevesien hallinnan ratkaisumalleja on löydettävissä ja 

voitaisiinko niitä soveltaa tulevaisuuden toimenpiteisiin Suomessa ilmastonmuutoksen ääri-

ilmiöiden vaikutusten ehkäisyyn. Työssä on kuvattu asiaan liittyvät käsitteet, kuten veden 

kiertotalous, kansallisen turvallisuuden näkökulma, Yhdysvaltojen hallinnollinen ja 

sääntelyviitekehys yleisesti sekä Kalifornian erityisolosuhteet tarkemmin. 

Kirjallisuusanalyysin tulokset analysoitiin ja ne validoitiin erikseen alan suomalaisten 

asiantuntijoiden toimesta, mukaan lukien Suomen ympäristökeskus. Lopuksi tulosten 

pohjalta laadittiin toimenpidesuositukset kaikille hulevesien hallinnan tasoille.   

Kirjallisuuden synteesianalyysin tulosten mukaan tärkein ratkaisumalli on hulevesien 

talteenotto. Kiinteistön omistajat ja paikallisyhteisöt voivat käyttää sadevesitynnyreitä, 

erilaisia suodatusjärjestelmiä, läpäiseviä päällysteitä, viherkattoja ja -seiniä, 

sadepuutarhoita, painanteita, kosteikkoja, kanaaleja ja keinotekoisia tulvatasankoja 

hulevesien talteenottoon hyödyntämistä varten. Monet näistä keinoista ovat jo käytössä 

Suomessa, mutta mittakaava on enimmäkseen pieni ja ilman hyödyntämisnäkökulmaa. 

Näiden ratkaisujen käyttö edellyttää järjestelmällistä suunnittelunäkökulmaa sekä 

hulevesien hallinnan mahdollisten monipuolisten hyötyvaikutusten huomiointia.    
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AF  Acre Foot, amount of water utilized by two households in a year. Equivalent 

to 325,851 gallons (1 233 m³) 

AFY Acre Foot per Year  

CE Circular Economy 

CEW Circular Economy of Water 

CISA U.S. Cybersecurity & Infrastructure Security Agency 

CWA Clean Water Act of 1972 

DHS Department of Homeland Security 

EPA Environmental Protection Agency (United States) 

FEMA Federal Emergency Management Agency  

LID Low Impact development, also known as Green Stormwater Infrastructure. a 

group of stormwater management measures designed to preserve natural 

circulation of water in urban areas and reduce runoff from impervious surfaces. 

MAR Managed Aquifer Recharge, a collection of methods designed to replenish 

depleted groundwater aquifer.  

NIPP National Infrastructure Protection Plan 

NOM Natural Organic Matter 

ODNI U.S. Office of Director of National Intelligence 

STORMS  Strategy to Optimize Resource Management of Storm Water, made by the 

California State Water Resources Control Board. 

USACE U.S. Army’s Corps of Engineers 

UNDDR United Nations Office for Disaster Risk Reduction 

WSS  State of California’s 2022 Water Supply Strategy  
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1  Introduction 

This thesis will review scientific research where management of stormwater have resulted 

in delayed, stored and utilisation in the United States. Theoretical backdrop to the thesis is 

provided by explaining circular economy of water (CEW), the various levels of governance 

and regulatory frame both in Finland and the United States on city, regional and national 

levels. This basis will be further elaborated by highlighting the connections between 

stormwater, climate change, resilience and national security pertaining to critical 

infrastructure.  

Research in this field will be studied to ascertain broad solution patterns, specifically what 

has been done, what were the results and key lessons learned. These findings will be reflected 

upon from the point of views of CEW, security & resilience related to critical infrastructure 

and their effects on climate change. 

Second phase of the study will involve utilizing results of the review to perform targeted 

interviews to all levels of governance of stormwater management from city to government 

levels in Finland to validate research results and narrow down realistic implementation 

possibilities.  

1.1  Background 

Climate change and its accompanying extreme weather phenomenon are causing havoc with 

nations and societies worldwide. Water safety and security are of paramount importance to 

human societies, one might even go so far as to characterise them as life-and-death issues. 

Life cannot exist nor thrive without safe and secure sources of water. This is why it should 

not come as a surprise that as a part of keeping human societies functional and stable, 

securing a water supply has come to be more than a mere engineering exercise; it is a national 

security issue. This is why stormwater management has increasing become an important 

consideration for local, regional and national governments. When managed and husbanded 

properly, it can be more than a mere alternative water supply for communities, agriculture 

and industry inland, it can be a source of improving societal resilience, securing critical 

infrastructure, managing floods, conserving and revitalizing natural water systems. Climate 
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change challenges nations and societies on multiple fronts simultaneously; solutions should 

not respect traditional socio, economic and political boundaries either.  

1.2  Scope 

To learn how the City of Vaasa, the region of Ostrobothnia and Finland nationally could 

answer the challenge posed by climate change by improving methods of stormwater 

management by delaying, collecting and utilizing stormwater, a research target was needed. 

In this area, the effects of climate change to water systems needed to be significantly more 

severe, the governance model and culture needed to be different enough to guide toward 

different solution patterns and yet there needed to be at least one key similarity, so that 

utilising research results would be possible. 

United States, and specifically the state of California was chosen. First, just like the region 

of Ostrobothnia, California too has very limited sources of ground water for utilisation, 

creating an additional incentive to use more varied sources of water. Second stormwater 

management innovations have been utilised and researched extensively for decades in 

California, creating a bountiful harvest of scientific source material to draw upon. California 

also represents a large and self-sustained region, that in terms of economic strength surpasses 

many nations globally. Thirdly, the advanced nature of climate change related challenges in 

the US more broadly, and in California specifically, make national security implications of 

stormwater management more meaningful. 

The actual research questions are as follows. First, based on a narrative synthesis literature 

review of published scientific literature on the stormwater management solutions related to 

delay, collection and utilization of stormwater in the state of California, what if any, broad 

solution patterns can be detected? 

Second, how do these ascertained patterns correspond with CEW principles, security & 

resilience related to critical infrastructure and combatting the effects on climate change? And 

finally, can these solution patterns be meaningfully applied in Finland to anticipate and avoid 

detrimental effects of climate change locally, regionally and nationally?  
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2  Circular water economy and its effects on climate change 

This chapter details the basics of CEW, its relevance and connecting tissue with climate 

change and how the two interact with each other. 

2.1  What is circular water economy? 

To delve deeper into CEW, it is first necessary to provide background on foundation it rests 

upon, mainly circular economy (CE) itself. According to the Ellen McArthur foundation, CE 

encapsulates a system where waste is never generated from materials, because they are kept 

in perpetual circulation. This is accomplished by adhering to three basic design principles of 

waste and pollution elimination, circulation of products and materials and finally of 

regeneration of nature itself, as is detailed in figure 1 below. (Ellen McArthur foundation 

[no date]).  

 

Figure 1. CE butterfly diagram (Ellen McArthur foundation 2019). 
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Constancy to these three principles is accomplished by maintaining, reusing, refurbishing, 

remanufacturing, recycling and composting all relevant products and materials. These acts 

can effectively separate economic undertakings from the use of earths’ finite natural 

resources. Therefor a successful utilisation of CE principles can directly negate and even 

reverse the effects of climate change, pollution, waste and biodiversity loss. (Ellen McArthur 

foundation [no date])  

It should be noted that in a broader context, there is no standardised definition for CE 

(Kirchherr, Reike, and Hekkert 2017; Kalmykova, Sadagopan, and Rosado 2018; Korhonen 

et al. 2018), but in its absence the interpretation showcased above is sufficient for the needs 

of this study. (Delgato et al 2021, p. 13)  

CEW has three main goals according to Brears (2020); To optimise energy, mineral and 

chemical usage in water systems in seamless co-operation with other systems. This leads to 

minimized consumption of water or in the best-case ceases to consume water altogether.  

Secondly to keep resources in use for as long as possible. This leads to optimised production 

and extraction of resources within water systems, surcharges reuse and augments value 

generated from the interaction with other systems. The third goal is to regenerate natural 

capital by strengthening environmental flows via reduction of use of water, acting to protect 

and improve its status and to ensure the least possible interference from human actions. 

(Brears 2020, p. 33–34)  

Based on the above, the definition of CEW could be summarised as a framework for 

designing out any external influences from water systems, keeping its resources in use and 

for the regeneration of its innate natural capital. Notably beyond water’s fundamental part 

of supporting all life on earth, it provides services, acts as a source of energy and is a mode 

of transfer for nutrients. (Brears 2020, p. 33–34)   

Morseletto et al (2022) defines CEW as “…an economic framework for reducing, preserving 

and optimising the use of water through waste avoidance, efficient utilisation and quality 

retention while ensuring environmental protection and conservation. In this model, water is 

seen as a precious resource, product and service to be managed sustainably within the 

natural water cycle. These aims should be met in all processes in which water is used, 

consumed or treated.” (Morseletto et al 2022, p. 1465) 
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Morseletto et al also argues that water is unique due to its multifaceted nature as being a 

resource, service and a product simultaneously and suggests defining CEW based on the 

nine strategies seen in Figure 2 below. (Morseletto et al 2022, p. 1472) 

 

Figure 2. CEW strategies with no hierarchy implied (Morseletto et al 2022) 

Both Morseletto’s and Brears’ definitions seem to provide a suitable basis for evaluation of 

scientific literature of this topic. Morseletto’s view will be utilised, as figure 2 provides a 

clear and concise indicator for chapters four and five.  

 

2.2  Circular water economy and climate change 

Climate change is defined as long-term changes to temperature and weather patterns. Such 

changes can occur naturally or because of human actions. The latter has been the main 

impetus climate change since the 19th century from burning of fossil fuels, i.e. coal, oil and 

gas. These in turn generate greenhouse gas emissions, whose accumulation in the 

atmosphere essentially prevents the dispersal of the suns’ heat radiation, raising temperatures 

globally. Primary greenhouse gases are methane and carbon dioxide. Main sources of human 
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activity-based greenhouse gas emissions are energy production, industry, transportation, 

buildings, agriculture and land use. (United Nations [no date]) 

Relating to water systems specifically, rising temperatures will lead to increased proportions 

of the global population to be subjected to major floods and droughts more frequently.  

Simultaneously renewable surface water and groundwater resources will be faced with more 

intensive depletion from use, resulting in heightened competition with all the associated 

socio-economic and security challenges. The extreme phenomenon will also be to the 

detriment of water quality from increased loads from both extreme rainfall and droughts. 

(Brears 2020, p.8)  

CEW measures can reduce greenhouse gas emissions from various water management 

processes by increasing energy efficiency and using renewable energy sources such as wind, 

solar or hydro power generation. For utilities especially, climate change mitigation 

investments can bring a whole host of positive effects. These include reduced energy costs 

that can be reflected in lowered costs for the consumer and lower energy demand makes 

energy available to other sectors. Finally, investments in water infrastructure systems reduce 

leakages that translate to improved water availability, lower costs and protection of water 

systems. (Brears 2020, p. 35)  

Beyond these relatively direct links between emissions and energy usage in water 

management, sustainable wastewater management with a measure of source segregation and 

implementation of resource recovery can have meaningful impact on the quality of the entire 

water system. Other benefits can be derived from adopting reused water as an alternative 

water supply source. Both aspects gain addition value to mitigate the effects of climate 

change if coupled with meaningful electrification of transport systems. (Yang, Mingyu et al 

2023, p.64) 

One practical example is the San Francisco Public Utilities Commission, that provides water 

services for 2.7 million residents and businesses through a system of reservoirs, tunnels, 

pipes and treatment systems. Their water delivery requires minimal energy to transfer and 

treat water, thus lowered emissions from fossil fuels. They are purposefully implementing a 

range of reduce, reuse and recycle, and recover technologies, also known as “3R”. The goal 

is to optimise their water and energy use and to transition to a CEW in order be more resilient 
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and reliable in the face of climate change and to minimise emissions. (Brears 2020, p. 157–

158) 

The range of means to reach these goals vary from implementing a drought surcharge, 

providing grant assistance to retrofitting water efficient systems and to designing, building, 

and maintaining solutions that minimise stormwater intake to water systems. At a larger 

scale there is a groundwater and a non-potable grant program, in addition to a groundwater 

supply project and both an ordinance and a concrete project to create water recycling 

infrastructure. Finally, there are various projects under way to recover nutrients from 

wastewater. (Brears 2020, p. 158–166) 

2.3  Circular water economy, national security and resilience of critical 

infrastructure 

Since water systems are crucial to human societies, it can come as no surprise that there is a 

national security dimension attached to their functionality. National security is dynamic term 

that is often defined by the threats aimed against it, i.e. terrorism, kinetic military operations, 

espionage or other hostile acts that negatively impact a nation state’s security environment. 

Traditionally, this was almost the exclusive domain of military threats, but has the past 

decades expanded in scope to include hybrid and cyber threats, climate change and crucially 

the protection of critical infrastructure. Despite the definitions’ somewhat fluid content, it is 

fitting that there are only slight deviations when comparing concise definitions of national 

security from a Finnish and a U.S. perspective, as seen in Table 1 below. 

Table 1. Definition of national security comparison. (Ministry of the Interior [no date]) 

(EPA 2023) 

Ministry of the interior, Finland Environmental protection agency, 

United States 

…a state in which a country's sovereignty 

and the functioning of its society and 

democracy are protected against serious 

threats.  

National security is the security and defence 

of a nation state, including its citizens, 

economy, and institutions, which is 

regarded as a duty of government. 
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Water systems, and by extension, the CEW are linked to national security via critical 

infrastructure, its resiliency and from the perspective of climate change. The definition of 

critical infrastructure is provided concisely by the U.S. Cybersecurity & Infrastructure 

Security Agency (CISA) by stating that critical infrastructure encompasses the systems, 

assets and networks providing necessary functions to the (U.S.) way of life (CISA [no date]). 

By this standard, sixteen (16) sectors are named, whose functionality is so vital to the United 

States “…that their incapacitation or destruction would have a debilitating effect on security, 

national economic security, national public health or safety, or any combination thereof.” It 

goes without saying that water systems are among them. This method of definition does not 

contradict the slightly broader one made by United Nations Office for Disaster Risk 

Reduction (UNDDR) of “The physical structures, facilities, networks and other assets which 

provide services that are essential to the social and economic functioning of a community or 

society.” (UNDDR [no date]). 

Water systems have several vulnerabilities with potential for significant harmful impacts. 

Contamination may occur, both caused by extreme weather phenomenon and terrorist acts. 

Lastly mentioned malicious acts in turn can be physical or cyber in nature and result in 

adverse public health and economic consequences in the form of illnesses or denying 

businesses and communities access to water systems entirely. Many sectors of society are 

also interlinked, meaning that a disruption of service could impact multiple facets of society 

simultaneously such as energy, transportation, food and agriculture. (CISA [no date], a) 

Resilience is inexplicably linked with circular water systems, national security and climate 

change. Given this triple focus, the definition of resilience also has a measure of nuance as 

is made evident in Table 2 below. 

Table 2. Definitions of resilience. (Delgato et al 2021) (Ministry of the Interior [no date] a) 

(Brears 2020, p. 35) 

Aspect of resilience Definition 

(Circular) Water systems Resilient utilities, networks, and systems anticipate, 

absorb, adapt, transform if needed, and rapidly recover 

from a disruptive event.  

 

National security Resilience means ensuring the operational reliability of 

critical sectors of society even during incidents, responding 
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to hybrid and cyber threats and engaging in intelligence 

cooperation.  

Climate change The ability to cope with, and recover from, disruption, and 

anticipate trends and variability in order to maintain 

services for people and protect the natural environment, 

now and in the future. 

  

Even though all three have distinct connotations to what resilience encompasses, there are 

similarities as well. All include events that have disruptive effects to the normal functionality 

of systems. Tellingly only national security perspective details hybrid, cyber threats and 

intelligence by name, whereas within the confines of climate change and water systems these 

aspects are inferred but not specified.  

In 2008, Cambpell described climate change as having the potential to be among the greatest 

national security challenges that policy makers face past, present or future (Cambpell 2008, 

p. 214). In 2021, U.S. National Intelligence Council notes in its Global Trends publication 

(U.S. Office of Director of National Intelligence (ODNI), 2021) that over a third of all cities 

will face direct physical challenges from droughts, floods and cyclones, all of which will be 

exacerbated by climate change. (ODNI, 2021) 

Beyond these direct effects, climate change will indirectly affect to the detriment of national 

security in a variety of other ways. Cost of mitigation measures will cause political unrest 

and bring people out to the streets. Divide between developing and developed nations will 

increase as developing nations will demand more responsibility, open dialogue and vehicles 

for them to increase their economic growth while there is ever more pressure to limit outputs 

to conserve resources and the environment. Competition for scarcer resources will cause 

heightened geopolitical unrest. Climate change can exacerbate existing instability and 

conflict, especially in regions rife with ethnic or religious tensions. (ODNI, 2021) 

This is especially true in areas where basis for transboundary tensions is possible or already 

in existence due to shared surface and groundwater basins. As extreme weather fluctuations 

such as floods and droughts become more frequent, water insecurity becomes a more acute 

challenge and a conflict risk both regionally and globally. More tensions are likely to arise 

from managing water resources and services in these areas. Prime examples of such are the 
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primarily glacial-fed rivers flowing from India to Pakistan, dam construction along the 

Mekong River between China, Cambodia and Vietnam and usage of water resources along 

the Rio Grande or Río Bravo basin between the United States and Mexico. (National 

Intelligence Council 2021, p. 10); Buono & Eckstein 2022)  

Military establishments will need to balance preparing for natural disasters and direct 

military threats while adapting their infrastructure to be more resilient against extreme 

weather phenomenon. The challenges of climate change present established international 

legal and co-operating bodies an accumulating set of problems that often require fast-paced 

and flexible multidimensional solutions. These solutions are difficult to achieve without 

compromise and sacrifices, leading to slow moving international bodies such as the UN 

being side-lined and overwhelmed. (ODNI, 2021)  

Lastly, one should not forget the food and water security challenges linked to climate change. 

Rising temperatures, increased occurrence of extreme weather phenomenon and related salt 

water and waste contamination issues and threats to fisheries will all contribute to a less 

secure and volatile national security environment. Though many of these challenges are 

already present, their intensity and effects to human and natural systems will only increase 

in magnitude over the coming years and decades. (ODNI, 2021) 
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3  Stormwater management in the United States  

This chapter will detail the different levels of management of stormwater in the United States 

and Finland and the broad frameworks in which they function. Interplay of local, regional 

and national actors and how they share responsibility and co-operate will also be illustrated. 

It is important to note that urban runoff, stormwater runoff and urban stormwater runoff are 

often used interchangeably both in the United States and in Finland. In the case of united 

states, urban runoff is mostly defined as storm runoff or stormwater (runoff). As defined in 

federal regulations, 40 CFR §122.26(b)(13), stormwater encompasses “storm water runoff, 

snow melt runoff, and surface runoff and drainage”. (National Research Council, 2009, p. 

65) 

Because definitions are seemingly interchangeable, but terminology is in a state of flux, for 

reasons of clarity this study will use the definition stormwater throughout the study. This is 

supported by Diringer, Shimabuku et al (2020), which notes that “The term stormwater can 

be used to describe water that runs off impervious surfaces in urban landscapes and/or as 

runoff from non-urban areas, which is often also referred to as surface- or floodwater…”. 

(Diringer, Shimabuku et al 2020, p. 2) 

3.1  Stormwater in the United States 

The following chapters will focus on how stormwater is currently managed in the United 

States. All relevant local, state and federal bodies, their functions, legal frameworks and their 

interplay in this field will be detailed broadly to ascertain a basis of understanding for the 

main body of research in chapter 5.  

3.1.1  Levels of governance 

The United States has a richness of administration across various levels of government. 

Generally, government is organized into several broad tiers: federal, state, local, territorial, 
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and tribal. The local level also includes county and municipal governing structures. (Grant 

2022) 

Federal government consists of executive, legislative and judicial branches, represented by 

a president, bicameral legislature, and a federal judiciary all with powers vested by the U.S. 

constitution of 1789, and its amendments - the first ten of which constitutes the Bill of Rights. 

Federal agencies and commissions manage issues as varied as disaster relief, foreign 

intelligence and the space program. There are 50 states, 14 insular areas, some 3031 counties 

and over 35 000 municipal level entities (OECD, 2016), excluding special purpose entities. 

All 50 states are essentially semi-autonomous governments based on their own adopted 

constitutions and varying different types of local government. Tribal governments form 

distinct government entities within the United States as well. They effectively have the same 

responsibilities as states do, but their regional reach often criss-crosses state borders. There 

are 574 federally recognised tribal governments in the United States. (Grant 2022) (White 

House [no date]) (Votesmart [no date]) (U.S. Department of the Interior [no date]).  

Besides States and tribal governments there are insular areas, formerly known as territories 

and possessions, and freely associated states. The first category includes American Samoa, 

Guam, the Commonwealth of the Northern Mariana Islands, Commonwealth of Puerto Rico, 

and the U.S. Virgin Islands, and nine uninhabited islands. The second category consists of 

the Federated States of Micronesia, the Republic of the Marshall Islands, and the Republic 

of Palau. While insular areas govern themselves as states do, they do not have shared 

sovereignty with the federal government. They elect representatives to the U.S. Congress, 

but without voting powers. Micronesia, Marshall Islands and Palau are sovereign states, but 

have tight economic and diplomatic ties to the United States. The federal government is also 

responsible for their defence based on the terms of a treaty known as the Compact. (U.S. 

Department of the Interior Office of Insular Affairs. [no date]; Roger Williams University 

2020) 

The bewildering array of different types of local government derives from individual state 

constitutions, which may have vastly more elaborate content than the federal constitution. 

An extreme example is the state of Alabama, whose constitution is some 389,000 words 

long, with some 950 amendments, while the federal constitution contains only 7,591 words. 

(Ballotpedia 2023)  
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The next level of government, counties, can also be called parishes in Louisiana, whose legal 

system is based on the Napoleonic Code rather than English Common Law. These governing 

entities are also called boroughs in Alaska, whereas Connecticut and Rhode Island have 

geographic entities known as counties without any administrative organisation. Municipal 

governments consist of different types of governing bodies such as towns, townships, 

villages, boroughs. All these state and local governments vary greatly in terms of population 

and economic significance, from the city of Los Angeles, California of 3,8 million residents 

to the state of Tennessee with the population of some 7 million to the city of Jenkins, 

Minnesota with the population 510 (U.S. Census Bureau, 2022) (Jenkins, 2024). 

In broad terms responsibilities between different levels of government are divided as follows 

in Table 3.  

Table 3. Responsibilities of different levels of government in the United States. (Grant 2022) 

(White House [no date]) (Votesmart [no date]) (U.S. Department of the Interior [no date]) 

U.S. Department of the Interior Office of Insular Affairs. [no date]. 

Government Responsibilities 

Federal Setting national policies both domestic and foreign, regulating interstate 

and foreign commerce, coining currency, declaring war, setting taxation 

and spending. Implementation responsibility for the lower governance 

levels often involves the use of Federal funds. Their use is notably 

conditioned on adherence to certain guidelines and to Executive oversight. 

Prime examples of such arrangements include Medicaid and Medicare for 

health services. 

State and 

tribal 

From kindergarden to the 12th grade (K-12) and higher education, state-

wide economic development, highways, various forms of financial support 

mechanisms for low-income resident, state parks, state police, prisons and 

control of local governments. 

Insular areas Similar responsibilities as states, with three branches of government, but 

without shared sovereignty with the federal government. 
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County Income support, social services, public hospitals, county roads, county 

economic development. 

Municipal Local police and fire departments, sanitation and waste disposal, local 

roads networks, public transport, local parks, recreation and libraries, local 

land use and zoning, housing and urban development. 

 

Besides these, there are school districts that administer public primary or secondary schools, 

or both, under the purview of states, there are roughly 15,000 of such districts in the United 

States. Second type of special construct are special districts that are responsible for specific 

government functions in relevant autonomy. They are often titled as commissions, bureaus, 

authorities or districts. (Grant 2022) (Votesmart [no date])  

As far as water systems relevant to this thesis are concerned, all levels of government are 

involved to a degree. The executive branch sets and guides policy via setting legislative 

priorities, providing funding, congress i.e. the legislative branch, either by legislation, or 

power of the purse through the budget and by co-operation or supervision of the executive. 

Finally, the judicial branch interprets laws in force, determines their constitutionality, and 

applies it to individual cases brought before it. The Federal government also houses the 

relevant national security, environmental and resilience related authorities nationwide, often 

known by their acronyms, namely, The DHS Components Federal Emergency Management 

Agency (FEMA) and the Cybersecurity and Infrastructure Security Agency (CISA), along 

with the Environmental Protection Agency (EPA) and the U.S. Army’s Corps of Engineers. 

(USACE) (White House [no date])  

FEMA provides assistance and guidance before, during and after disasters. It does this by 

providing guidance, information, financial aid to individuals and communities to mitigate 

risks, improve resilience and persevere. FEMA issues and manages grants to affected areas 

following disasters. The EPA protects human health and the environment by developing and 

enforcing regulations, giving grants, studying environmental issues, sponsoring public-

private partnerships, teaches and informs the public about its area of responsibility. (FEMA 

[no date] b, EPA [no date] b) 

Cybersecurity & Infrastructure Security Agency (CISA) has operational leadership 

responsibility for federal cybersecurity coordinates critical infrastructure security, resilience, 
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collaboration and partnership nationally. It is also tasked with reducing overall risks to 

United States’ infrastructure both physical and cyber (CISA [no date b]). The USACE builds 

and maintains both military and civilian infrastructure nationally, both in the United States 

and abroad. It has responsibility over federal level dredging, hurricane and storm reduction 

and protection infrastructure. It also manages sites where contaminated materials are stored 

and cleaned (USACE [no date]). 

Both states and tribal governments essentially act as the federal government in miniature. 

Counties and municipality level governing bodies can have similar related fields of 

responsibilities, especially because some areas might not have municipal administration, 

only a county one. As noted above, some of these responsibilities might be under the purview 

of a special district. Water system adjacent responsibilities of these governing bodies are 

noted in Table 4 below. (Grant 2022) (Votesmart [no date]) (Ballotpedia 2023) 

Table 4. Local government responsibilities. (Grant 2022) 

Local government Responsibility 

County and 

municipal 

Sewers, emergency management, public assistance, highways, 

planning and zoning. 

Special district Emergency services, water infrastructure; drinking water, sewage, 

urban runoff, stormwater. 

 

Majority of the basic blocks of water infrastructure is under local county, municipal or 

special district control, either directly or through a utility company that is publicly owned. 

However, due to insufficient funding, increased complexity of operations or maintenance, 

many of these public actors have relegated operational responsibilities to private parties. 

While solving short-term challenges, these acts of delegation have often only served to delay 

needed investments and have subsequently forced the very same public entities, i.e. 

departments of public works, engineering or similar, to assist these same private entities with 

necessary funding and expertise. (Water Environment Federation, 2022) 
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3.1.2  Regulatory frameworks 

The main regulatory framework on the federal level is administered by the Environmental 

Protection Agency, though the implementation of the Clean Water Act of 1972 (CWA) and 

its amendments. CWA was a created as a long continuance of efforts to maintain, protect 

and restore the national waters of the United States. First milestone was the creation of the 

1886 Harbors and Rivers Act that focused on navigation. Second step up was the Federal 

Water Pollution Act of 1948, which mostly provided federal funding for water safety related 

projects and contained only peripheral regularity authority to federal officials. In 1972, this 

act was expanded upon to create the regulatory bedrock, enshrined in 42 U.S.C. §1342(a) of 

the act; “...all discharges into the nation’s waters are unlawful, unless specifically 

authorized by a permit.” Amendment Section 402(p) in 1987 broadened the laws’ scope to 

include stormwater, gradually refined by the EPA to larger scale discharges of stormwater. 

(National Research Council 2009, p. 47–51) 

The following Table 3 lists the federal regulatory frameworks that define stormwater 

management under the CWA and regulated by the EPA. 

Table 3. Federal management frameworks under the CWA. (Water Environment 

Federation 2022, p. 14) (EPA 2023 c) (EPA 2024) 

Framework Function 

NPDES Stormwater 

construction permit 

Applies to stormwater discharges of 1 acre (4 046 m²) or greater in 

size. Requires control of sediment, erosion and waste at the site.  

Operators are also required to develop and implement a 

Stormwater Pollution Prevention Plan (SWPPP). Serves as a 

vehicle for local actors to coordinate construction & post-

construction and plan review, inspection, and maintenance 

together. Stormwater Control Measures (SCM’s) are a required 

part of municipal separate storm sewer system (MS4) permits. 

Combined sewer  

and Long-Term  

Control Plan 

(NPDES) 

Requires communities to address and minimize overflows from  

combined systems to U.S. waters in planned and coordinated way. 

i.e. Limiting the volume of stormwater discharges can reduce the  

combined sewer overflows.  
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Total Maximum 

Daily Load (TMDL) 

A program based on calculating the maximum amount of a 

pollutant that a specific body of water can receive and still meet 

water quality standards. Related post-construction programs detail 

stormwater management practices, retrofits, and/or site-specific 

contaminant load limits for development and redevelopment that 

can address the pollutant(s) identified in the TMDL. 

Federal Wetland 

permit (section 404) 

Regulates the discharge of dredged and fill material into U.S. 

waters, including wetlands. Stormwater practices that negatively 

affect streams and wetlands require permitting. Encourages lesser-

impact development strategies to avoid effects. Stormwater plans 

may have to be coordinated with mitigation plans as port of the 

process.  

Coastal Zone 

Management 

Program (CZMP) 

Sets planning goals and milestones for designated coastal zones. 

Provides a stormwater management coordination blueprint with 

state specific CZMPs. Wetland and marshland protection can be 

incorporated into stormwater strategy to interlace with CZMP 

objectives. 

 

Though the CWA provides a uniform set of these frameworks, it is notable that the EPA has 

limited enforcement powers, subject to funding by Federal Government and regional and 

local political restraints. Though the EPA has the ultimate say, state laws generally take 

precedence, unless a state cannot hold the responsibility for implementing or enforcing the 

law. (Institute for Policy Integrity 2017; Wolters Kluwer 2019) 

Other legislation coinciding with stormwater management includes the Endangered Species 

Act of 1973 and the Safe Drinking Water Act of 1974 (National Research Council, 2009, p. 

62). These seek to mitigate or remove danger from harmful pollutants in the water to humans 

and natures ecosystems respectively. FEMA administers floodplain control requirements 

that effect development and construction projects in areas of flood risk (National Research 

Council 2009, p. 62). Notably the USACE’s national inventory of dams and levees holds 

some 91,800 dams and 6,900 levees but operates only a fraction of them directly. Most are 

operated by either by states, local governments or even privately (USACE 2020; USACE 

[no date] a).  
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State and local frameworks are shown in Table 4 below. 

Table 4. State, regional and local frameworks for stormwater management. (Water 

Environment Federation 2022, p. 15) 

Framework Purpose 

State Erosion and Sediment  

Control and Stormwater Programs 

Provides standards for stormwater construction plans 

and facilities. Generally, requires coordination 

between plan reviews and inspections and other 

construction and post-construction program 

elements. 

State Scenic River, Open Space,  

Reforestation, and Resource 

Protection Programs 

State-specific goals that link to stormwater 

management, such as setback from a local river. 

Specific Regional Efforts (i.e.,  

Chesapeake Bay and Puget 

Sound) 

Regional plans and programs that may have goals, 

objectives, and/or standards that influence a local 

stormwater program. 

Local Codes for Erosion  

Control, Stormwater, Zoning,  

Subdivision, and Standing  

Water and Weeds  

Local rules for development density, streets, etc. 

They aid planning, design and maintenance of 

stormwater systems. 

Greenway, Open Space, and  

Recreation Plans 

Provides planning framework that offers opportunity 

for coordination between stormwater and planning 

(i.e. stormwater demonstration sites at public parks). 

 

It should be noted that the breadth and depth of regional and state programs are highly 

specific and conditional to state and regional policies, circumstances and needs.  

States, tribal and local governments have generally used construction stormwater general 

permits as models and templates to regulate industry and construction within their borders 

that effect stormwater discharges, both quantitively and qualitatively. Since states have 

varying attitudes toward regulations and their compliance, the degree to which stormwater 

management is implemented also varies significantly from state to state. Florida and 

California have traditionally been progressive and proactive in their approach to stormwater 

management and the same holds true for come municipalities such as Santa Monica, 
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California and Austin, Texas. The common denominator being either presence of large 

bodies of water, lack they’re off, history of pollution challenges or commonality of extreme 

weather phenomenon (National Research Council 2009, p. 78–79). 

Besides tools provided directly or indirectly by the federal government for stormwater 

management, local governments have other means at their disposal: Namely local zoning, 

codes and ordinances. The general outlines are mostly regulated by the states, but counties 

and municipal governments have a measure of latitude on how they choose to apply them. 

All of these can be used to set conditions on the volume and quality of stormwater discharges 

by private and public actors. These affect planning, construction, operation and maintenance 

of stormwater related aspect of the built environment in a scale that simply out of reach of 

the federal government.  Zoning sets land use specific limitations, codes can regulate for 

instance how buildings are designed, built and maintained and ordinances detail parking 

requirements and pavement types. Of these zoning and ordinances have the most direct 

impact on stormwater management (National Research Council, 2009, p. 84–86). Standards 

and practices of engineering impact infrastructure design and construction at a very granular 

level, for instance detailing technical requirements of a specific type of pavement surface or 

what size of drainage pipe to use for a given function. (National Research Council 2009, p. 

93)  

It is notable that innovation and best solutions for stormwater delay, storage and utilisation 

may conflict with any one of the previously mentioned regulatory frameworks, because 

testing new methods may be straightforward, but altering existing state law, city zoning 

practices or ordinances takes time and is subject to multiple competing demands from for 

example, commercial, environmental and security concerns. While these obstacles can be 

sometimes partially avoided by creating separate ordinances for specific projects and 

developments, these require both political will and expertise that are not uniformly found 

and utilized in state and local governments. Sufficed to say that local and state regulatory 

frameworks are a complex interconnected web which can be difficult for the relevant public 

and private actors to unravel to formulate and implement needed stormwater management 

measures in their communities. (National Research Council 2009, p. 92–96) 
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3.1.3  Stormwater management policy 

As the National Research Council succinctly noted in its 2009 report, “…the overarching 

importance of impervious surfaces inextricably links stormwater management to land-use 

decisions and policy.” (National Research Council, 2009, p. 35). This deceptively simple 

observation holds within a complex web of interdependence between local and state urban 

planning policies. Within the relative brief scope of stormwater management history in the 

United States, the goal of stormwater management has mostly focused on transporting 

stormwater away from the built urban environment as quickly and efficiently as possible. 

Environmental concerns began to be addressed by policymakers from the 1980’s onward, 

but the focus was still relatively narrow and often haphazard. A structured long-term 

approach to stormwater policy is not assisted by the fact that responsibilities are often spread 

among different departments within state and local governments: Land use planning and 

stormwater management are often separate, and coordination efficiency varies. Smaller local 

governments often have insufficient personnel, while larger bureaucracies are 

compartmentalized. (National Research Council, 2009, p. 47, 115) 

The last two decades have seen a surge of policies in state and local governments to consider 

effects to environment in a more thorough way, considering watershed-wide cause-and-

effects seeking to delay, store and even utilize stormwater. Besides the effects of extreme 

weather phenomenon in states like California and Florida, the federal government has also 

shifted its policies toward stormwater management. (Water Environment Federation 2022, 

p. 12) 

Legislation relevant to stormwater management has already been outlined in chapter 3.1.2. 

As the CWA represents the key federal government policy, its evolution since 1987, when 

the stormwater program was instituted, presents the clearest view of policy at this level. For 

a general view of these developments, please see Table 5 below. 

Table 5. Major developments of the CWA since 1987. (EPA 2023a) (Copeland 2016) 

(USACE 2020a) 

Year Development  

1990 Title I of the Great Lakes Critical Programs Act activated aspects 

of the Great Lakes Water Quality Agreement of 1978, whereby 
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United States and Canada agreed to reduce a number of toxic 

pollutants in the Great Lakes. 

1994 The Combined Sewer Overflow (CSO) Control Policy establishes 

a national approach under the NPDES permit program to control 

discharges into national waters from combined sewer systems. 

2000 The Wet Weather Water Quality Act amended the CWA, requiring 

each permit related CSOs to provide plans to dramatically reduce 

CSO discharges and meet tight federal and state water quality 

standards.  

2000 The Beaches Environmental Assessment and Coastal Health Act is 

enacted to reduce disease risk to recreational users of national 

coastal waters. A grant program is created to support testing and 

monitoring of coastal waters and to support public safety 

notification programs when recreational use is not deemed safe.  

2006 Congress provides funding for the National Aquatic Resource 

Survey program. An EPA, state and tribal partnership that monitors 

rivers and streams, lakes, wetlands and coastal environments. 

2014 Amendment to the CWA; Water Resources Reform and 

Development Act of 2014 (Title V) provides key authorisation for 

the USACE’s civil works programs that develop, improve and 

implement navigation, flood risk management and environmental 

restoration projects. 

 

There was also a notable dispute running from 2015 to 2023 regarding the definition of what 

constituted waters of the Unites States. The dispute can be traced back to Unites States 

Supreme Court (SCOTUS) decisions in 2001 and 2006, which created confusion and 

inconsistence on state and federal levels as to jurisdiction of the CWA and that of the EPA 

through various interpretations of this definition. Subsequent attempts by the Obama, Trump 

and Biden administrations from 2015 to 2022 to reach a solution ended in 2023. In a 2023 

decision, the Unites States Supreme Court limited CWA protections to the wetlands that 



28 

 

have a continuous surface connection to traditional navigable water and thus dramatically 

narrowing the EPA’s protective authority over wetlands. In another decision in 2023, Sackett 

v. EPA, the court determined that wetlands situated entirely separate from traditional bodies 

of water do not qualify for protection under the CWA. However, these two decisions are 

relatively minor when compared to a third SCOTUS decision in 2024, the overturning of 

Chevron v. Natural Resources Defence Council. Overturning this 40-year-old decision 

severely curtails the power of federal agencies, including the EPA, to reasonably interpret 

the laws they administer. In the future, cases involving interpretation of ambiguous laws 

should done by the courts. Considering that the Chevron decision has been cited over 18,000 

times in cases dealing with administrative law since 1984, the impact on federal 

administrative powers and oversight is likely to be substantial. (River network 2023; 

Olmstead & Fleck 2023; Marotti 2023; Howe 2023; Howe 2023a)  

3.1.4  Private and public sector partnerships 

Partnerships between public and private sector actors has special relevance in the United 

States, considering the large share of private ownership of critical infrastructure (Homeland 

security, 2020, p. 2). Partnerships in the realm of security and resilience are detailed in this 

chapter.  

From the perspective of national security, partnerships are mostly focused on guidance, 

information sharing and discovering best practices within a voluntary mutually beneficial 

co-operation framework against potential threats and crisis to physical and cyber 

infrastructure. At a more functional level, the goals of partnerships of are more directed at 

effecting changes in the water systems themselves, how they are maintained or how potential 

environmental effects are monitored. These types of partnerships often find their foundations 

in communities which are directly or indirectly effected by any negative events and their 

consequences emanating from a specific local or regional stormwater system. In such cases, 

partnerships can provide addition sources of directed funding and provide a backbone for 

long-term solutions for maintenance and sustainability of a given stormwater system. Such 

projects may vary in scale but are often termed as green infrastructure. (Lueckenhoff & 

Brown 2016; Water Environment Federation 2022, p. 25–26) 
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There are also three more innovative financing strategies for stormwater projects, namely 

Watershed Improvement Districts, Environmental Impact Bonds and Joint Benefits 

Authorities. All of these provide some sort of financial incentives and benefits for private 

and public actors to work together toward achieving mutually beneficial goals.  (p. 25–26) 

One practical example of such a partnership is the Villanova Urban Stormwater Partnership 

BMP Demonstration Park (VUSP). This partnership is lead the Villanova University and its 

centre of resilient water systems. It currently has a total of 20 partners working in tandem to 

advance sustainable stormwater management and the development of public and private 

partnerships. Funding originally came from the state of Pennsylvania’s Growing Greener 

Program, and later through a 319 nonpoint source monitoring program, also funded by the 

state. Research done by the partnership is made most visible by its demonstration park, 

originally built in 2001. The park includes a variety of stormwater management systems; a 

wetland, bio-infiltration and bio-retention rain gardens and swales, pervious concrete / 

porous asphalt installations, infiltration trenches and a green roof. All of these have provided 

the partnership with a wealth of data from especially monitoring and performance 

perspectives. (Villanova University 2024; National Research Council 2009, p. 380) 

3.1.5  National security and resilience 

Partnerships between private and public actors have been found to especially useful in the 

context of national security. The United States Department of Homeland Security (DHS) 

prepared a national plan to “…collectively identify priorities, articulate clear goals, mitigate 

risk, measure progress, and adapt based on feedback and the changing environment.” in 2013 

named National Infrastructure Protection Plan 2013 (NIPP): Partnering for Critical 

Infrastructure Security and Resilience that has been last revised in 2020 (DHS 2020, p. 1). 

The plan’s executive summary makes a compelling case that the government is uniquely 

suited to share timely and relevant information to private sector actors that can be crucial to 

responding to threats and crises. The federal government can also assist private actors to gain 

a better bird-eye view to the larger risk environment, thus improving their ability to 

constructive invest in their security and resilience. It’s also a two-way street as governmental 

departments and personnel can learn from their private sector partners to make better 



30 

 

decisions, in the process assisting the entire critical infrastructure field to become more 

secure and resilient. (DHS 2020, p. 1–2). 

The sector specific plan for water and wastewater sector uses the partnership model specified 

in the NIPP 2013 to bring public and private actors together to improve planning and 

implementation of security and resilience under an EPA organised Government 

Coordinating Council and a separate owner and operator organised Water and Wastewater 

Sector Coordinating Council as seen in Figure 3. These parties form the core of the sector 

specific partnership program. (DHS & EPA 2015, p. 1–2) 

 

Figure 3. NIPP 2013 partnership model. (DHS 2020) 

As an example of the ways in which private and public actors can benefit from co-operation 

in the national security realm, CISA has prepared an 8-point factsheet of practical actions 

that can be taken to harden water systems against potential cyber-attacks. These include 

measures as straightforward as changing default passwords immediately to making 

inventories of OT/IT systems and backing them up. (CISA 2024, p. 1–2) 

Beyond these kinds of partnerships, stormwater also presents opportunities for enhancing 

and improving security and resilience. Stormwater management can be a means of 

diversifying and protecting local and regional water supply. Utilities, municipalities and 

states can use stormwater as an additional resource in their water resource portfolio and 

thereby ensuring resilience and flexibility with a source that has a different risk and cost 

profile to tradition water sources such as surface water and groundwater. Diversity itself 

provides a further layer or security, especially in situations when multiple and overlapping 

extreme weather phenomenon can cause severe strain on communities, societies and even 

the federal governments’ disaster relief efforts. (Delgato, Rodrigues et al 2021, p. 22) 

These resilience and security benefits can overlap with achieved environmental and social 

stability benefits. Collecting and storing stormwater in storage tanks by both public and 
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private actors can create benefits at multiple levels. In the event of disruption in utility 

service, homeowners can use stored stormwater to flush their toilets. Municipal, regional or 

state actors can store stormwater in reservoirs and recharge groundwater aquafers in times 

of droughts and other water scarcity. Harvesting and storing can also provide economic and 

food security by creating a buffer to offset growing variance in rainfall and thus provide 

stability to agriculture and its related supply and economic sectors. If utilized with sufficient 

scale, such actions could also serve to protect and ultimately revitalize weakened and 

stressed watersheds by replacing surface water use as much as possible. The possible 

benefits of such a CEW approach to stormwater management are made evident by Figure 4 

below and as can be ascertained, constitute only part of a much larger whole. (Delgato, 

Rodrigues et al 2021, p. 23) 

 

Figure 4. Cause and effect of CEW according to the WICER framework (Delgato, Rodrigues 

& al 2021, p. 20) 
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Creating buffers to safeguard against the direct and indirect effects of extreme weather 

phenomenon has notable practical flood protection utility as well. These buffers can also 

partially counteract the high level of non-permeable surfaces found in especially larger urban 

settings. (Delgato, Rodrigues et al 2021, p. 24) 

Perhaps the greatest challenge in assessing opportunities and possible advantages from an 

assortment of stormwater management methods related to flood protection measures 

especially, is that the status of so much of the relevant infrastructure is unknown. One aspect 

of this will be noted later in this chapter, where the low percentage of federally maintained 

and operated dams and levees is detailed. Another causal link to this issue is the sheer volume 

and variance of different actors at local and state levels of stormwater management, that 

operate and maintain their systems with correspondingly diverging degrees of competence. 

This issue permeates throughout all types of critical infrastructure but is especially notable 

regarding levees.  

A levee is defined by the USACE as a “…human-made barrier with the primary purpose of 

reducing the frequency of flooding to a portion of the floodplain…” (USACE [no date] b). 

These protective structures are present throughout the United States and Table 6 below will 

account some of the key figures associated with them.  

Table 6. Levee key datapoints. (USACE [no date] b) (ASCE 2021) 

Category Figure 

Levees total length (miles/km) 40,000 

People protected by the levees 23,000,000 

communities protected by the levees 2,388 

buildings protected by the levees 7,000,000 

Property value protected by the levees ($) 2 trillion 

 

The total length of levees is estimated around 40,000 miles, of which the USACE has 

inventoried some 24,000 miles and the condition of the remainder remains largely unknown. 

Deferred maintenance is a clear issue, with the average age of these predominantly earthen 

structures fluctuating between 50 and 60 years. Scale of this issue can be highlighted by two 

figures: The USACE estimate of $21 billion required to improve and maintain the moderate 
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to high-risk levees in its inventory, and the fact that these levees account for only 15% of 

known levees within the United States. (USACE [no date] b; ASCE 2021) 

The resulting high variability of engineering and safety standards does not help to decrease 

risks associated to them and to the critical infrastructure systems under their protection. Only 

roughly 500 levee systems in the United States are part of FEMA’s National Flood Insurance 

Program (NFIP) and little more than half of them are managed by the USACE. Inclusion 

within NFIP means that a levee system meets the programs’ minimum design, maintenance 

and operation requirement, is certified by a registered professional engineer provides a 

measure of flood risk reduction. (USACE [no date] b; ASCE 2021) 

The basic building blocks needed to improve national security and resilience through better 

stormwater management is a complex equation. Actors on all levels from local to federal 

need better information on the actual condition and associated risks of relevant critical 

infrastructure systems. For this information to be of most value throughout the nation, a 

systematic, analytic and long-term approach is required, something made apparent in the 

2023 Homeland Security Operational Analysis Centre report titled Identifying and 

prioritizing systemically important entities (Bordeaux & Welburn et al, 2023, p. 3–4).  

Beyond information, guidance, best practices and innovations need to be shared and 

available to all relevant actors. Considering the multifaceted nature of challenges posed by 

climate change, all methods to advance the resilience of communities and national security 

of the nation at large should be considered without barriers. And the potential benefits of 

efficient and resilient stormwater systems should reap without fail.   
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4  Materials and methods 

This chapter relates the ways and means of how the scientific literature review and validation 

of the results were done. 

4.1  Methodology of the scientific literature review 

To discover solution patterns, the method chosen was the narrative synthesis literature 

review. This method was chosen, because it was felt that it was the best tool to discern 

solution patterns from myriad sources of scientific literature. According to Popay, Roberts 

et al (2006), a systemic review and result synthesis approach from multiple studies which 

“relies primarily on the use of words and text to summarise and explain the findings of the 

synthesis”. This method lends itself better to a broad and general analysis of a stormwater 

management in California, than a systematic literature review. This is due to the broadness 

of the research questions chosen and the need to keep the thesis manageable, relative to the 

time and effort required to attain the necessary study points.  

Based on the narrative synthesis framework, this analysis is divided into four stages: 

Theoretical formulation of stormwater management solutions in California, synthesis of 

findings from included studies, exploring relationships in source material and assessing how 

robust the synthesis is. (Popay, Roberts et al 2006, p. 11–15) 

To give the research questions needed context, the relevant terminology, stormwater 

management in the United States and in the state of California was considered before moving 

on to the narrative synthesis literature review and its boundaries. 

Selected scientific studies have been chosen based on a several criteria. Firstly, they must 

focus on stormwater management solutions within the state borders of California. Secondly, 

they seek to evaluate broader stormwater solutions than singular case studies to facilitate 

evaluation of broader patterns. Thirdly, the studies in question must be relatively 

contemporary to reflect current solution patterns as much as possible. For this purpose, a 

maximum range of 10 years since publication was selected. This categorisation is further 

detailed in Table 7. 
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Search for scientific literature was primarily conducted through LUT primo, a search engine 

provided by the LUT university to its students and faculty. It provides straightforward search 

tool encompassing books, e-books, articles, databases, and other literary sources. (LUT 

university 2024) 

The search for literature was done in three phases, first preliminary search phase was 

conducted in November to December 2023 when the thesis topic was being formulated, the 

second phase in early to middle January of 2024, when the thesis plan was written and finally 

the main phase that began in late January 2024 and continued sporadically till the focus of 

the thesis writing turned decisively towards the study of scientific literature in late March 

2024.  

Once promising sources were discovered, their references were combed to ascertain 

additional relevant studies, a technique also known as snowballing (Lancaster University 

Library 2024). Directs contacts in the United States were also utilised to discover additional 

potential sources, but results yielded only supportive background material.  

Initial search for material found with the above-mentioned key words resulted in a total of 

5 357 results. Unsurprisingly, most hits came from “Stormwater California”, 3068, whereas 

the least number of results came from “Stormwater Utilisation California”, just 12. Many 

studies came up in search result repeatedly, such as Carle (2016) and Cahill (2012). 

“Stormwater capture California” yielded the most relevant results, including Cooley et al 

(2022), Diringer (2020) and Shimabuku (2018) and consequently snowballing their 

references produced more studies to consider. 

The primary reason why a particular scientific study was rejected, was its too narrow scope 

and secondary reasons were the date of publishing and location of study area residing outside 

California. This process is illustrated in Figure 5. 
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Figure 5. Inclusion and rejection parameters of studies. 

Once articles had been chosen, their contents were analysed to discover solution patterns- 

effectively the second element of narrative synthesis process and a preliminary delving into 

element three. This was done by summarising the contents of the included studies to create 

subchapters for each discovered solution pattern. These subchapters would be used to 

concretely explore relationships the included material and to critically assess each synthesis- 

elements three and four of the narrative synthesis process according to Popay, Roberts et al 

(2006). Selected studies are listed in table 9. (Popay, Roberts et al 2006, p. 12) 

Once the review was concluded, its results analysed based on the research questions outlined 

in chapter 1.2 and the beginning of this chapter. For each of these, the analysis will be done 

as simple yes or no answers in table format for ease of viewing. Once this was done, the 

results were validated by doing targeted interviews with stormwater experts from the City 

of Vaasa, Regional ELY-centre of Southern Ostrobothnia and Finnish Environment Institute. 

These three stakeholders were selected, because together they account for all the relevant 

stormwater governance levels in Finland. Once the results of the review were validated, they 

were condensed into implementation recommendations locally, regionally and nationally in 

Finland.  
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4.2  Methodology of the validation of the scientific literature review results 

To ascertain the validity of the literature review results and their implications to a Finnish 

stormwater management environment, it was decided that a validation phase was pertinent 

to the thesis. This was to be done by experts with views from the local, regional and national 

governance and management levels. They were tasked with reviewing the study phase of the 

thesis, i.e. chapter five, and answer the following questions based on their expertise and 

experience in the field. 

1. In your assessment, does the Stormwater capture solution pattern have relevance to 

stormwater management in Finland? Please expand on why or why not. 

2. In your assessment, does the non-dedicated funding solution pattern have relevance 

to stormwater management in Finland? Please expand on why or why not. 

3. If you’re response was affirmative to either question one or two, do you believe that 

it is relevant merely as a subject of further theoretic study (a), or does it merit taking 

planning and concrete implementation actions (b).  

These questions were asked of the validation process participants via email, given sufficient 

time to read the thesis and then, should the wish to do so, be interviewed via Microsoft 

Teams. Rathen than merely a written reply, an oral interview was given as an option to the 

participants, so they could freely expand on their replies and to be able to rase specific 

questions broadly, to achieve the best possible results for the validation.  With the 

participants permission, the interviews were recorded, so that all the relevant details would 

be included in the thesis afterward. 

The selected parties for the validation phase include the City of Vaasa, the Vaasa Water 

utility company, the Regional ELY-centre of Southern Ostrobothnia, the Association of 

Finnish Cities and Municipalities and the Finnish Environmental Institute. 

Validation participants were contacted from December 2024 to January 2025. First results 

were received in January 2025 and the last one at the end of February 2025. Three of the 

validation parties, namely City of Vaasa, Vaasa Water utility company and the Regional 

ELY-centre of Southern Ostrobothnia responded via email and the Association of Finnish 

Cities and Municipalities (AFCM), and the Finnish Environmental Institute (FEI) responded 
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via a MS Teams meeting. These two Teams meetings were recorded with the consent of the 

participants to ensure their input could be detailed as faithfully as possible. All initially 

contacted parties agreed to participate, though the Vaasa Water utility company did so only 

at a general level. Responses of the participants reflect their own personal views, based on 

their expertise and experience and not the official stances of their parent organisations. Level 

of engagement with the thesis content varied within the participants, which is evident from 

the depth of responses. Both type of interviews had their benefits and drawbacks. MS Teams 

interviews tended to be more freewheeling, giving a chance for new ideas and conversation 

strands to develop, while email replies were more rigid by design. Despite the differences, 

both forms of interview worked, and the option of an online meeting seemingly brought 

down the response threshold, facilitation a successful validation process.    
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5  Review of scientific literature of stormwater solution trends in 

the United States  

This chapter represents bulk of the scientific research within the thesis. The methodology 

and scope of the study contains relevant specifics of stormwater management in the state of 

California. Having established the framework, the review of scientific literature itself will 

follow.  

 

5.1  Overview of the state of California 

The state of California has a population of little under 39 million (U.S. Census Bureau 2023) 

and its economy is ranked 5th globally based on nominal GDP, at $3,6 trillion in 2022, while 

for comparison Germany’s GDP stood at $4 trillion. Its economic strength is fuelled by 

diverse industries including a result of a combination of factors including tech, 

semiconductor and electric vehicle entertainment industries and agriculture (California 

Centre for Jobs and the Economy 2023). Administratively California consists of 48 counties, 

478 cities, 48 counties, 4,763 special districts and 109 tribal reservations (Georgetown 

University Law Library 2024; California Courts 2024). 

California consists of 263 900 km² land and 1352 kilometres of coastline. It includes climate 

areas as diverse as the Mojave Desert, temperate coastal and sloped terrain akin to the 

Mediterranean on the Pacific coast, the steppe of the San Joaquin Valley and the cool interior 

and highland climates of the Modoc Plateau and the Sierra Nevada. Precipitation during the 

winter months that has accumulated as snow, is a major source of water during the summer 

and late spring. The rich variance of topography and climate has created rich plant and 

animal life, including some different varieties of 6,500 native plants, over 2,300 of which 

are either rare or at risk. Animal life includes over 100 native species of reptiles, 167 native 

mammal species and 660 birds for example. Precipitation during the winter months that 

accumulates into snowpacks, is a major source of water during the summer and late spring. 

(California Department of Fish and Wildlife 2021, p. 11–15, 30, 32, 36, 38, 42) 
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Figure 6. Climate, temperature, precipitation, snow and water geography in California. 

(California Department of Fish and Wildlife 2021, p. 14–15) 

Climate change related challenges to water systems in California are consequences of rising 

temperatures, rising sea levels, and both extreme ends of precipitation, extreme storms and 

droughts. These effects also create additional uncertainty to all facets of water management 

from policy and planning to operations management (Hanak, E. & Lund J.R. 2012, p. 18). 

Extreme droughts are a casing point within these challenges. Between December 2011 and 

March 2017, California experienced severe drought in consecutive years. As an example, in 

2015 the Sierra Nevada snowpack, which houses one third of the entire water supply of 

California, was only at 5 percent of its average size (California Department of Fish and 

Wildlife 2021, p. 14; Carle 2016, p. 28). Beyond the impact to water systems themselves, 

there have been other severe and interlinked consequences, such as five of the six largest 

wildfires in California occurring in 2020 alone since recording began in 1932. It is also worth 

noting that the average temperature in California was over four degrees above the 20th 

century average in 2014 (Carle 2016, p. 28, 143; Carle 2021, p. 130). Relevant climate details 

are shown in Figure 6 above. 

California’s water systems are divided into 10 hydrological regions, with the largest being 

the 42 725 km² Sacramento River Region which carries over a third of the States’ stormwater 

runoff. (Carle 2016, p. 60) The state has 450 known groundwater basins (p. 52), though less 

than 50 % of it is usable due to poor quality and high cost of utilisation. Ground water 

provides some 40 % of the states average annual water supply, though this figure can be as 
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high as 60 % during severe droughts. The largest groundwater basin is located the Central 

Valley and the largest is Clear Lake. Notably, with 6 % of its land mass covered by urban 

areas, runoff from them is a source of impairment for 10 % of rivers, lakes, and reservoirs, 

17 % of estuaries in California. (Carle 2016, p. 50–54, 63; Shimabuku et al 2018, p. 1) 

Some 400 water utilities oversee most water deliveries to consumers in California and 

roughly 600 utilities manage wastewater (Hanak, E. & Lund J.R. 2012, p. 18). Of a total of 

3,300 special districts in the state some 1,286 are providing water management services, 

divided into more than 19 different types of statutory authorizations from community 

services and county water to irrigation and flood control and water conservation special 

districts.  (California State Senate Governance and Finance Committee 2016; Cohen & 

Taylor 2002) 

As an example, the San Martin County Water District provides potable water sourced from 

groundwater for residential, commercial, and industrial uses in a 1,84 km² area within Santa 

Clara County to a population of 450 (San Martin Water district). For comparison, the Santa 

Clara Valley Water District services a population of 1,781,642 (Santa Clara LAFCO 2024 

& 2024 a). This district is shown in Figure 7 below. 

 

Figure 7. San Martin Water district map. (Santa Clara LAFCO 2011) 
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Broad outlines of local authorities are outlined in chapters 3.1.1 and 3.1.2. There are two 

regional water management authorities in California, with the State Water Resources Control 

Board (i.e. State Water Board) covering the entire state and beneath it the Regional Water 

Boards. (Babchanik, David et al 2022, p. 1055) 

California’s state laws provide the statutory framework within which authorities and 

operators act when dealing with water management affairs. The relevant laws are noted in 

Figure 8. For example, State Water Board Resolution No. 68–16 of 1968 and Porter-Cologne 

Water Quality Control Act from 1969 work in tandem with the CWA to safeguard water 

quality within the state. The Sustainable Groundwater Management Act of 2014 provides a 

long-term protection framework for groundwater under the authority of the state water board. 

This law requires local authorities to form groundwater sustainability agencies (GSAs) for 

high and medium priority basins, which develop and implement groundwater sustainability 

plans (GSPs) to avoid undesirable results and mitigate overdraft of groundwater within 20 

years from implementation. On the other hand, laws such as Proposition 13 requires two-

thirds of the local electorate to approve any local tax that is deemed a special tax. Taxes 

created to fund stormwater management often fall under this category. (Shimabuku et al 

2018, p. 4; Water Education 2023; California Department of Water Resources 2024; State 

Water Resources Control Board 2023; City of Lakeport [no date]; State Water Resources 

Control Board 2024; Contra Costa Clean Water Program [no date])  
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Figure 8. State laws related to water management in California. Handicaps to raising local 

government funding are in orange (Shimabuku et al 2018, p. 4; Water Education 2023; 

California Department of Water Resources 2024; State Water Resources Control Board 

2023; City of Lakeport [no date]; State Water Resources Control Board 2024; Contra Costa 

Clean Water Program [no date]) 

As can be seen from the figure above, advancements in legislation and policy intermix with 

attempts to stifle or block any attempts to create additional direct means of funding for 

stormwater management. Also of note, the California Plumbing Code of 2022 and its 

appendixes cover all relevant aspects of technical demands for stormwater drainage systems 

(IAPMO 2023). 

In 2016 the California State Water Resources Control Board published its Strategy to 

Optimize Resource Management of Storm Water (STORMS). It contains the goals, 

objectives and actions required by the state water board and nine regional water boards to 

better regulate, manage and utilise California’s stormwater resources. This was followed up 

by reports and studies to further guide stormwater management. For example, a report titled 

California Drywell Guidance Research and Recommendations was published in 2020 to 

offer guidance on the technical issues regarding drywell sighting design and associated 

regulatory oversight. Stormwater management is also a key component of California’s 2022 

Water Supply Strategy (WSS), others being water conservation, development of water 
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recycling and desalination and expanding existing water storage capacity. (California State 

Water Resources Control Board 2016; 2022b; 2024c; 2024e) 

Funding of stormwater management in California is achieved through a wide range of 

dedicated and non-dedicated means, including general funds, grants, taxation, fees, 

obligation bonds. These are further detailed in chapter 5.2.2. 

Within the Environmental Protection Agency, California is in the purview of Pacific 

Southwest office, also known as Region 9. Besides California, it is responsible for federal 

environmental law enforcement and implementation in the states of Arizona, Hawaii, and 

Nevada. Other areas under its jurisdiction are the Pacific Islands and 148 tribal nations. (EPA 

2024c) 

The overriding issue of concern in the state of California are future droughts stemming from 

climate change. Despite two good precipitation years, a recent long drought and its effects 

on the states’ network of reservoirs, have raised outright fears that it was only the initial 

impact and that worse lay ahead. One of the impacts of this has been a drive on utilising 

stormwater as a resource, especially via green infrastructure, as a cornerstone of a long-term 

strategy to address climate change related droughts. Another factor encouraging this 

development are the many other benefits of green infrastructure, including: “…water quality 

improvement, flood protection, stormwater capture, air quality benefits, aesthetic and habitat 

benefits, reduced urban heat island effects as well as water reuse and resiliency in the face 

of the potential effects of climate change.”  Promotion of such solutions green infrastructure 

is required by the Federal Water Infrastructure Improvement Act of 2019. Another issue of 

concern is groundwater resource management. Overdraft of groundwater has led to land 

subsidence and damage to infrastructure, drying up of local wells, depletion of stream flows, 

and decreased water quality. In 2014, the Sustainable Groundwater Management Act 

(SGMA) created a statewide framework for the long-term protection groundwater resources. 

(Bromley 2024; Cooley et al 2022, p. 11) 

Capture and use of rainwater from rooftops was not defined legal in California until the 

Rainwater Capture Act of 2012. Onsite treatment of stormwater for reuse for anything other 

than outdoor irrigation was also prohibited in California until December 2023, when the 

California State Water Resources Control Board approved new regulations for direct potable 

reuse. This means that wastewater treated to meet regulatory requirements can be served 
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directly to customers without any extraneous buffers. (Shimabuku et al 2018, p. 5; Gold 

2023) 

California produces more than half of fruits, nuts, and vegetables in the United States, and 

most of the farmland is in the Central Valley, also home to the largest groundwater basin in 

the state. Agriculture uses 80 % of the developed water supply in California and its runoff is 

also the largest single source of pollution, impairing as much as 12,870 kilometres of rivers, 

streams and 122,000 hectares of lakes, bays, and wetlands. (Cheng & Thesing 2017, p. 15; 

Carle 2016, p. 238) 

5.2  Results of the narrative review of scientific literature  

The following chapter will include all the solution patterns detected during the literature 

review in their own subchapters, also containing their evaluation based on narrative synthesis 

guidelines three and four and the studies’ research questions.  

Stormwater capture was the clearest solution pattern detected in the included scientific 

literature. Within in it, there were two subsets of solutions, namely Managed Aquifer 

Recharge (MAR) and Green Stormwater Infrastructure, also known as Low Impact 

Development (LID). These were combined as one solution pattern both to maintain a better 

sense of broad perspective and because the defining and unifying characteristic is the capture 

of stormwater.  

The second solution pattern is related and yet different in character, as it’s not a technical 

engineering solution, but a key enabler, namely the non-dedicated funding of stormwater 

management solutions. Albeit fundamentally different from stormwater capture, it’s absence 

or presence was found to be the chief enabler or obstacle to stormwater management in the 

source material. While this may be self-evident, considering financing also has the added 

value of injecting more realism to this study and thus giving its results a more meaningful 

chance of application into practice at any scale by public or private parties.   
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5.2.1  Stormwater capture solution pattern 

Stormwater capture means the collection of stormwater in large or small scale to augment 

water supplies. At a smallest scale this refers to rainwater barrels used by individual real 

estate owners and other means that are collectively defined as Green Stormwater 

Infrastructure and LID. Rainwater barrels capture systems come in three basic variants. Most 

common is a simple rain barrel that collects water from gutter downspouts. More advanced 

setups are dry and wet systems. A dry system involves a much larger and closed storage 

tank, that has the capacity to drain an entire gutter. A wet system gathers water from the 

entire roof surface and all downspouts via underground pipes to a large storage tank onsite. 

These three methods can also be collective called downspout disconnections. Bioswales, 

raingardens also known as bioretention, and other means of filtration can also be used onsite 

to recharge local groundwater basins. These possible onsite solutions are detailed in Figure 

8 below. (EPA 2024a; EPA 2024b; Innovative Water Solutions 2024) 

 

Figure 9. Examples of LID’s (California State Water Resources Control Board 2024). 

On a community scale; retention ponds, infiltrations basins, cisterns and different types of 

wells can be utilised. Retention ponds are engineered sunken areas collecting water from 

rooftops, streets and other non-permeable areas. They allow water to temporarily pond and 
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then soak into the ground or flow through to drainage pipes. Infiltration basins are shallow 

impoundments specific to certain soil variables allowing infiltration to recharge groundwater 

basins. Cisterns are used to capture and store excess stormwater underground and then 

controllably discharged into sewer systems. Variably constructed stormwater drainage wells 

are holes excavated into the ground used to recharge groundwater basins. The first basic type 

is an injection well that is deeper than it is wide and can lead directly into groundwater 

basins. The second type, a dry well, is otherwise similar, but has a discharge point separated 

by distance to a groundwater basin. Other examples of green infrastructure are porous 

pavement, green streets, green parking lots and infiltration trenches. Main community level 

capture solutions are shown in Figure 9. (EPA 2021; 2024a; EPA 2024b) 

 

 

Figure 10. Community scale stormwater capture methods (California State Water 

Resources Control Board 2024) 

 

At the other end of the spectrum are regional stormwater capture projects, utilising methods 

such as MAR to collect and store stormwater in depleted groundwater aquifers. All these 

systems, regardless of scale have an impact on CEW. Every drop of stormwater that is 

sustainably captured and utilised means less water expenditure for utilities, lessening the 



48 

 

pressure to draw water away from its natural circulation. Capturing stormwater also 

improves resilience toward extreme weather phenomena, both in case of droughts and 

flooding. 

Out of the scientific studies included in the narrative synthesis framework, all but one 

included content to analyse. Babschalik et all (2022) did not touch upon on stormwater 

capture but delved exclusively on stormwater management funding patterns. The basic 

elements of related studies are shown in Table 8. 

Table 7. Basic elements of the related studies. 

Source Direction Size of effect 

1) Scanlon, Bridget et al 2016 Enhancing drought resiliency; 

Storage, Well monitoring, 

regional modelling, MAR, CU  

State, regional 

2) Perrone & Rohde 2016 Economic benefits & costs of 

MAR 

State 

3) Shimbuku et all 2018 Potential for capture, flood 

control and water quality 

State, local 

4) Diringer et al 2020 Economic evaluation of capture State 

5) Cooley et al 2022 Untapped potential of stormwater 

capture 

State and local 

 

Differences in the scope of accepted articles were three-fold; Scanlon, Bridget et al (2016) 

encompassed the neighbouring state of Arizona as well as California. Shimbuku et al (2018) 

and Cooley et al (2022) consider local solutions as well as state-wide ones. Unifying factor 

among the articles was the statewide focus, even if it wasn’t exclusive with the three 

previously mentioned articles.  

Shimbuku et al (2018) and Cooley et al (2022) were focused on the potential of stormwater 

capture, pressing the case for the more utilisation in the future based on actual example cases 

to be replicated (Shimbuku et al) and upon more general and theoretical foundation (Cooley 

et al). Perrone & Rohde (2016) and Diringer et al (2020) focused on the economic 

implications of capture, using data of past and ongoing capture projects to press for more. 

Finally, Scanlon, Bridget et al (2016) studied increasing drought resiliency via stormwater 

capture based on a mass of multi-decadal monitoring data. Effectively all of them were 
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making the case for increased utilisation of stormwater capture but doing it in different 

directions.  

In the next phase, facilitators and barriers to successful implementation were studied. 

Discovered connections between facilitators and barriers were grouped into distinct 

categories as follows in Tables 9 and 10: Infrastructure and resources (water, its transport 

and storage), funding, community and stakeholders, co-benefits, innovation, regulation and 

data.  

Table 8. Facilitators and barriers to successful implementation divided into categories. 

Category Facilitator Barrier 

Infrastructure, resources Groundwater depletion, canal 

networks, expanded water supply 

options, droughts, precipitation 

Lack access to surface water, 

availability of source water for 

recharge 

Innovation Local innovations, innovative 

partnerships, local community 

driven innovation 

Lack of innovation 

Stakeholders, community Good communication with 

stakeholders, Community 

engagement 

- 

Funding Financial support  Inadequate funding, lack of 

funding 

Co-benefits Inclusion of co-benefits Inadequately studied co-benefits 

Data - Insufficient access to data, lack of 

data on benefits and costs 

 

One of the basic elements needed for implementation of any stormwater capture solution is 

the infrastructure required to capture, store, and convey stormwater and, water itself. The 

absence or presence of such systems is of fundamental importance to success, and is present 

at all levels of implementation, be it real estate or statewide. However, its relevance as a 

factor becomes increasingly important at larger scales as the political will, funding and 

technical expertise required to construct such systems becomes more challenging.  

Curiously, the absence or presence of water and associated changes in precipitation, is both 

a facilitator and a barrier. As noted in Cooley et al (2022), large precipitation serves as 

impetus to invest in stormwater capture systems (p. 3, 32). On the other hand, Scanlon et al 

(2016) notes that as much as 35 to 70 percent of extreme droughts in western USA have 
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ended with flooding events. This circumstance has thus simultaneously created challenges, 

and the scale needed to make stormwater capturing more practicable as a solution. This is 

especially true with the utilisation of MAR as a solution, wherein increased scale lowers the 

implementation barrier. Both extreme precipitation and droughts are shocks that manifest 

the effects of climate change, challenging the resilience of communities and nature. 

Stormwater capture aids resiliency of water systems in several ways.  Added robustness 

comes from lessening the demand for water resources, flexibility from providing another 

source of water and redundancy from additional water capacity and taking the pressure of 

centralized systems. These benefits can also translate into more resilient infrastructure, flood 

protection and nature conservation, attributing to the health and safety of communities in 

multiple ways. (Cooley at al 2022, p. 3, 27, 32; Scanlon et al 2016, p. 1; Diringer et al 2020, 

p. 14) 

Local and state driven innovation is another factor that was noted in Shimbuku et al (2018) 

and Cooley et al (2022) as driving successful implementation. Local communities were 

driven to find new solutions to facilitate stormwater capture both because of droughts and of 

barriers to implementation resulting from outdated regulations. Key differences between 

these two studies are that Shimbuku et al (2018) details actions taken by various cities, and 

counties, whereas Cooley et al (2022) focuses on potential rather than building on steps 

already taken. By design this means that Shimabuku’s approach is more grounded and 

focused, whereas as Cooley’s take is broader, and not limited to actions already taken. Given 

that goals of the two studies align, it is no surprize that both feature an outdated regulatory 

environment as a barrier and bring it up to date as a facilitator to success. (Shimabuku et al 

2018 p. 3, 6, 8, 10; Cooley at al 2022, p. 4, 33) 

Local innovation noted by Shimabuku et al (2020) provides a bridge to Perrone & Rohde 

(2016). Their survey study found that 80 % of respondents considered good stakeholder 

communication as the key successfully implementing the primary project benefit of a MAR 

project. Shimabuku et al (2020) also emphasizes community engagement and public 

outreach. It is no surprise that stormwater capture projects that affect local communities need 

to be taken in by them and correspond with their needs to be successful. Key decisions after 

all, require public support to be implemented. Innovations based on LID’s or green 

stormwater infrastructure generally further CEW goals, though the term itself is absent from 

the studies. (Shimabuku et al 2018, p. 20; Perrone & Rohde 2016, p. 8, 11, 12) 
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Unsurprisingly, the availability or the lack of funding could be terminal barrier or a key 

ingredient to success. This message was loud a clear in Perrone & Rohde (2016). In their 

survey study, financial support was one of two of the most important facilitators to success. 

Tellingly it was also a source of disadvantage to rural communities as urban communities 

had a richer variety of funding instruments at their disposal. This disadvantage was not laid 

out by either Shimabuku et al (2018) or Cooley et al (2022), though Cooley briefly mentions 

“small and disadvantaged” communities, not detailing it further. Scanlon & Bridget (2016) 

and Diringer et al (2020) do not mention funding at all. (Perrone & Rohde 2016, p. 8, 12; 

Shimabuku 2018, p. 4–5; Cooley et al 2022, p. 3, 30) 

Cooley et al (2022) and Diringer et al (2020) note the multifaceted nature of stormwater 

capture projects and their potential to provide multiple co-benefits besides the stated primary 

goals, such as flexibility in water management, drought resilience, regional self-sufficiency. 

flood protection and improving water quality.  Notably laying out all potential benefits to 

key stakeholders was also considered very important in creating the public support needed 

for capture projects to move forward in the first place by Perrone & Rohde (2016). Multiple 

benefits of stormwater capture are front and centre with Perrone & Rohde, as well as Cooley 

et al (2022). Diringer et al (2020) takes a much more balanced approach, detailing the 

potential benefits, but also giving due consideration to possible drawbacks such as reducing 

stream flows and negatively affects to aquatic habitats and downstream communities. 

Cooley et al (2022) mentions possible negative effects only glancingly, while Perrone & 

Rohde (2016) does not do so at all. Benefits are showcased by them in Figure 9. The key 

take-away seems to be that the more multiple benefits are integrated and clearly 

communicated, the more chances there are that stormwater capture projects succeed and do 

so cost-effectively. Diringer et al (2020) noted a strong economics of scale trend, meaning 

that larger scale projects had much lower levelized costs. Curiously, this was not given 

meaningful consideration by any of the other studies. (Perrone & Rohde 2016, p. 8, 10, 12; 

Cooley et al 2022, p. 26–29; Diringer et al 2020, p. 8, 15–16) 
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Figure 11. Benefit Themes for Identification of Relevant Benefits of Water Management 

Strategies, showcasing the varied nature of potential stormwater management benefits. 

According to Diringer et al (2019). (Diringer et al 2019, p. 9) 

Perrone & Rohde (2016), Scanlon et al (2016), Shimabuku et al (2018) and Cooley et al 

(2022) all give a variety of voice to the deficiency relating to the absence of data hampering 

stormwater capture solutions. Cooley et al (2022) notes its necessity for informed decision 

making, Perrone & Rohde (2016) as both impediment to projects and their own conducted 

research and Shimabuku et al (2018) to advance understanding of opportunities and 

innovative partnerships and collaborations. Scanlon et al (2016) relates how the lack of 

detailed data forestalls comprehensive analysis of technical, socioeconomic, and governance 

issues relating to stormwater capture. Thus, they all consider the lack data as impediment, 

but for different reasons. Perrone & Rohde (2016) is most forthright in detailing how it 

impeded their own work, albeit it was also the oldest of the three works. (Perrone & Rohde 

2016, p. 2, 6, 11; Scanlon et al 2016, p. 2; Shimabuku et al 2018, p. 20; Cooley et al 2022, 

p. 33) 

After due consideration of size of effect, directions, barriers and facilitators we move to 

consider how the solution pattern corresponds with the three aspect categories noted in 

chapter 1.2, namely: CEW principles, National security & resilience related to critical 

infrastructure and combatting the effects of climate change. Table 9 shows how Stormwater 

Capture corresponds to CEW principles. 

Water 
management 

strategy

Water

Energy
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Risk and 
uncertainty

Land and 
environment
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Table 9: Stormwater Capture adherence to CEW principles based on Morseletto et al 

(2022), p. 1472. 

Principle Category of Circular water Economy Solution pattern 

combability 

Decrease water use Prevents the use of water  Yes* 

Reduces water usage Yes* 

Replaces water with another substance No 

Optimize water use Reuses water without treatment Yes 

Reuses water after treatment (recycle) Yes 

Cascades multiple and variable uses of 

water  

No 

Retain water Storing of used water in reservoirs No 

Recovery of biochemical compounds, 

retention/generation of energy 

Yes 

Result 5/8 

The asterisk in the table denotes the fact that while stormwater capture does not prevent the 

use of water per se, but it does reduce the need to use existing groundwater resources. 

The main goal is the reconfiguring and reconceptualizing water use to conform with 

circularity. The result of comparison is that Stormwater capture corresponds with CEW 

principles in 5/8 cases and thus only slightly over half fulfilling the main goals of CEW. This 

result captures the dilemma at the heart of stormwater capture regarding CEW: While it can 

effectively rejuvenate existing groundwater resources, assist in their conservation and 

provide numerous benefits to communities, it does not alter the existing linear dynamic of 

water use at its core.  

Among the studies, there is no direct reference to CEW. Scanlon et al (2016) skirts the term 

somewhat by referring to “environmental flows” in figure schematic detailing components 

of conjunctive water use and MAR. Other than that, it is inferred when the studies discuss 

protection (Perrone & Rohde (2016), Diringer et al (2020)), restoration (Diringer et al 

(2020)), damage mitigation toward ecosystems (Diringer et al (2020)), habitats (Perrone & 

Rohde (2016), groundwater (Scanlon et al (2016)) or the environment in general (Cooley et 

al (2022)). Shimabuku et al (2018), Diringer et al (2020) and Cooley et al (2022) speak of 

environmental benefits. Recognising water systems pathways of nutrients is absent, though 
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protection against excess nutrients is featured once in passing. Sufficed to say that something 

of CEW’s principles is imbedded into the studies, but do not seek to claim one’s attention. 

(Perrone & Rohde 2016, p. 3; Scanlon et al 2016, p. 4, 13; Shimabuku et al 2018, p. 19; 

Diringer et al 2020, p. 10, 16; Cooley et al 2022, p. 12, 16, 29)  

Table 10 details how Stormwater Capture corresponds to National security & resilience 

related to critical infrastructure. 

Table 10: Stormwater Capture adherence to National security and resilience principles. 

(Ministry of the Interior [no date]) (EPA 2023) 

Heading Category of National security & 

resilience 

Solution pattern 

combability 

Resilience Facilitates climate change resilience in 

water systems 

Yes 

(Circular) Water 

systems 

Facilitates resilient utilities, networks, and 

systems to… anticipate threats 

No 

…absorb threats Yes 

…adapt to threats Yes 

…transform when faced with threats No 

National security Facilitates the operational reliability of 

critical sectors of society even during 

incidents 

Yes 

Facilitates to counter hybrid threats Yes 

Facilitates to counter cyber threats No 

Facilitates intelligence cooperation No 

Result 4/9 

 

National security and resilience categories also present a mixed picture. While there are clear 

advantages in stormwater capture, there are many security-related aspects to which it simply 

does not bend to, such as cyber security and intelligence sharing. 

Among the studies, resilience was clearly that most important cited factor. Specially, the 

core of Scanlon et al (2016) was drought resiliency, noting that “Resilience includes short-

term coping strategies and long-term adaptive capacity”. Perrone & Rohde (2016) and 
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Diringer et al (2020) also note the added value that stormwater capture brings with flexibility 

as a springboard to adaptability. Drought resilience was also noted as one of two chief 

benefits of stormwater capture by Perrone & Rohde (2016). Cooley et al (2022) devoted an 

entire chapter to resiliency in a broader sense and declared that “Improved water resilience 

is critical to advancing California’s water future in the face of growing variability and 

uncertainty.”. Cooley et al (2022) also noted that stormwater could contribute to water 

reliability permanently statewide. Diringer et al (2020) agrees, as does Scanlon et al (2016) 

and Shimabuku et al (2018). National security is not discussed in a broader sense in any of 

the studies or mentioned for that matter, leaving its connection to resilience up to the 

interpretation of the reader.   (Cooley et al 2022, p. 2, 27; Diringer et al 2020, p. 16; Scanlon 

et al 2016, p. 2, 4, 13; Shimabuku et al 2018, p. 2, 18; Perrone & Rohde 2016, p. 2, 8, 11–

12) 

Table 11 relates how Stormwater Capture corresponds to combatting the effects of climate 

change. 

Table 11: Stormwater Capture relevance to combatting the effects of climate change based 

on the category breakdown of Brears (2020), table 2.1, p. 11–12. 

Climate change implication to water systems Solution pattern combability 

Temperature increases Yes 

Increased volume and scale of heatwaves No 

Lower rainfall average Yes 

Increased volume and scale of droughts Yes 

More intense rainfalls  Yes 

Result 4/5 

 

Out of the three categories, there is no doubt that Stormwater capture has the most to offer 

in combatting the effects of climate change. It can mitigate the effects of both extreme ends 

of precipitation, creates more flexibility to utilities and helps to conserve and protect water 

quality and quantity. The only category where its utility falls mostly short is heatwaves, as 

it can do relatively little to offset two of the four related impacts; associated health and safety 

concerns, prevent power outages, nor stop the growth of harmful algal blooms. Assisting to 

meet increased water demand and prevent power outages due to lessening the demand for 
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energy are the only instances where stormwater capture could make a difference in this 

category. (Brears 2020, p. 11–12) 

Cooley et al (2022) considers the potential to save energy as the most direct means of 

combatting climate change besides resilience related effects noted previously. “… 

stormwater capture could raise groundwater levels and/or improve groundwater quality, 

reducing energy requirements for pumping and treating groundwater prior to use.” This is 

no small matter, considering that 20 % of all electricity consumption in California is related 

to water systems. Diringer et al (2020) and Shimabuku et al (2018) tie combatting the effects 

climate change to resilience, while Scanlon et al (2016) concentrates on managing the supply 

aspect of climate extremes through storage. Perrone & Rohde (2016) only mentions climate 

change in passing and does not strive link combatting its effects to stormwater management. 

The link between reduced energy expenditure and reducing greenhouse gas emissions is 

made by Cooley et al (2022), Diringer et (2020) and Perrone & Rohde (2016), but not by 

Shimabuku et al (2018) and Scanlon et al (2016). (Cooley et al 2022, p. 28; Diringer et al 

2020, p. 2, 12, 15–16; Scanlon et al 2016, p. 4–5, 13; Shimabuku et al 2018, p. 2, 18; Perrone 

& Rohde 2016, p. 3, 10–11) 

All in all, with 13 out of 22 points stormwater capture shows promise as a solution pattern, 

but its related challenges make its successful implementation highly situational. Careful and 

wide-ranging consideration should be given to possible unintended consequences at earliest 

stage of planning for such a solution to present realistic and informed choices for decisions 

makers and key stakeholders.  
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Figure 12. Main characteristics of Stormwater capture. 

As a solution pattern, stormwater capture has a lot to offer in aiding communities, 

combatting climate change, improving resiliency, restoring and complementing CEW as can 

be seen from Figure 10. It is endlessly scalable from simple real estate rainwater barrels to 

recharging regionally significant groundwater aquifers. Finally, stormwater capture requires 

high levels of interdisciplinary study, co-operation, fiscal and administrative flexibility and 

creating new ways of inclusion and funding to bring to fruition. To sum up, further utilising 

stormwater capture is recommended in Finland. 

 

5.2.2  Non-dedicated funding solution pattern 

One of the fundamental building blocks of stormwater management is funding. Without it 

no new project can go forward, while maintenance and inspections of existing stormwater 

infrastructure ground to a halt. Consequently, it makes sense that the second solution pattern 

detected was using non-dedicated funding to finance stormwater management, specifically 

using local General Funds or State Proposition Bond Fund Programs. “Non-dedicated” refers 

to the characteristic that there is no single dedicated source of funding; instead, revenues are 

derived from a mixture of sources such as taxes, government aid, fees and other similar 

Stormwater 
Capture

Multiple pros and 
cons

Challenging to 
monetize

Complex cause 
and effect chains

Scaleable

Combats climate 
change

Susceptible to 
adminstrative 

blockages

Interdisciplinary 
approach required



58 

 

sources that are often short term in nature and do not require voter approval. (Office of 

Financial Management 2023) 

The first sub-category, a General Fund, is a source of funding used to budget revenues that 

are not accounted for by any other specific fund. It is used to finance basic day-to-day 

services of government, from the local to the federal level, including rescue services, parks 

and recreation, human resources and stormwater management. A 2017 survey of 342 

stormwater actors in California found that 41 % of respondents used a General Fund to 

finance stormwater management. (Gebhardt 2017; Bureau of Fiscal Services 2023; Office 

of Financial Management 2023; City of Ukiah 2023; Shimbuku et al 2018, p. 10–11) 

The second sub-category of non-dedicated funding are State Proposition Bond Fund 

Programs, in this instance, propositions 1 and 84.  

• Proposition 1 or the Water Quality, Supply, and Infrastructure Improvement Act of 

2014: This act authorized a total of $7.5 billion in general obligation bonds for water 

projects, out of which some $200 million were allocated in grant funds toward 

stormwater management project entailing multiple benefits under its Section 79747. 

(State of California Department of Water Resources 2022) 

• Proposition 84 or the Safe Drinking Water, Water Quality and Supply, Flood Control, 

River and Coastal Protection Bond Act of 2006: Under the auspices of the California 

Water Department of Water Resources, this proposition’s Chapter 2, or Integrated 

Regional Water Management Grant Program (IRWM) provides funding for local 

public agencies to meet long term water needs of state. (State of California 

Department of Water Resources 2024c) 

From the scientific studies included in the narrative synthesis framework, all but one 

included content to analyse concerning non-dedicated funding solutions. Babschalik et al 

(2022) delved exclusively into stormwater management funding patterns, while Scanlon et 

al (2016) did not touch upon it at all. Perrone & Rohde (2016), Shimbuku et al (2018), 

Diringer et al (2020) and Cooley et al (2022) all included aspects of funding solutions noted 

in the table below. Some elements/aspects of the Perrone & Rohde (2016), Shimbuku et all 

(2018), Diringer et al (2020) and Cooley et al (2022) were already noted in Table 13, but 

they are related to again in Table 12 for the sake of clarity.  
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Table 12. Basic elements of the related studies. 

Source Direction Size of effect 

1) Babschalik et al 2022 Water quality, pollution 

prevention, funding level 

stagnation  

Local 

2) Perrone & Rohde 2016 Economic benefits & costs of 

MAR 

State 

3) Shimbuku et al 2018 Potential for capture, flood 

control and water quality 

State, local 

4) Diringer et al 2020 Economic evaluation of capture State 

5) Cooley et al 2022 Untapped potential of stormwater 

capture 

State and local 

 

Differences in the scope of the articles related to this solution pattern were two-fold. Firstly, 

Babschalik et al (2022) focused on local government stormwater spending data throughout 

California, while Shimbuku et al (2018) and Cooley et al (2022) considered local solutions 

as well as state-wide ones. Secondly, Babschalik et al (2022) was also different in that its 

main goal was to collect spending data, and the other sources viewed funding as one aspect, 

rather than the focus. Thus, as with Stormwater capture, the unifying factor in the articles 

was a focus on the state of California.  

In the next phase, facilitators and barriers to successful implementation were studied in more 

detail. The connections discovered between facilitators and barriers were grouped into five 

distinct categories within the context of funding stormwater management: Direct funding, 

indirect funding, education & research, regulation, and data. In Table 13, facilitators and 

barriers to successful implementation are divided into categories.  

Table 13. Facilitators and barriers to successful implementation divided into categories. 

Category Facilitator Barrier 

Direct funding Co-funded incentive programs, 

more vehicles for state funding, 

innovative partnerships, SB 231 

(law) 

Inadequate funding, lack of 

funding 

Indirect funding Following best practices, 

economy of scale, evaluation of 

approaches and tools for cost 

Varied methods of monetizing 

project benefits, inadequately 

studied co-benefits 
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tracking, connecting costs to 

goals, standardising cost 

categories, inclusion of co-

benefits 

Education & Research Ordinance compliance education 

and job training programs 

Gaps in research 

Regulation Updated regulation Outdated regulation 

Data - Insufficient access to data, lack of 

data, unstandardised public data 

 

As we can see, direct funding, albeit included, is not prevalent factor in funding stormwater 

solutions. There is a very specific reason for this. Since the 1970’s onward, three state 

propositions (13, 218, and 26) have put in place progressively tighter and more onerous 

constraints on new fees and taxes, essentially requiring voter approval for any new dedicated 

funding instrument. This is why most Stormwater management costs are covered from non-

dedicated General Funds, instead of dedicated ones. (Cooley et al 2022, p. 32; Shimbuku et 

al 2018, p. 4, 10) 

To turn to indirect funding, Shimbuku et al (2018) brings to the table alternative funding 

options, namely of using development fees of leveraging funds from the private sector as an 

additional source of funding for stormwater management. Shimbuku et al further supports 

these suggestions by detailing five examples of non-traditional local government solutions, 

four of which are relevant to this study. Gonzales and San Francisco have used updated 

ordinances, while Santa Clara Valley has created an alternative compliance option to drive 

public-private co-operation. Santa Monica City Water grafted an ambitions water supply 

goal of reaching self-sufficiency by 2022. However, despite many advances, including an 

advanced municipal wastewater and stormwater capture facility that produces up to 10 % of 

the city’s water supply, Santa Monica has yet to reach this goal as of May 2024. (Shimbuku 

et al 2018, p. 5–10, 20; Institute for Sustainable Infrastructure 2024) 

Cooley et al (2022) recommends providing more State and Federal grants in addition to low-

interest loans and call for incentives to be provided to real estate and homeowners to 

encourage onsite management of stormwater. The first-mentioned recommendation is 

echoed by Perrone & Rohde (2016), who call for more vehicles of state funding and note 
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that these should focus on stakeholders besides water agencies and utilities (Cooley et al 

2022, p. 30, 32; Perrone & Rohde 2016, p. 12) 

As is evident from the funding gap illustrated in table 17, it is no surprise that lack of funding 

looms consequential among the list of barriers to successful implementation. Since this was 

already covered in chapter 5.2.1, we need not go further into detail of how this was noted by 

Cooley et al (2022) and Shimbuku et al (2018). Babschalik et al (2022), adds the element of 

a systematic analysis of available data on municipal stormwater spending to the study. Far 

from reinforcing the points made by Cooley et al (2022) and Shimbuku et al (2018), this 

seemingly confuses the issue. This is because Babschalik et al (2022) discovered that data, 

when analysed from the perspective of connecting spending to achieving regulatory targets, 

was simply not adequate for evaluating whether the funding was sufficient. This is because 

funded stormwater programs did not directly correlate with measured improvements in water 

quality. When considering the potential benefits of stormwater management solutions, this 

is naturally only a narrow sampling, but it matches with the lack of data already noted in 

connection with the previous solution pattern. The funding gap, combined with usage of 

general funds and similar sources of financing, the overall lack of data, all contribute to a 

state of uncertainty. This is not conducive to resilient water systems, and to the security 

environment of the communities relying upon these systems to provide them with crucial 

resources and services. The overlap of facilitators and barriers is related further in Figure 11. 

(Babschalik et al 2022, p. 1058, 1063)   

 

Figure 13. Overlapping facilitators and barriers. 
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Shimbuku et al (2018) note that the best practice of basing a stormwater fee on impervious 

area is a facilitator of implementation, based on the City of San Francisco’s Stormwater 

Management Ordinance. This facilitator is not noted in other studies in my data, although 

Cooley et al (2022) use calculations of impervious areas as a basis for estimating stormwater 

capture. (Shimbuku et al 2018, p. 5, 9; Cooley et al 2022, p. 21) 

Economy of scale as a factor is only noted by Diringer et al (2020). It was found to be 

applicable to both large-scale and small-scale stormwater projects. Thus, it might 

conceivably bring added value with cost-efficiency, providing additional incentive to secure 

funding. Furthermore, the evaluation of approaches and tools for tracking costs was noted 

as a high priority target for development. This is because these tools are crucial in garnering 

understanding of cost distribution (?) and ultimately in securing needed funding. Like 

economy of scale, this was only mentioned by Babschalik et al (2022) in passing without 

detailed assessment. (Diringer et al 2020, p. 1,8, 13–14; Babschalik et al 2022, p. 1064) 

Another important facilitator noted was the identification of ways to connect cost categories 

with municipal stormwater management program goals. While pollution prevention remains 

the largest single category of spending, Babschalik et al (2022) point out that this category 

can also include operation and maintenance costs, thus skewing the data. Better 

categorisation and standardisation combined with linking costs to specific program goals 

such as flood protection, permit compliance and drainage can assist both stormwater 

management and policy in efficiency and accuracy. (Babschalik et al 2022, p. 1064) 

Varied methods of monetizing project benefits and inadequately studied co-benefits are also 

barriers to indirect funding, and these have been already noted in detail in chapter 5.2.1.  

Similarly to Perrone & Rohde (2016), Diringer et al (2020) and Cooley et al (2022), 

Babschalik et al (2022) emphasises the added value and power of co-benefits as facilitators 

by noting that better standardization of municipal spending data would help in evaluating if 

funding is sufficient to meet stormwater management goals that offer a multitude of benefits. 

(Perrone & Rohde 2016, p. 2, 6, 11; Cooley et al 2022, p. 26–29; Diringer et al 2020, p. 8, 

15–16; Babschalik et al 2022, p. 1064) 

There were two specific barriers to implementation related to indirect funding that were 

noted by Diringer et al (2020), namely that monetizing benefits was not done in a 

standardized fashion and that co-benefits were studied inadequately. For example, numerous 
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different ways were used to monetize avoided flood damage, and water supply benefits were 

marked down either as revenue from water sales or as avoided cost from purchase of supply 

from external sources. By themselves both monetizing avoided flood damage, and indicating 

water supply benefits are helpful, but their haphazard use among stakeholders is not 

conducive to creating comparable data. Similarly, the study of co-benefits involved myriad 

ways of quantification and attribution, making it challenging to extract comparable data for 

use in future projects. To put it another way, considering the complex nature of stormwater 

management, the case for sustained and additional funding for it is much more difficult to 

argue to the public, compared to hiring additional law enforcement personnel. (Diringer 

2020, p. 11, 13, 15) 

The next category of facilitators and barriers considered was education and research. 

Cooley et al (2022) found two specific and corresponding types of barriers: lack of 

compliance education and job training programs, as well as research gaps. The 

implementation of new methods of stormwater management does not happen automatically 

but requires compliance education and job training supporting a water efficiency transition 

for the responsible professionals. Compliance education in this context refers specifically to 

efficient outdoor water use based on California’s Model Water Efficient Landscape 

Ordinance (MWELO), which is seeming underfunded by both state and local agencies. 

(Cooley et al 2022, p. 12; California Department of Water Resources 2024d) 

The second of these barriers, namely identified gaps in research, consist of five different 

subcategories all deemed appropriate by Cooley et al (2022) to improve efficiency of 

stormwater capture: Assess water use to produce better information, conduct statewide water 

use and saturation studies, seek ways to encourage behavioural change, identify and 

overcome barriers confronting institutions, and finally identify and mitigate the effects of 

stormwater capture and recharge on water quality of the state’s public water supply aquifers. 

These are also shown in Figure 12 below. Out of these five subcategories, delving into 

behavioural change is perhaps the most difficult and meaningful. This is because no matter 

how innovative and effective methods are at our disposal, they matter little if we are 

unwilling to utilize them. This applies equally to homeowners eyeing rainwater barrels with 

suspicion, to engineers not recommending green stormwater infrastructure because it 

requires planning beyond pipes and drains, and finally to legislators not revising stormwater 

regulations because they do not understand underlying logic of stormwater capture’s 
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potential to replenish and complement existing water supply while only seeing the costs of 

implementation and the benefits. (Cooley et al 2022, p. 33) 

 

Figure 14. Subcategories of research gaps according to Cooley et al (2022). 

The next facilitator and barrier noted by Shimbuku et al (2018) and Cooley et al (2022) were 

regulations. These was seen as barriers when outdated and as facilitators when updated as 
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It is fascinating to note that Shimbuku et al (2018) refers to SB 231 in identical terms, i.e. 

“could help” and adds a further dose of realism mentioning that it is not a silver bullet by 

itself and that more tools are needed.  (Cooley et al 2022, p. 32; Shimbuku et al 2018, p. 4, 

10) 

Onerous voter approval is a clear reason why direct funding instruments were still in the 

minority in the source material, even though a clear gap between the expenses funding of 

stormwater management exists within the state. The situation is exacerbated by inconsistent 

and incomplete data, our final barrier, as illustrated below in Table 14. 

Table 14. Stormwater spending data examples. (Shimbuku et al 2018 p. 10–12; Babschalik 

et al 2022, p. 1054; Alarcon et al 2024, p. 18–19) 

Source of spending 

data 

Funding levels Funding needs Area / Investment 

time 

Public Policy 

Institute of 

California study 

2014  

$500–$800 million $1–$1.5 billion State of California / 

20 years 

EPA Clean 

Watersheds Needs 

Survey (CWNS) 

2012 

- $3.9 billion  State of California / 

20 Years 

Los Angeles County 

2023 

- $20 billion Los Angeles region / 

20 Years 

City of San Diego 

2021 

- $6.7 billion City of San Diego / 

20 Years 

 

As is evident, there are clear discrepancies within the data, even considering the variance in 

years and scale. Without a clear picture on how funds are being used and how much is 

needed, it is that much more difficult to acquire funds needed for day-to-day operations and 

needed investments. (Shimbuku et al 2018 p. 10–12; Babschalik et al 2022, p. 1054; Alarcon 

et al 2024, p. 18–19) 
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Having now considered the non-dedicated funding solution pattern in terms of size of effect, 

directions, barriers and facilitators, we move to consider how the solution pattern 

corresponds with the three aspect categories noted in chapter 1.2, namely: CEW principles, 

national security & resilience related to critical infrastructure, and combatting the effects of 

climate change.  

Firstly, Table 15 illustrates how non-dedicated funding corresponds to CEW principles. 

Table 15: Non-dedicated funding adherence to CEW principles based on Morseletto et al 

(2022), p. 1472. 

Principle Category of circular water economy Solution pattern 

combability 

Decrease water use Prevents the use of water  No 

Reduces water usage No 

Replaces water with another substance No 

Optimize water use Reuses water without treatment No 

Reuses water after treatment (recycle) No 

Cascades multiple and variable uses of 

water  

No 

Retain water Storing of used water in reservoirs No 

Recovery of biochemical compounds, 

retention/generation of energy 

No 

Result 0/8 

 

This result is not a surprise, as non-dedicated funding does not lend itself directly to the 

achievement of these goals. It is possible to use such funding toward reaching them, but this 

type of funding is by its very nature not exclusive to them, nor does it preclude the use of 

linear economic methods. The one advantage of non-dedicated funding from the perspective 

of a CEW is its non-dedicated character. As Babschalik (2022) notes, several stormwater 

programs utilize other municipal spending to reach myriad beneficial outcomes, for example 

ecosystem protection and restoration, reduced water and energy consumption and climate 

change adaptation. Investing in new green infrastructure and maintaining existing ones is 

also prevalent enough to be featured as defined spending categories. Thus, while not focused 

on funding CEW measures, non-dedicated funding can be used as a vehicle to attain them. 
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It seems clear that CEW is still often absent in the field of municipal stormwater spending. 

(Babschalik 2022, p. 1054)  

The score from this evaluation could effectively be either zero or the full eight points. 

Therefore, in the interests of balance, four points out of eight has been chosen as the score. 

Secondly, Table 16 shows how non-dedicated funding corresponds to national security & 

resilience related to critical infrastructure. 

Table 16: Non-dedicated funding adherence to national security and resilience principles. 

(Ministry of the Interior [no date]) (EPA 2023) 

Heading Category of National security & 

resilience 

Solution pattern 

combability 

Resilience Facilitates climate change resilience in 

water systems 

Yes 

(Circular) Water 

systems 

Facilitates resilient utilities, networks, and 

systems to… anticipate threats 

No 

…absorb threats Yes 

…adapt to threats Yes 

…transform when faced with threats No 

National security Facilitates the operational reliability of 

critical sectors of society even during 

incidents 

No 

Facilitates to counter hybrid threats No 

Facilitates to counter cyber threats No 

Facilitates intelligence cooperation No 

Result 3/9 

 

As was the case with CEW principles, non-dedicated funding does not lend itself well to the 

study’s evaluation based on national security & resilience related to critical infrastructure. 

By its nature, funding is a non-operational instrument, a facilitator that acts in the 

background, but as noted previously, non-dedicated funding can be used in multiple ways, 

and it can facilitate climate resilience and assist utilities, networks, and systems to be better 

prepared to absorb and adapt to threats. As noted earlier, the same non-dedicated and flexible 
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nature of this kind of funding also translates into a measure of uncertainty, making long term 

investments into resilience and thus secure communities, more challenging.    

Finally, Table 17 relates how non-dedicated funding corresponds to combatting the effects 

of climate change. 

Table 17: Non-dedicated funding relevance to combatting the effects of climate change 

based on the category breakdown of Brears (2020), table 2.1, p. 11–12. 

Climate change implication to water systems Solution pattern combability 

Temperature increases Yes/No 

Increased volume and scale of heatwaves Yes/No 

Lower rainfall average Yes/No 

Increased volume and scale of droughts Yes/No 

More intense rainfalls  Yes/No 

Result - 

 

This last evaluation category is the least suited to providing a clear assessment of how non-

dedicated funding assists combatting the effects of climate change regarding water systems. 

This is because it can perceivably be a hindrance, enabler or neither depending on how 

funding is utilized, given its non-focused and non-technical character. Thus, this category 

cannot be assessed in meaningful way. 

With 7 out of 22 points, non-dedicated funding as a stormwater management solution pattern 

does not seemingly lend itself well to stormwater management. Its greatest strength/asset, a 

broad spectrum of utilization, is also its greatest weakness. The very same opportunities it 

provides are susceptible to being instantly removed if managers and decisionmakers are 

confronted with other, seemingly more pressing needs for funding.   
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Figure 15. Main characteristics of the non-dedicated funding solution pattern. 

Non-dedicated funding as a solution pattern is readily available for stormwater solutions, is 

flexible and administratively straightforward to utilise. However, it is subject to many 

drawbacks, illustrated in Figure 13. Since these funds are drawn from a common pool of 

financing, it is vulnerable to other public spending pressures and creates uncertainty. This 

same aspect makes it difficult to use as a base for long term planning and development 

projects. Finally, the general nature of the funds creates additions hurdles to tracking 

stormwater management expenditure and thus making the case for further financing and 

cost-benefit analysis more difficult to make. To sum up, non-dedicated funding is inferior to 

dedicated funding as a solution.  

In conjunction with the reform of the Land Use and Construction Act and the Water Service 

Act in 2014, stormwater responsibilities were restructured, and municipalities were given 

the right to collect dedicated stormwater fees. According to a survey conducted by the 

Association of Finnish Cities and Municipalities in 2019 with responses from 158 

municipalities, 52 of them used some form of a stormwater management fee. Since dedicated 

funding is already commonly used in Finland, utilisation of non-dedicated funding in Finland 

is not recommended. (Association of Finnish Cities and Municipalities 2024; Innala & 

Lindqvist 2020) 
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5.3  Validation of literature review results 

Stormwater management specialist Tuomela from the City of Vaasa noted that the collection 

and utilization of stormwater has meaningful impact on the property level. More different 

types of equipment are becoming available due to product development. This combined with 

more stringent demands management of stormwater on site makes stormwater capture a 

viable alternative. Filtration solutions are often recommended, but soil circumstances do not 

always allow for filtration or capture, which makes delaying structures more viable. Tuomela 

notes that seasonal changes in Finland, notably frost in the winter need to be considered. 

One result is the need to empty capture vessels to prevent freezing. This makes year-round 

utilization challenging. She further noted that stormwater capture, and utilization has not 

been done at a large scale in Finland due to abundant and ubiquitous sources of surface 

water. The Vaasa City stormwater program includes the passage “…stormwater within city 

limits may be utilized also as means of irrigation on public and private properties.” 

According to her knowledge, this has not been done on public property. (Tuomela 2025) 

Non-dedicated funding is still meaningful, as it is commonly used by municipalities and 

cities in Finland. The last few years have an increased use of stormwater fees, which allow 

for secured and ear-marked funding to utilized as needed. (Tuomela 2025) 

Tuomela concludes that the potential for Stormwater capture in Finland could be more 

widely and theoretically studied. It has potential, especially on private real estate property 

where utilizing stormwater requires concrete action. It is also possible to focus guidance and 

instruction for real estate owners. (Tuomela 2025)   

The Network Chief of Vaasa Water utility company engaged at a general level, but didn’t 

wish to delve into to the specifics of the thesis. Since stormwater management 

responsibilities had shifted to the City of Vaasa from the utility company in 2015, this is 

valid point. Jantunen did see the value of utilizing stormwater capture as a potential 

additional resource in non-potable use of water in the future but also saw quality control as 

a clear challenge. He also saw some potential in the possibility of utilizing old quarry sites 

for stormwater storage. In summation, this topic was viewed mostly as having theoretical 

potential, but not meaningful value in the current situation. (Jantunen 2025) 
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Leading water resources management expert Nuotio responded to the validation request 

from the Regional ELY-centre of Southern Ostrobothnia. Nuotio saw stormwater capture as 

a recommended implementation direction in Finland. Noting that management actions have 

different effects on the flow, quality and other characteristics of stormwater, the best results 

would be achieved by employing a myriad of different methods across a particular 

watershed. Stormwater capture is already partially utilized by homeowners on their property 

for irrigation, strictly for non-potable use. Nuotio also emphasized that it would be societally 

important to integrate stormwater management with the natural circulation of water. 

Stormwater quality has a meaningful impact on ground water and water quality. Stormwater 

wetlands and ponds strengthen biodiversity and can also provide recreational value in cities. 

(Nuotio 2025) 

Nuotio also made extensive remarks on the multitude of characteristics related to stormwater 

management in Finland: Understanding of the multiple benefits of stormwater management 

solutions was growing in land use planning and municipal preparedness planning. More 

steps are also being taken, practically and in research, to guide the water economy towards 

its natural cycle. Responsibility for stormwater management is now more centralized than 

ever before with municipal authorities. Emphasis on decentralized measures to manage 

stormwater on-site utilizing natural processes. Hierarchy of management measures in 

descending order of significance: Prevent formation of stormwater, filtration of stormwater 

on-site, delay runoff and lastly guide flow of stormwater away from site. Multiple cities have 

crafted strategies based on these principles. (Nuotio 2025) 

Nuotio also provided examples of stormwater management measures taken in Finland at 

different levels from real estate, to communal and regional. These have a variety of goals 

from maintaining natural circulation of water, negating negative effects of stormwater to 

preparing for extreme weather phenomenon, filtration systems, permeable pavement, green 

roofs, raingardens, depressions, wetlands, canals, and artificial floodplains. (Nuotio 2025) 

Regarding non-dedicated funding, Nuotio noted that usage for stormwater management 

wasn’t recommended, since dedicated funding solutions were already commonly in use. She 

also speculated that additional public sector funding could be made available in an 

emergency and that further separate funding instruments could be used in research and 

development projects. Her comments on this were made while acknowledging that this 

solution pattern was beyond her competency. (Nuotio 2025) 
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Finally, Nuotio pointed out that stormwater management solutions were constantly being 

researched, but more resources were needed. Stormwater management should be viewed as 

an aspect of watershed-based water management that considers agricultural and forestry 

water management as well. Especially natural based multi-objective stormwater 

management could be viewed as an aspect of watershed management planning. (Nuotio 

2025) 

Stormwater expert Innala from the Association of Finnish Cities and Municipalities (AFCM) 

felt that stormwater capture was mostly relevant in a Finnish setting, but dependent on scale. 

Real estate scale capture is utilized, sensible and recommended. Most benefits are achieved 

when different solutions on various scales work together aiming for more comprehensive 

solutions. Innala felt it was important to consider negative effects of capture as well and that 

attaining natural circulation of water systems was challenging, highly dependent on local 

circumstances. (Innala 2025) 

Multiple benefits of stormwater management solutions have begun to be considered more 

extensively in Finland as is attainment of natural circulation of water, but weather 

phenomena have not yet reached a point demanding ambitious solutions. This excludes 

regional scale capture solutions, especially considering the quality risks associated with 

using stormwater to supplement groundwater aquifers. It is still possible that stormwater 

could be viewed more as a resource in Finland in the future. Need, cost, and technical 

considerations rule out large scale regional application of stormwater capture at present, and 

more studies are needed as well. Small-scale solutions are being actively planned and 

implemented, as seen in Figures 16 and 17. Non-potable use has been tested on a small scale 

but not implemented. Utilization of stormwater collected in underwater tanks used to level 

out flood peaks might be a possible solution, but quality control is a clear challenge. (Innala)  
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Figure 16. A sketch of a 400 m² green wall planned for the Science Park in Turku, Finland. 

Construction slated to begin in spring of 2025. Photo credit: Studio MANA & Joonas 

Parviainen. (Eiras-Salminen 2025)  

Non-dedicated funding is still commonly used in Finland, though dedicated funding, i.e., 

stormwater fees are in use in several cities and municipalities. Relative similarities between 

Finland and California (USA) include categories of funding instruments, project nature of 

implementation, and the challenges of justifying new fees to the public, attaining long term 

research funding and dedicated funding for basic tasks such as maintenance. However, 

Innala feels that the administrative and political structures as well as cultural differences 

create pressures and obstacles in a US setting that are too far removed from Finnish 

circumstances. Because of this, Innala’s opinion is that funding solutions between the two 

are not practically comparable. (Innala 2025) 

Non-dedicated funding has beneficial aspects in research, as it feeds innovation, but the same 

does not hold true with operational stormwater management tasks. Regulation and 

legislation are at moment of transition in Finland, and it seems plausible that administration 

and funding fees of stormwater management will be more concentrated to municipalities, 

clearly and concisely via a single law. This is far removed from the complex legislative 

frame of reference currently employed in California (USA). (Innala 2025) 
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Team Leader Marttunen and Development Engineer Dahlberg at the Finnish Environment 

Institute (FEI) felt that the difference in circumstances in general, in urban landscape, nature 

of ground water deposits and regarding the effects of climate change between California and 

Finland mean that utilization potentials have different meanings. Even though there is 

potential for sustained droughts in Finland, heavier rainfall and more abundant sources of 

surface water make recharging groundwater deposits less challenging. There are also almost 

always secondary sources to water resource usage. However, heavier rainfall also makes 

flood protection and prevention relatively more important when planning stormwater 

management measures. (Marttunen & Dahlberg 2025)  

However, there are still advantages in learning from solutions made in California. A 

systematic planning approach based on multiple benefits of stormwater management 

solutions is being used more and more. Case examples in Finland include the Kivistö 

residential area in the City of Vantaa and the parking solutions in district of Malmi in 

Helsinki. Planning for the former included the study of at least 30 different cause and effect 

aspects. (Marttunen & Dahlberg 2025) 

 

Figure 17. Stormwater basin with a three-step flow control element in the Timanttikide 

park in Kivistö, Vantaa (Finland). Credit: Maisema-arkkitehtitoimisto Näkymä Oy. (Perälä 

2022)  

Stormwater capture solutions in California have meaningful relevance in a Finnish setting at 

a real estate and community level, in concrete planning processes, as possible 
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implementation measures and theoretical research. The underlying reasons may differ, but 

the need for a varied and holistic approach to protect existing natural environments and the 

multitude of beneficial services they provide is more relevant now than ever. Due to different 

circumstances the emphasis is on flood protection and prevention, social effects, and 

protection of biodiversity rather than supplementing sources of potable and non-potable 

water use. One possible case where small-scale utilization of stormwater may be practicable 

is irrigation of green roofs. Larger regional solutions related to ground water recharge are at 

present only viewed as a subject of theoretical research. This is due to the absolute ban on 

ground water contamination, but also the myriad differences in local conditions that result 

in a lack of practicability. (Marttunen & Dahlberg 2025) 

Small local measures may remain disconnected and meaningless, unless they are planned as 

a part of a larger combination of solutions working on different levels in tandem. This is why 

it is very important to study water systems through an analysis of multiple interconnected 

benefits, challenges and considering entire watersheds. (Marttunen & Dahlberg 2025) 

Non-dedicated funding as a solution pattern was difficult to estimate due to many differences 

in governance culture and operating frameworks. It was noted that the rift between planning 

and implementation was often caused by lack of funding, usually resulting from political 

decision-making. Maintenance backlog in water infrastructure was considered challenging 

to overcome with municipal funding alone, making sufficient funding levels for stormwater 

maintenance measures even less likely. It was also considered that private developers should 

have more funding responsibilities in built-up urban areas as opposed to totally new 

development areas. Funding from the European Union could bridge the gap in some cases, 

giving municipalities more incentive to provide needed funds. (Marttunen & Dahlberg 2025)  

The tentative conclusion was that non-dedicated funding pattern in California did not have 

relevancy in a Finnish setting. It simply holds too many differences and challenges. Instead, 

it would be more beneficial in this regard to study funding solutions utilized in other 

countries with the European Union. (Marttunen & Dahlberg 2025) 

Responses of the validating parties are collated in Table 18 below. 
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Table 18. Results of the validation process. Vaasa Water has an *, because they engaged 

with the validation process only on a general level. 

Validation Question Vaasa 

City 

Vaasa 

Water 

ELY AFCM FEI 

Question 1. Yes Yes* Yes Yes Yes 

Question 2. Yes - No No No 

Question 3. a/b) 

Yes/Yes 

a) Yes* a/b) 

Yes/Yes 

a/b) 

Yes/Yes 

a/b) 

Yes/Yes 

 

The response rather uniform, that Stormwater capture solution pattern had relevance in a 

Finnish setting both practically and theoretically, but with larger regional application the 

relevancy was only theoretical. Most of the participants also considered non-dedicated 

funding not the be relevant in a Finnish setting. The validation interviews brought more 

substance and depth to consideration of solution patterns done previously in chapter 5.2. 

 

 

 

 

 

 

 

 

 

 

 



77 

 

6  Implementation recommendations for Finnish stakeholders 

These implementation recommendations are based on the administrative and natural 

circumstances of the Finnish stormwater management environment, results of the narrative 

scientific literature review and finally the validation of said results in the previous chapter.  

6.1.1  Local and community level  

Small local and community level measures like those implemented in California are already 

being done in Finland. These include rain barrels, filtration systems, permeable pavement, 

green roofs, green walls, raingardens, depressions, wetlands, canals, artificial floodplains 

and various delaying structures. Based on validation interviews, there is however limited 

utilization of captured stormwater beyond homeowners using water from various types of 

real estate level collection systems for irrigation in-situ. (Nuotio 2025; Marttunen & 

Dahlberg 2025; Tuomela 2025)  

On a municipal level there needs to be more guidance from the building code, individual city 

plans and the municipal general plan toward not only stormwater capture, but utilization of 

capture stormwater as a resource. However, it should be noted that differences in local 

circumstances and the general abundance of surface water resources do not often make such 

measures practical. One potential and limited utilization of captured stormwater would be 

irrigation of green roofs, which often suffer from droughts. (Nuotio 2025; Marttunen & 

Dahlberg 2025; Tuomela 2025)  

Secondly, when planning flood protection and prevention measures, municipalities should, 

when possible, take a systematic planning approach based on multiple benefits of stormwater 

management to guide stormwater management toward a more natural circulation of water 

based on the circumstances of individual watersheds. Implementation should consist of 

multiple actions taken on different levels to achieve the most benefits for homeowners and 

communities. This approach should also create a more favourable circumstances to find the 

necessary funding for implementation. Flood protection is also a likely avenue for promotion 

of stormwater capture and utilization, by studying ways of utilizing water captured and 

stored during flood peaks. (Nuotio 2025; Marttunen & Dahlberg 2025; Innala 2025)  
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When possible, prospective sites should already be designated in the city general plan and 

individual area plans to promote development of stormwater capture solutions when 

applicable. 

6.1.2  Regional level  

The regional ELY-centres should promote stormwater capture and other multi-benefit 

solutions by providing funds, guidance and expert assistance to both private and public 

actors. The most likely field where such support could be utilized meaningfully is flood 

protection and prevention. Possible benefits are many and varied, not in the least to advance 

the protection of critical infrastructure. Each major river has its own flood group, consisting 

of all relevant public and private actors. These groups could form a vehicle for further co-

operation and to promote a more versatile set of stormwater management solutions. Regional 

statutory joint municipal authorities who are responsible for regional plans, could also study 

if marking areas of potential stormwater capture in regional plans would be feasible.   

As the validation phase made clear, larger scale implementation of stormwater capture is 

largely theoretical due to cost, lack of need, potential risks, different water environment and 

technical challenges. Notably, MAR has been done in Finland for roughly 40 years. 

However, there are two main differences to MAR in California. For one, the objective in 

Finland is not to recharge depleted groundwater aquifers, but to remove natural organic 

matter (NOM) from surface waters used as sources for drinking water. Secondly infiltration 

of surface water is commonly achieved via unconfined gravel and sand aquifer eskers, that 

are remnants of ice sheet movements common to Scandinavia during the ice age. Despite 

these differences, circumstances will at least partially change in the future, making further 

research into MAR options more palatable.  (Nuotio 2025; Marttunen & Dahlberg 2025; 

Innala 2025; Jokela et al 2017)  

6.1.3  National level 

As the effects of climate change and accompanying extreme weather phenomenon become 

more pressing, stormwater capture, and other solutions will attain more relevancy in Finland. 

Local and regional actors can spearhead new stormwater management solutions 
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meaningfully. However, national authorities such as the Finnish Environment Institute and 

Finnish Environmental ministry have an important role to the play to create guidance and 

update legislative frameworks to meet the needs of public and private actors and the society 

at large in a new challenging circumstance.  

Utilizing both existing funding vehicles and providing new ones could also assist local and 

regional actors to meet new stormwater management challenges and even currently assist in 

bridging the gap between maintenance backlog of existing stormwater infrastructure and 

new investments.  

6.2  Further research suggestions 

The usefulness of non-dedicated funding pattern for stormwater management solutions was 

largely due to the dissimilar nature of California’s legislative framework, cultural and 

political operating environments. This is why the suggestion was raised during the validation 

process that it would be more useful to study how stormwater solutions are being funded 

within a more similarly constructed structural, cultural and legal framework, namely within 

the member states of the European Union. These solutions could be studied in a group of 

countries both in near proximity, i.e. in the Baltic and Scandinavian countries, and in other 

parts of Europe to attain maximum breadth and depth of variety.    

Similarly, more research in the field of larger scale of solutions, such as groundwater aquifer 

recharge via stormwater, would be meaningful to ascertain if these and other forms of 

regional stormwater capture, and utilization solutions could be found. Doing this in a wide 

European setting would provide for a better frame of reference and a better chance to 

discover methods more suited to a Finnish legal, administrative and natural environment. 

Finally, valuable research is being done in Finnish Universities on different aspects of 

stormwater management such as key drivers of stream water quality along an urban-rural 

transition: a watershed-scale perspective (Taka 2017) and towards more nature-inclusive city 

planning. Consideration of stormwater management and nature values in the town planning 

of Helsinki (Nikkola 2021). To promote even more substantial research efforts in the future, 

more vehicles for long term research funding should be searched for universities and 

researchers to utilize. 
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7  Conclusions  

Both the study of scientific literature on stormwater management solution patterns and the 

subsequent validation phase of the study results showed that the stormwater capture solution 

pattern has utilization potential in Finland, at least on a local and community scale. These 

include rain barrels, filtration systems, permeable pavement, green roofs, green walls, 

raingardens, depressions, wetlands, canals, artificial floodplains and various delaying 

structures. Non-dedicated funding solution, while already used in Finland to fund stormwater 

management measures, entails too many differences. The cultural, administrative and 

legislative frameworks between California and Finland are simply too dissimilar for 

meaningful lessons to be transferred into a Finnish setting.   

Despite the seemingly long odds of transferring solution patterns from California to 

utilization in Finland, there were two key components which made stormwater capture 

solution pattern meaningful to Finland. Firstly, a systematic planning approach based on 

multiple benefits of stormwater management solutions and using watersheds as a defining 

area are being used more and more both in Finland and California. Studying all the potential 

benefits and negative side-effects of stormwater management has practical advantages for 

implementation. This approach also creates a diverse basis upon which to find the necessary 

funding for measures. It should also be remembered, as difficult as it is in times of constant 

cycles of development and advancement, that sometimes the best option from a CEW 

standpoint is to simply not interfere with the natural circulation of water.  

Secondly, while California and Finland may struggle with a different set of climate change 

related challenges, there is a shared need to look for solutions outside the box and beyond 

real and imagined circumstantial, institutional, and personal driven blinders. A functional 

and safe supply of water or indeed its absence has such a major impact on basic security of 

communities that any society disregards the potential of stormwater capture at its peril. The 

scope of challenges is such that all methods and fields of study must be utilized, and cross-

disciplinary boundaries crossed for private and public actors to survive and thrive. They must 

also do so while maintaining and improving the very natural water systems upon which all 

organisms on earth rely on.  
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