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Abstract

:

Urban stormwater infrastructure is at an increased risk of being overwhelmed by pluvial flood events due to climate change. Currently, there are no global standards or frameworks for approaching urban rainfall adaptation policy. Such standards or frameworks would allow cities that have limited time, finances or research capacities to make more confident adaptation policy decisions based on a globally agreed theoretical basis. Additionally, while adaptation via blue-green infrastructure is often weighed against traditional grey infrastructure approaches, its choice must be considered within the context of additional policy alternatives involved in stormwater management. Using six global and developed cities, we explore to what extent a standardized hierarchy of urban rainfall adaptation techniques can be established through a combined Analytic Hierarchy Process (AHP) Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) Multi-Criteria Decision Analysis. While regional and stakeholder differences emerge, our study demonstrates that green infrastructure undertaken by public bodies are the top policy alternative across the cities and stakeholder groups, and that there exists some consensus on best management practice techniques for urban stormwater adaptation.
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1. Introduction


Changing rainfall patterns are forcing cities to embrace climate adaptation strategies. High-intensity rainfall or cloudburst events, which are only projected to increase in urban areas under climate change, overwhelm city infrastructure causing localized flooding and potential environmental, financial and social damages [1,2]. Regardless of whether a city is retrofitting legacy existing infrastructure or implementing new systems to manage 21st century growth, the need to create rainfall adaptation projects that can be implemented under current stresses while planning for future variability is almost universal.



Stormwater adaptation needs to be flexible as over time, rainfall patterns and projections are highly dependent on climate mitigation efforts and the refinement of our climate models [3]. In addition, adaptation overall is not a means to protect and uphold our current existence from climate change in the form of disaster management, but rather provides us the tools to reorganize our existence to new climate realities [4].



Within stormwater management, blue–green infrastructure emerges as best management practice for handling rainfall [5]. Blue–green infrastructure mimics natural patterns of rainfall management by absorbing, filtering or delay-releasing rainfall volumes to the urban environment, oftentimes with a visual natural component, as compared to traditional grey concrete infrastructure focused on the removal of rainfall volumes. However, blue–green infrastructure is often regulated only for stormwater management while the ecological, economic, social and potential technological benefits of additional urban green spaces are relegated to co-benefits [6,7,8]. Conversely, climate adaptation techniques have complex and multi-faceted considerations.



There are no global uniform standards for climate adaptation, but cities are positioned as the centers of influence in this discussion. With the majority of the world being urban, paired with the emerging economic dominance of cities in the global economy, cities become representatives in coordinating climate action on a global scale [9]. In joining and networking within organizations such as C40 or CDP, cities engage in a global community to tackle urban climate issues while sharing local knowledge and strategies, which is moving urban adaptation closer to a coordinated international effort [10,11]. Urban policy on adaptation shapes global responses.



Increasing rainfall intensity is an urban issue, but who is influential in the adaptation decision-making process is less defined. Between those who make, enforce, advocate for or research adaptation strategies, there are multiple angles to evaluate stormwater adaptation. Furthermore, the impacts of pluvial flooding are dependent on urban geography and marginalized, minority or impoverished groups may be disproportionately located in geographically vulnerable neighborhoods [12,13]. Nonetheless, there is a balancing act between bringing in additional voices to strengthen policy without overwhelming the process and obscuring minority opinions [14,15].



Regardless of the complexities around urban stormwater adaptation, cities increasingly need to enact policy to combat rainfall extremes. In this study, we aim to establish the international trends in the preferences for climate-rainfall adaptation using six dynamic and international developed cities across North America, Europe and Australasia. By understanding the balance between policy uniformity and local characteristics, we present guidance for cities undertaking adaptation policy. This paper forms Part II of a two-part study on urban pluvial flood management.




2. Methodology


To understand the variations in stakeholder opinions on stormwater adaptation, this study employs a combined multi-criteria decision analysis (MCDA) methodology of the Analytic Hierarchy Process (AHP) [16] and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [17]. Previously introduced in the corresponding Part I of this study [18], the proposed MCDA is made of four components: who is making the decision, what criteria influence the decision, how do the alternatives perform under these criteria and how sensitive are the results to variations. After first establishing the main parameters of the MCDA, the AHP, through pairwise comparisons, is used to determine the weight of each criterion in the process. Incorporating these weights, TOPSIS is used to determine the performance of each alternative so that they can be ranked, and a best performing solution can be selected.



2.1. Defining the Multi-Criteria Decision Analysis (MCDA)


The AHP and TOPSIS methodologies, alongside additional MCDA methods, such as Simple Additive Weighting (SAW), Multi-Attribute Utility Theory (MAUT), Preference Ranking Organization Method for Enrichment of Evaluations (PROMETHEE) and Elimination et Choix Traduisant la Realite (ELECTRE), have effectively been applied in decision-making regarding complex, quantitative, qualitative and also emotional situations regarding the environment [19,20]. MCDA methodologies allow for the decision maker to formalize these environmental decisions and visualize how the criteria and alternatives within the decision interact, while encouraging stakeholder participation and justifying the decision-making with quantifiable outputs. Within MCDA methods there are, additionally, various calculation approaches that decision-makers can chose to adopt, from setting different model parameters, applying fuzzy logic, aggregation techniques, weight elicitation methods, etc. Across the wide range of MCDA options available in environmental decision making, there is no hierarchy of MCDA methods, and no method is objectively the best [21,22,23]. Thus, in selecting an MCDA method, the decision-maker must consider their own expertise and experiences, the type of data available, the computational burden of performing the analysis, and those involved in the decision-making process.



The AHP, a linear model, can process a large volume of quantitative and qualitative indicators while deriving its scoring from direct stakeholder involvement. However, as it functions on pairwise comparisons, the methodology can become overwhelming as the volume of criteria and alternatives can increase the time and judgmental burden of completing all the pairwise comparisons. Therefore, with complex decisions involving a large amount of data, the AHP can be joined with an additional MCDA methodology. Here, we utilize the AHP to derive the weights of the decision criteria in urban stormwater management and combine it with TOPSIS to score the alternative choices. TOPSIS is a compensatory method that measures the distance to an idealized solution. In addition to reducing the computational burden, the method is built to analyze both cost and benefit criteria within the same structure, something which is particularly important to decisions regarding future adaptations to climate change.



The AHP-TOPSIS combination is not perfect and faces two main criticisms. First, the AHP faces problems of inconsistency influencing the decision. However, the method’s creator, Thomas Saaty, argues that the AHP is structured to handle some inconsistencies that stem from human judgements and if the inconsistency is monitored and managed, the issue is largely minimal [24]. Second, the phenomenon of rank reversal can occur in both methods [25,26,27]. As new or duplicate information is introduced to the decision, the ultimate ranking of the alternatives is subject to change. This phenomenon is largely a result of human inconsistencies in making judgements: ensuring the independence of all input criteria and alternative information can reduce the chance of rank reversal as well as by providing pre-established parameters, particularly in TOPSIS, if there are enough existing or previous studies to draw from.



Both the AHP and TOPSIS have legacy in urban policy and stormwater management and are thus familiar to existing governance structures. Table 1, taken from Part I in Axelsson et al. [18], highlights recent studies utilizing the AHP and TOPSIS methodologies in stormwater management. These studies cover a wide geographic range and focus on different spatial scales from individual sites to urban policy as well as regional and national contexts. Additionally, they focus on specific forms of adaptation or scale to evaluating multiple strategies. However, there exist three gaps in the literature. First, the studies are not intended for a non-technical audience, and therefore exclude many stakeholders from understanding the process and mechanics of the MCDA limiting their future uses in stormwater adaptation. Second, while the literature is normally focused on identifying a solution, it rarely focuses on differences that emerge between stakeholders during the process and how policy can address these differences, something which is important in urban stormwater management as many stakeholders are invested in the process. These first two gaps are addressed in Part I [18] where the AHP-TOPSIS method is demonstrated to be approachable for non-experts and effective at quantifying stakeholder differences.



Third, the existing literature predominantly focused on regional and local scales. However, cities around the world must adapt their stormwater systems to changing rainfall intensities. While the regional focus can account for local characteristics and knowledge, a global focus can identify the trends in management, potentially identifying a unified approach to urban stormwater adaptation. By focusing on the global scale, guidance can be created for a multitude of urban areas who will have to face increasingly difficult adaptation decisions in shorter periods of time with fewer financial resources.



Ultimately, the AHP-TOPSIS methodology has theoretical connections to discussions on MCDA for stormwater management yet is intuitive for non-experts, has a limited computational burden, incorporates qualitative and quantitative judgements important for environmental and social factors and is adaptable to local characteristics of a problem. By encouraging stakeholder participation, the method can quantify stakeholder differences and allow us to examine stormwater adaptation methods from a global perspective. For a summary of the technical mechanics of the AHP-TOPSIS methodology, please refer to Supplementary Materials.




2.2. City and Stakeholder Selection


This study selects New York City (NYC), Vancouver, Copenhagen, Amsterdam, Sydney (City of Sydney) and Auckland as six case cities to represent an international and developed snapshot of stakeholder opinions on stormwater adaptation. All six cities are global centers with strong economies, connections and research capacities providing them access to global adaptation discussions as representatives of their regions and nations. This representation also affords them to be held as case or comparison studies for other municipalities within their own region or on the global stage. Drawing upon sustainability index scores and from demographic-economic indicators, Axelsson et al. [5] previously analyzes these six cities together to establish the existing state of stormwater and rainfall adaptation management within their existing policy framework. These six cities are demonstratively actively pursuing adaptation policy to retrofit their post-industrial infrastructure systems and they represent varying levels of centralized governance within the three regions of North America, Europe and Australasia.



Within each city, this study incorporates stakeholders from three groups for the analysis: formal city governance, research and advocacy/conservancy. In a previous stakeholder analysis for NYC, Axelsson et al. [18] determined these three groups to be influential in the stormwater adaptation decision-making process. The importance of these three groups can be extended to all six cities as these categories represent three types of stakeholders in urban policy: those who make policy, those whose work supports policy and those who lobby policy. In every municipality, the basic function of governance and policy-making is crucial despite various levels of public expenditure on civil projects. Formal policies on stormwater management require governance, and in order to form such regulation, governance relies on informed research. This research can be undertaken internally or externally, but in cities with large research universities, there exists legacy partnerships between the governance and research systems. Furthermore, in a democratic city, advocates for policy can actively leverage their concerns through protests and the electoral process, thus guiding governance towards specific concerns. While each of these case-study cities may have additional and unique important stakeholder groups, these three groupings are universal across the cities and allow for comparisons between them. While other stakeholder groups such as ‘citizens’ can be considered universal, here this study is focused on stakeholders with experience in policy formation or the science of stormwater to make informed perceptive decisions on future management and adaptation. Thus, these three stakeholder groups are incorporated into the analysis.




2.3. Defining the Criteria


This study analyzes sixteen criteria as important to the urban rainfall adaptation decision-making process. The criteria are subsequently organized into four equal main criteria typologies: political, economic, environmental and social considerations (Table 2). Please refer to Supplementary Materials for a full description of the criteria. Axelsson et al. [18] previously applied these criteria within the context of NYC, while the criteria themselves we determined from the six cities’ existing policy documents. Here, we argue the universal justification of the criteria for the six cities as it is important that the criteria are relevant to the decision makers [21]. Additionally, we maintain a large scope of criteria to prevent the disenfranchisement of individuals important to the adaptation process [43].



Policy is a product of politics. With new climate adaptations, the ‘Existing Legislative Framework’ sets the foundation for the evolution of future projects. Within this evolution, political will is a driver of policy. However, for climate change, political systems need not only to be willing to implement policy changes but must themselves become resilient to climatic pressures as they strain the urban social network [44]. ‘Political Feasibility’ captures both this will to make policy change, but also the possibility to implement and manage change. This pairs with ‘Jurisdiction’ to cover the political limitations to policy management. Cities might be better positioned to transition towards adaptation and resiliency projects if there exists the political infrastructure to support environmental decisions [45]. Finally, ‘Implementation Time’ captures the urgency of adaptation but also the dynamics of short-term versus long-term political strategies. Ultimately, adaptation is always subject to political interpretations and needs [46]. However, politics alone does not capture the full extent of criteria.



Economically, rainfall adaptation presents both costs and future opportunities for cities. Firstly, the ‘Public Costs’ of adaptation born by the city and the ‘Private Costs’ of adaptation to individuals need to be evaluated. In addition to these costs, cities must evaluate the ‘Funding Availability’ for adaptation projects across various levels of governance and public–private partnerships. How a city finances green infrastructure can help determine how effective the project will be considering which design elements and co-benefits are prioritized [47]. The investments in adaptation projects can also simultaneously spur ‘Green Industry Growth’. With new technologies emerging, cities can take advantage and grow their industrial sectors while contributing to the green economy thus securing their competitive position in the global market [48].



Environmental criteria play a role in the discussion around rainfall management. ‘Stormwater Capacity’ is an initial criterion in rainfall management as it handles the total load of water. However, as traditional infrastructure and combined sewage systems can leak pollution to the environment, ‘Stormwater Quality’ emerges as an important consideration. ‘Ecosystem Support’ captures many of the ecological co-benefits and ecosystem services that are often difficult to quantify but still important in the decision-making process. Finally, with a continued focus on urban climate change mitigation, ‘Energy Usage’ directly ties the adaptation project back to emissions.



Socially, cities are framing adaptation projects to solve multiple urban issues. As with all urban projects involving infrastructure, cities are concerned with the ‘Risk to Human Health and Safety’ of a project. Yet, adaptation projects are not always understood, followed or cared for by the local population, so the level of ‘Civic Engagement’ is important to ensure projects become integrated into daily life. Additionally, adaptation projects are not always uniformly implemented across the city and as green infrastructure for stormwater management presents many co-benefits, rainfall adaptation becomes susceptible to urban inequalities. Wealthier areas receive higher levels of initial green infrastructure investments [49,50,51]. Green infrastructure is thus linked to environmental justice [52] and is captured by ‘Reducing Inequalities’. Finally, ‘Synergies with Other Adaptations’ connects the multi-criteria nature of stormwater adaptation projects to the climate as a system rather than disconnected issues.



All sixteen of the criteria shown in Table 1, as well as the four main criteria groupings that capture the range of priorities in urban climate rainfall adaptation. While each city may have additional concerns, these sixteen criteria represent universal concerns across the six cities and influence their policy making decisions.




2.4. Defining the Policy Alternatives


Building upon previous work in stormwater management, this study incorporates five policy alternatives important in future stormwater management across the six cities determined by Axelsson et al. [5]: Grey Infrastructure Overhauls, Public Green Infrastructure, Private Green Infrastructure, Government Streamlining and Maintaining Urban Environments. Firstly, Grey Infrastructure Overhauls describes the retrofitting and construction of traditional, concrete infrastructure. Conversely, Private Green Infrastructure and Public Green Infrastructure relate to the new green and green–blue systems cities can utilize and are differentiated by whether the infrastructural costs are covered by the municipality/public funding or by a private individual/business. The study refers to blue–green infrastructure under the umbrella term ‘green infrastructure’ to connect with the larger discussions around natural solutions in urban adaptation. Government Streamlining focuses on the reorganization of disjointed governmental departments for more integrated and cohesive management systems while increasing the transparency of these systems. The final alternative, Maintaining Urban Environments, ensures the existing urban stormwater system is running well while also capturing some softer management strategies such as volunteering, education campaigns and stewardship programs. While in practice these five alternatives are often used in tandem, here we discuss them as theoretically different policy options for implementation. Thus, we observe how each alternative, dependent on their own strengths and weaknesses, performs under the criteria weights to help determine if there is a universal hierarchy in preference towards the alternatives.



While several classifications of heavy precipitation exist, there is no uniform definition and here we do not define a threshold for heavy rainfall [3]. Rather, each of the study cities has existing thresholds and design guidelines for rainfall volumes in their respective regulations to which the existing and historical infrastructure has been built. These five alternatives that are the focus of this study are thus being discussed within each city as a response to exceeding city-based thresholds, regardless of the actual rainfall total. While we acknowledge that certain alternatives and strategies might not be sufficient if the magnitude of extreme precipitation exceeds expectations, these five policy alternatives still represent the strategies that all six cities wish to utilize for their expected increases in heavy rainfall events.




2.5. Data Collection


The data were collected over a three-month period from December 2020 to February 2021. Initial contacts were selected from the three stakeholder categories in the six cities. Following these initial contacts, additional participants were selected using a snowball method through their social and professional networks [53]. Participants were provided a description of the problem, criteria and alternatives and then asked to perform a survey where through linguistic judgements they would judge the criteria and the alternatives using Zoho Survey [54]. Participants were provided the opportunity to re-evaluate their judgements if inconsistencies were discovered during the analysis phase. A total of 34 participants out of 50 provided completed responses and are included in the analysis (Table 3). The full analysis was performed in seven groupings: the full participants, by stakeholder group (governance, advocacy and research) and by region (North America, Europe and Australasia).





3. Results and Discussion


The results of the study present a unique and quantitative picture of the preferences towards future urban rainfall adaptation across the six cities. In the preferences of the criteria and alternatives, key differences emerge between the groups, while, on the other hand, some level of consensus is achieved. Here, we discuss these differences as well as consensuses, and the implications this has on establishing an international framework for pluvial flood adaptation. Please refer to Supplementary Materials for raw data values.



3.1. Criteria Weights


The criteria weightings reveal that the priorities for rainfall adaptation share similarities between the stakeholders but lack uniformity. Of the 170 matrices produced for the AHP, only 30 matrices were excluded for containing an undesirable level of uncertainty. When examining the four main criteria across the seven analyses, the political criterion has the highest average weight of 32%, while the social criterion carries the lowest average weight at 19% (Table 4). Additionally, across the three regional analyses, the political and economic criteria exhibit higher priorities than the environmental and social criteria, which is reflected in the entire participant analysis. Despite the differences in regional histories and characteristics as well as the bias in the dataset towards participants from North America, the six cities converge on this similar criteria weight structuring. However, when the participants are separated by stakeholder type, differences arise between the criteria weights. These differences infer that the participant’s stakeholder typology is more influential in determining their criteria preferences than where the participant is located but that when the stakeholders within a city are aggregated together, these individual preferences merge into similar global trends, either similarly obscuring or smoothing the differences within the six cities.



The global criteria weightings of the sub-criteria, considering their parent criterion weight, exhibit similar trends to the main criteria. On average, 73% of the top half of the weighted sub-criteria across the seven analyses were either political or economic criteria. Nonetheless, the four highest average weighted sub-criteria were Project Feasibility (Political), Public Costs (Economic), Risk to Human Health and Safety (Social) and Stormwater Capacity (Environmental). While the focus of criteria weights overall is on the political and economic, certain aspects of social and environmental concerns outweigh the others. However, the capacity of infrastructure and the potential risk to human health and safety are traditional concerns in stormwater management and also urban infrastructure considerations, and they do not directly reflect the emerging focus on green solutions and their multi-dimensional benefits within urban climate adaptation policy.



The global weights of environmental and social sub-criteria are lower across the analyses. Particularly, Civic Engagement (Social), Reducing Urban Inequalities (Social), Energy Consumption (Environmental) and Green Industrial Growth (Economic) on average rank as the lowest criteria for urban rainfall adaptation. However, these four criteria capture a large part of the emerging focus of climate change policy. Landmark climate legislation proposals such as the American Green New Deal [55] explicitly discuss the importance of these criteria. Therefore, here we observe a disconnect between how climate change policy is theoretically discussed versus the perceptions of stakeholders involved in drafting and managing this policy in reality. This presents a barrier in implementing policy. For immediate threats, this disconnect can cause delays in action, while for long-term strategies, policy structured for past priorities might be unsuccessful in answering future demands. We do not advocate for which type of criteria should be presented as the most important, but rather we highlight the gap between theory and reality and that more work needs to be done to ensure that policy is responding to our criteria needs.



The observed criteria weights across the seven analyses are highly dependent on the criteria inputs themselves, and the weights may be subject to change. The addition of new criteria information could alter how the weightings unfold. While we capture some co-benefits of green technologies, we did not capture all co-benefits such as aesthetics and recreation as they go beyond the explicit scope of stormwater management [56]. How the decision-maker structures which criteria are included in the analysis can influence the weightings. However, because we initially organized the criteria into four main criteria groupings and these weights were also tested, we discover that overall, political and economic concerns continue to dominate the criteria weightings when compared to social and environmental considerations.




3.2. Alternative Rankings


The performance of the five policy alternatives demonstrates mixed agreement between the stakeholders over the alternative preferences. For each analysis, public green infrastructure emerges as the most satisfactory alternative and in six of the seven analyses, government streamlining is ranked second, while grey infrastructure overhauls is the least satisfactory (Table 5). However, the range between these top and bottom performing alternatives is small: a TOPSIS score difference of around 0.13 on average. Additionally, the average score of every alternative was 0.51 or 51% satisfaction with no alternative breaking 60%. No alternative presents itself significantly more satisfactory over the others and the alternatives’ scores are clustered together. Nonetheless, the trends in the overall ranking of the alternatives does reveal that preferences exist within the participants.



Unlike the criteria weightings, there is more agreement between the stakeholder groupings in the ranking of the alternatives, the only difference being within the governance group where the 3rd and 4th alternative position shift compared to advocacy and research. Despite the disagreements over what criteria are important in evaluating the urban rainfall adaptation process, governance, advocacy and research reach similar conclusions about which alternative best answers these needs. Therefore, while there is disagreement over the decision-making process between the groups, the outcome is likely to satisfy their competing interests. This is encouraging for rainfall management as these disagreements might not prevent dissatisfaction with policy itself, allowing for immediate decisions to be made while discussions continue about how to formulate future policy.



When organized by region, stronger differences arise between the stakeholders. Despite having similar criteria weightings, the three regions exhibit different alternative rankings. Considering the larger volume of responses from North America, public green infrastructures nonetheless continues as the highest ranked alternative across the three regions. Policy makers and governments tend to prefer highly visible infrastructure projects as they convey action and are demonstratable projects during election cycles [4]. Paired with the focus on a greener city, stakeholders may be conditioned to this alternative designating it a favorable TOPSIS score. However, grey infrastructure is also a large and visible infrastructure intervention that can be better at handling pure stormwater capacity [57,58]. Green infrastructure alone might not be able to manage an entire city’s stormwater strategy [59,60]. Additionally, cities have the existing skillset and budgetary framework to quickly implement grey infrastructure, yet the regions do not universally prefer it. Green infrastructure continues to emerge as a best management practice for stormwater and the regions prefer this alternative. While the criteria weights do not reflect the current discourses on climate change legislation, the alternative rankings capture these emerging preferences.



Considering green infrastructure, the satisfaction level of private green infrastructure varies across North America, Europe and Australasia. More decentralized governance systems are better optimized to handle private and individual investments and here we observe that North America, with the least decentralization, shows less preference for these investments [61]. The variation in private green infrastructure also disconnects from the theory of stormwater management, especially strategies with a focus on public green infrastructure, as the private investments help close the gaps within the urban green system [1]. However, private green investments are more difficult to regulate than public strategies and come with additional barriers to implementation within the general population from differences in knowledge, backgrounds and experience [62]. The active stakeholders may be influenced with their previous engagement with private initiatives. Nonetheless, while the alternatives here are each presented as unique and separate policy strategies, one would expect that private green infrastructure would be reflected with the high preference placed on public green infrastructure to create a comprehensive citywide blue-green network.



The analysis shows there is consensus on the most optimal strategy focusing on public green infrastructure projects, with the least optimal being grey infrastructure in most cases, which is supported by the best practice literature of moving from grey to green solutions for water management. Government streamlining also emerges as a near-consistent second-ranked alternative which underscores the need for good governance to be able to tackle emerging climate adaptation problems. However, differences in the rankings emerge in the regional TOPSIS analyses, demonstrating that there is not an internationally agreed upon hierarchy of adaptation strategies. The question for each city then becomes which additional policies best support this green and blue–green infrastructure. The other four alternatives can each be paired with public green infrastructure, but local knowledge and characteristics play a role in determining the strategy which is reflected through the criteria weights and alternative scores. Therefore, we propose moving to incorporate a loose framework over a strict international guideline to foster the development and support of green and blue–green infrastructure over grey infrastructure as a principal solution as this approach allows for flexibility for supporting adaptation alternatives while providing a guidance basis to pull resources together and give cities confidence in their decision-making.




3.3. Sensitivity


In the sensitivity analyses, we explore the stability of the TOPSIS scores across the three geographic regions and the full dataset by examining the changes in criteria weighting to the four main criteria. We focus on the regions as they share similar criteria weight structures but differing alternative score hierarchies. In the four sensitivity analyses, the TOPSIS scoring remains relatively stable, but is still subject to changes. North America presents the least sensitive results considering any of the alternative rankings across the criteria weight changes (Figure 1). While the rankings do change, they do not occur until at larger criteria percentage changes around ±50%. The European region demonstrates the most sensitive criteria considering the top ranked alternative with weight changes of the criteria between −20 to +30% altering the position of public green infrastructure (Figure 2). The shift in the first and second ranking are more a response of public green infrastructure to the criteria weight adjustment than government streamlining.



In Europe (Figure 2) and Australasia (Figure 3), six alternative positions changes within the same criteria weight change of ±10–20%: 1st and 2nd for European political, environmental and social, fourth and fifth for European social and third and fourth for Australasian political and economic. While these shifts do not occur at the smallest percentage shift ranges (>5%), the concentration of rank changing at low percentages indicates that while small individual shifts in perceptions will unlikely change the result, mild adjustments in attitudes or collective shifts can alter the final performance of the alternatives. When all the participants are aggregated together, the sensitivity is more muted (Figure 4). This indicates that a global, uniform adaptation guideline may mask the specific dynamics of a region, also considering the dataset is skewed towards the least sensitive North American region and supports the idea of a loose framework that is adaptable to local characteristics. These sensitivity results further indicate that public green infrastructure remains a relatively strong, top-performing alternative but the sensitivity of all the alternatives at low-weight percentage changes makes it difficult to present a fully structured alternative hierarchy as small changes in input information or additional stakeholders might shift the position of the five alternatives.





4. Conclusions


In this study, we have identified four major trends in the perceptions of future stormwater management under climate change.



First, our study demonstrates that the emerging theoretical focus on ecological, social and new economic criteria within climate change management are still underweighted compared to the traditional political, cost-based and quantitative importance of policy management. The consequences of these different approaches in policy can hinder the ability to push through much needed climate change legislation and increase dissatisfaction with the policy system.



Second, we find that principally, public green infrastructure is the preferred alternative to manage future rainfall and pluvial flood adaptation projects across the six cities we studied despite differences in criteria weightings. This finding coincides with green infrastructure emerging as a best management practice tool for stormwater management in existing urban policy discussions.



Third, grey infrastructure is nearly universally the least-preferred adaptation method. Again, this counters the theoretical discussions on stormwater management where grey infrastructure is frequently acknowledged as being necessary in future adaptation projects.



Fourth, there is a lack of uniformity in the alternative rankings when the cities are organized by region. Therefore, our findings support that a loose international framework can be established prioritizing public green infrastructure, but that local knowledge and regional considerations retains an important role in adaptation so that a full international hierarchy standard cannot be adopted.
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Figure 1. Sensitivity analysis of all the North American participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green). 
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Figure 2. Sensitivity Analysis of all the European participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green). 
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Figure 3. Sensitivity analysis of all the Australasian participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green). 






Figure 3. Sensitivity analysis of all the Australasian participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green).
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Figure 4. Sensitivity analysis of all the study participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green). 






Figure 4. Sensitivity analysis of all the study participants and the alternative scoring by testing the percentage shifts in the four main criteria weights: (a) political, (b) economic, (c) environmental and (d) social with government streamlining (govt), grey infrastructure overhauls (grey inf), maintaining urban environments (MUE), private green infrastructure (priv. green), and public green infrastructure (pub. green).



[image: Water 13 02433 g004]







[image: Table] 





Table 1. Recent literature on the AHP and TOPSIS methodologies within stormwater management extracted from Axelsson et al. [18].
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Study

	
Year Published

	
Description and Context






	
AHP




	
Young et al. [28]

	
2010

	
The use of AHP in identifying stormwater management strategies in an American local municipality




	
Sahin et al. [29]

	
2013

	
The use of AHP in identifying stormwater management strategies across councils in an Australian state




	
Siems and Sahin [30]

	
2014

	
The use of AHP in identifying stormwater management strategies across councils in an Australian state.




	
Ebrahimian et al. [31]

	
2015

	
The use of fuzzy AHP and compromise programing in stormwater collection systems in an Iranian urban context




	
Alhumaid et al. [32]

	
2018

	
The use of AHP and PROMETHEE II in stormwater drainage system management in a Saudi Arabian urban context




	
Kordana and Slys [33]

	
2020

	
The use of AHP to evaluate stormwater management strategies in at a building in a Polish context




	
Yu et al. [34]

	
2021

	
The use of AHP in identifying optimal permeable pavement types for stormwater management.




	
TOPSIS




	
Jayasooriya et al. [35]

	
2018

	
The use of TOPSIS to identify green infrastructure for stormwater management in industrial sites an Australian urban area




	
Hager [36]

	
2019

	
The use of fuzzy TOPSIS to examine optimal stormwater management strategies in a Canadian context.




	
Luan et al. [37]

	
2019

	
The use of TOPSIS to evaluate green infrastructure for stormwater in a Chinese sponge city




	
Zeng et al. [38]

	
2021

	
The use of TOPSIS to identify green infrastructure solutions for stormwater management in a Chinese smart city




	
AHP-TOPSIS




	
Gogate et al. [39]

	
2017

	
The use of AHP-TOPSIS to identify stormwater management alternative performances in an Indian urban area




	
Moghadas et al. [40]

	
2019

	
The use of AHP-TOPSIS to evaluate flood risk in an Iranian urban area




	
Ekmekcioglu et al. [41]

	
2021

	
Fuzzy AHP-TOPSIS for flood risk mapping in Turkish municipalities




	
Koc et al. [42]

	
2021

	
Fuzzy AHP-TOPSIS for stormwater management in a Turkish urban watershed.
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Table 2. Organization of the criteria.
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Main Criteria

	
Political

	
Economic

	
Environmental

	
Social






	
Sub-criteria

	
Existing Legislative Framework

	
Public Costs

	
Stormwater Capacity

	
Risk to Human Health and Safety




	
Project Feasibility

	
Private Costs

	
Stormwater Quality

	
Civic Engagement




	
Jurisdiction

	
Funding Availability

	
Ecosystem Support

	
Reducing Inequalities




	
Implementation Time

	
Green Industry Growth

	
Energy Usage

	
Synergies with Other Adaptations
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Table 3. Spread of the 34 participants across the different stakeholder groupings.






Table 3. Spread of the 34 participants across the different stakeholder groupings.





	

	
n = 34

	
Governance

	
Advocacy

	
Research






	
North America

	
New York City

	
6

	
4

	
2




	
Vancouver

	
5

	

	
4




	
Europe

	
Copenhagen

	

	
2

	




	
Amsterdam

	
3

	
1

	




	
Australasia

	
Sydney

	

	
2

	
2




	
Auckland

	
1

	
1

	
1
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Table 4. The criteria weights of the four main criteria and the global weights of the sixteen sub-criteria.
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Aggregated by Stakeholder Type

	
Aggregated by Region






	

	
Total Participants

	
Governance

	
Advocacy

	
Research

	
North America

	
Europe

	
Australasia




	
Main Criteria

	
Political (0.320)

	
Economic (0.335)

	
Political (0.371)

	
Political (0.280)

	
Political (0.323)

	
Economic (0.355)

	
Political (0.310)




	
Economic (0.276)

	
Political (0.323)

	
Social (0.252)

	
Environmental (0.276)

	
Economic (0.266)

	
Political (0.313)

	
Economic (0.248)




	
Environmental (0.219)

	
Environmental (0.204)

	
Economic (0.224)

	
Economic (0.243)

	
Environmental (0.217)

	
Environmental (0.205)

	
Environmental (0.234)




	
Social (0.185)

	
Social (0.138)

	
Environmental (0.153)

	
Social (0.201)

	
Social (0.194)

	
Social (0.128)

	
Social (0.208)




	
Global weights of the sub-criteria

	
Public Costs (0.110)

	
Public Costs (0.145)

	
Feasibility (0.159)

	
Feasibility (0.109)

	
Public Costs (0.110)

	
Public Costs (0.129)

	
Feasibility (0.147)




	
Feasibility (0.107)

	
Jurisdiction (0.102)

	
Safety Risk (0.127)

	
Storm Capacity (0.104)

	
Feasibility (0.096)

	
Private Costs (0.105)

	
Safety Risk (0.120)




	
Funding (0.082)

	
Funding (0.088)

	
Existing Leg. (0.085)

	
Public Costs (0.096)

	
Jurisdiction (0.090)

	
Storm Capacity (0.104)

	
Storm Capacity (0.111)




	
Safety Risk (0.082)

	
Feasibility (0.086)

	
Public Costs (0.081)

	
Safety Risk (0.087)

	
Existing Leg. (0.088)

	
Feasibility (0.103)

	
Public Costs (0.093)




	
Existing Leg. (0.081)

	
Existing Leg. (0.082)

	
Jurisdiction (0.080)

	
Ecosystems (0.073)

	
Safety Risk (0.082)

	
Funding (0.091)

	
Funding (0.086)




	
Jurisdiction (0.081)

	
Storm Capacity (0.082)

	
Funding (0.080)

	
Existing Leg. (0.072)

	
Funding (0.076)

	
Time (0.081)

	
Existing Leg. (0.075)




	
Storm Capacity (0.079)

	
Private Costs (0.073)

	
Storm Quality (0.050)

	
Funding (0.070)

	
Storm Quality (0.067)

	
Jurisdiction (0.065)

	
Jurisdiction (0.064)




	
Storm Quality (0.058)

	
Safety Risk (0.056)

	
Inequalities (0.047)

	
Storm Quality (0.061)

	
Storm Capacity (0.062)

	
Existing Leg. (0.063)

	
Storm Quality (0.052)




	
Private Costs (0.055)

	
Storm Quality (0.055)

	
Time (0.046)

	
Jurisdiction (0.050)

	
Ecosystems (0.051)

	
Ecosystems (0.048)

	
Private Costs (0.052)




	
Ecosystems (0.051)

	
Time (0.052)

	
Civic Engage. (0.046)

	
Time (0.049)

	
Time (0.050)

	
Other Hazards (0.043)

	
Ecosystems (0.045)




	
Time (0.051)

	
Ecosystems (0.041)

	
Private Costs (0.040)

	
Other Hazards (0.048)

	
Private Costs (0.046)

	
Safety Risk (0.037)

	
Other Hazards (0.033)




	
Other Hazards (0.039)

	
Other Hazards (0.034)

	
Storm Capacity (0.040)

	
Private Costs (0.047)

	
Other Hazards (0.040)

	
Storm Quality (0.034)

	
Civic Engage. (0.032)




	
Civic Engage. (0.034)

	
Green Industry (0.028)

	
Ecosystems (0.038)

	
Civic Engage. (0.040)

	
Inequalities (0.038)

	
Civic Engage. (0.031)

	
Energy Usage (0.026)




	
Inequalities (0.031)

	
Energy Usage (0.026)

	
Other Hazards (0.031)

	
Energy Usage (0.038)

	
Energy Usage (0.037)

	
Green Industry (0.029)

	
Time (0.024)




	
Energy Usage (0.031)

	
Inequalities (0.025)

	
Energy Usage (0.026)

	
Green Industry (0.031)

	
Civic Engage. (0.035)

	
Energy Usage (0.019)

	
Inequalities (0.023)




	
Green Industry (0.029)

	
Civic Engage. (0.023)

	
Green Industry (0.023)

	
Inequalities (0.027)

	
Green Industry (0.033)

	
Inequalities (0.017)

	
Green Industry (0.018)
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Table 5. The TOPSIS scores of the five policy alternatives.
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Aggregated by Stakeholder Type

	
Aggregated by Region






	
Alternative Rankings

	
Total Participants

	
Governance

	
Advocacy

	
Research

	
North America

	
Europe

	
Australasia




	
1

	
Public Green Infrastructure (0.566)

	
Public Green Infrastructure (0.568)

	
Public Green Infrastructure (0.565)

	
Public Green Infrastructure (0.575)

	
Public Green Infrastructure (0.556)

	
Public Green Infrastructure (0.542)

	
Public Green Infrastructure (0.597)




	
2

	
Government Streamlining (0.534)

	
Government Streamlining (0.537)

	
Government Streamlining (0.561)

	
Government Streamlining (0.526)

	
Government Streamlining (0.543)

	
Government Streamlining (0.537)

	
Private Green Infrastructure (0.553)




	
3

	
Private Green Infrastructure (0.506)

	
Maintaining Urban Environments (0.512)

	
Private Green Infrastructure (0.505)

	
Private Green Infrastructure (0.518)

	
Maintaining Urban Environments (0.506)

	
Private Green Infrastructure (0.499)

	
Maintaining Urban Environments (0.504)




	
4

	
Maintaining Urban Environments (0.500)

	
Private Green Inf. (0.492)

	
Maintaining Urban Environments (0.492)

	
Maintaining Urban Environments (0.500)

	
Private Green Infrastructure (0.493)

	
Grey Infrastructure Overhauls (0.469)

	
Government Streamlining (0.500)




	
5

	
Grey Infrastructure Overhauls (0.445)

	
Grey Infrastructure Overhauls (0.469)

	
Grey Infrastructure Overhauls (0.392)

	
Grey Infrastructure Overhauls (0.449)

	
Grey Infrastructure Overhauls (0.471)

	
Maintaining Urban Environments (0.461)

	
Grey Infrastructure Overhauls (0.366)
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