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Preface 

On the night of September 1, 2021, New York City’s residents experienced record-

breaking rainfall as the remnants of Ida swept through the northeastern coast of the country 

days after making landfall in Louisiana as a category 4 hurricane. The storm caused 

widespread damage across multiple sectors and infrastructures, and took the lives of dozens 

of people across the region, including at least 10 people who drowned in New York City as 

their unregulated basement apartments flooded within seconds (Hanchey, 2021; Yuan et al., 

2024). Notably, Ida’s remnants hit New York City just a few months after the release of the 

city’s first-ever Stormwater Resiliency Plan, which included the first attempt by the city to map 

pluvial flood hazards under multiple scenarios (NYC Mayor’s Office of Resiliency, 2021). Since 

the summer of 2021, extreme precipitation, coastal flooding, and other extreme weather 

events such as heatwaves have recurrently occurred across the globe. As I write these lines 

four years after Ida, New York City has just opened its call for flooding damage reports due to 

an event that caused up to four feet (1.2m) of flooding (Maag & Howard, 2025). Once again, 

the two fatalities reported to date lived in basement apartments.  

In October 2023, a study published in Nature reported rapid urbanization rates in flood-

prone areas since the 1980s (Rentschler et al., 2022). The study, made possible thanks to 

recent global flood hazard mapping and modelling advances (Bates et al., 2018; Wing et al., 

2024), was echoed by Spanish newspapers with a focus on the national case and reported 

that at least one million dwellings (more than the national’s 4%) lay within the country’s 100-

year floodplain (Martínez Ron, 2023; Rodríguez et al., 2023). Only one year after these 

scientific and press reports, an Isolated Upper-Level Depression (DANA, by its Spanish 

acronym) brought an unprecedented amount of precipitation that translated into severe 

flooding (Marzal, 2025). The human, structural, political, economic, and environmental 

damages and the drivers leading to them are, to this date, still being grappled with. For 

instance, the University of Valencia recently hosted the 1st Experts Conference on Climate 

Change and Territory in the Iberian Mediterranean Region, which resulted in a report 

summarizing the known impacts and recommended solutions against the impacts of climate 

change (Romero González & Camarasa Belmonte, 2025). An ambitious multidisciplinary 

effort, the report compiles the contributions of 73 researchers organized across 13 thematic 

areas, from tourism to health and social vulnerability, highlighting the need for tackling the 

consequences of climate change through an integrative lens. 

I was not isolated from the events described. During Ida, I stood at the window of my 

street-level apartment in South Harlem when my phone delivered the city’s first-ever flash 
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flood emergency warning. That Summer, as I began my third year as a flood risk and 

environmental justice analyst at the Urban Systems Lab, the region saw Elsa, Henri, and Ida 

storms in rapid succession. The forecast arrival of Henri marked the first time I saw myself 

forced to change personal plans in anticipation of disruption from an extreme event. By 

October 2023, already in Spain for my PhD, I was approached by journalists covering the 

news on rapid urbanization in floodplains. And just a week after Valencia’s 2024 flooding, I 

spent two hours on a grounded airplane because the destination airport was flooding due to a 

cloudburst, deeming it inaccessible by land (Wright, 2024; Blanchar & Rovira, 2024). 

These experiences, professional and personal, have significantly grounded and guided 

my work throughout my PhD. First, they sharply illustrate the magnitude of the challenges 

faced by cities when dealing with the increasing frequency and intensity of extreme weather 

events (IPCC, 2012). Second, they reflect the complexity of the challenges around the direct, 

indirect, and cascading impacts caused by extreme weather events. In dealing with such a 

complex array of impacts, science and society are required to pursue the integration of diverse 

knowledge systems in order to develop integrative problem definitions that lead to effective 

and inclusive adaptation measures (Feagan et al., 2019; Muñoz-Erickson, 2014). Knowledge 

integration should be pursued through a systemic lens that considers the ways in which 

different urban components and domains interact (Chester et al., 2023; McPhearson et al., 

2021). Third, the scientific reports, journalism pieces, and even government-led plans 

referenced do not aim to point at a flawed design or implementation of risk mitigation 

measures. Rather, they illustrate the co-evolution of climate risks and knowledge, and the 

urgent need for ensuring that knowledge production prioritizes usefulness and usability by 

relying on boundary processes.  

Through this dissertation, I ask how risk knowledge, spreading across agencies, 

experts, operators, and communities, can be organized so that information is timely, inclusive, 

and useful for decision-makers.  
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Summary1 

This dissertation aims to support cities in bringing together diverse knowledge systems 

to guide climate adaptation planning. Despite extensive agreement that climate adaptation 

planning must rely on an understanding of climate risks, and the significant advances in risk 

and vulnerability assessments, city agencies and civic organizations face challenges in the 

generation, translation, and integration of risk knowledge. These challenges, categorized 

under justice, complexity, and usability, play a key role in how climate risks are framed in the 

understanding phase of climate adaptation planning, ultimately influencing how adaptation is 

(or is not) designed and implemented. Across this dissertation, I call for and explore the role 

that knowledge co-production plays in supporting climate adaptation planning by making the 

generation of climate risk knowledge more inclusive, complexity-aware, and usable. To do so, 

I rely on flooding as a case-study, while recognizing the transferability of the lessons learned 

to other climate hazards. 

To address the justice dimensions of climate risk knowledge, I describe a co-

production process carried out in collaboration with multiple place-based environmental justice 

organizations in Milwaukee, Wisconsin, USA. Throughout this process, I facilitated the 

development of a research project and a data visualization tool that supports local 

organizations in their advocacy for justice-driven planning against extreme weather events. 

By describing the phases of the process, lessons learned and key turning points, I illustrate 

the capacity of the process to empower the voices of actors commonly neglected in the 

production of risk knowledge for climate adaptation planning. 

In a second co-production process I examine the role of co-production in increasing 

the usability of climate risk knowledge. To do so, I describe the development of the New York 

City Flood Vulnerability Index (NYC FVI), a tool envisioned for guiding climate adaptation 

planning throughout the different government agencies of New York City. The NYC FVI, the 

city’s first official flood vulnerability index, results from a co-production process involving 

researchers and policy makers from multiple government agencies. This second case-study 

relies on an ex-post co-reflection in which the process’ participants identify the benefits and 

trade-offs triggered by the design and evolution of the co-production approach taken.  

Building on the two climate risk knowledge co-production studies, I identify a need for 

critically reflecting on knowledge diversity within inter- and transdisciplinary settings. To do so, 

                                                
1 A graphic summary in the form of a comic strip was developed for the training workshop 

“Preparing for your PhD Thesis”, provided by TPM Science on September 25, 2025. See Appendix 1. 
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I developed a methodology to visualize and assess how a diverse group of specialists, 

including both researchers and practitioners, understand the impacts of pluvial flooding in 

different ways. Conceptualizing knowledge diversity as the variability in the individual 

understandings of an urban system’s components and interconnections, I rely on a complex 

systems mapping approach capable of capturing the complex, interconnected ways in which 

different knowledge holders understand flood risk. Specifically, in this third case study, I elicit 

the mental models of interviewees through a fuzzy cognitive mapping exercise, which I then 

compare and analyze through a social-ecological-technological systems (SETS) lens. 

Based on learnings throughout the above case studies, I propose an expanded framing 

of climate risks that incorporates indirect exposures of society to flooding through potential 

disruptions of critical infrastructures and services. While experimental, this fourth case study 

aims to trigger future conversations focused on further developing knowledge in relation to 

cascading impacts and their impacts on vulnerable communities. 

Taken together, these four case studies contribute to the field of climate adaptation 

planning by providing transferable lessons on the role that knowledge co-production can play 

as part of addressing the justice, usability, and complexity challenges inherent to climate risk 

assessments. Consequently, this dissertation intends to narrow the gap between science-

driven climate risk analysis and climate adaptation planning, by improving the salience, 

legitimacy, and credibility of the co-produced knowledge, while making the distributional 

consequences of climate risks more visible and actionable. 

Keywords: Climate change adaptation; Knowledge co-production; Urban planning; Climate 

services; Climate risks; Vulnerability; Knowledge diversity, Cities.  
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NYC FVI: New York City Flood Vulnerability Index. 
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SRP: Stormwater Resiliency Plan. 

SVI: Social Vulnerability Index. 
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UGI: Urban Green Infrastructure. 

USA: United States of America. 
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VIF: Variance inflation factor.  
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Chapter I: Introduction 

I.1. General Aim 

This dissertation seeks to advance the generation and uptake of climate risk 

knowledge in order to better inform climate adaptation planning decisions in cities. Framing 

climate adaptation as a cyclical, phased process that includes understanding the problem, 

planning for adaptation, and managing interventions designed in response (Figure 1) (Gray 

et al., 2014; Moser & Ekstrom, 2010), this dissertation focuses on developing approaches 

within the understanding phase and its links with the planning of adaptation interventions. At 

this stage, the generation of risk knowledge faces critical challenges that, if left unaddressed, 

may lead to partial problem framings and the generation of knowledge in a form that lacks 

relevance, credibility, and/or legitimacy to make it usable (Cash et al., 2002), which ultimately 

causes a misallocation of resources for risk mitigation and maladaptation (Juhola et al., 2016; 

Schipper, 2020). These challenges, which I summarize through the thematic pillars of 

complexity, justice, and usability (Figure 2 in Section I.4), require climate risk assessments 

to engage with multiple knowledge systems, including non-academic groups such as civic 

organizations, communities, and policy makers who may be targeted as end-users of the risk 

knowledge to be produced (Lemos et al., 2012). Thus, I propose relying on (risk) knowledge 

co-production and systems-based approaches to tackle the challenges inherent to the 

understanding phase of adaptation planning (Bremer et al., 2019; Cavallo & Ireland, 2014). 

Throughout this dissertation, I draw lessons from co-producing risk knowledge with diverse, 

inter- and transdisciplinary partners, developing shared tools that support risk-based 

adaptation decisions and advocacy. 

In the upcoming sections, I outline the theoretical underpinnings anchoring the three 

challenges identified (Section I.2), to then proceed with the formulation of specific objectives 

that operationalize the empirical approaches through which I pursue this aim. 
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Figure 1: Climate Change Adaptation Planning Cycle as operationalized by Gray et al. (2014) and 

Moser and Ekstrom (2010). This dissertation focuses on the co-production of risk knowledge, which is 

key in determining steps 1-4 (in red). 
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I.2. Theoretical Background 

I.2.1. Climate change in cities: a call for risk-based adaptation 

 Even under scenarios of significant emissions reductions, the coming decades of 

climate change are locked-in due to the impacts of cumulative emissions, as well as the 

delayed stabilization of the global earth system (IPCC, 2023a). Consequently climate-driven 

extreme weather events such as heatwaves, droughts, extreme precipitation, and hurricanes 

will continue to increase in frequency and intensity (IPCC, 2023c).  

In 2008, the United Nations Population Division reported that more than half of the 

planet’s population lived in cities, with sharp increases projected especially for the Global 

South (United Nations, 2008, 2019). By 2040, urban areas built in the 21st century are 

projected to exceed the extent of those built in all of previous history (Seto et al., 2013), further 

illustrating the magnitude of urbanization rates in the Anthropocene (Steffen et al., 2015) and 

the urgent need of centering climate change adaptation planning and urban management 

around reducing the risks derived from extreme weather events (Kettle et al., 2014; Sainz de 

Murieta et al., 2021).  

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change 

(IPCC) defines climate risks as the interactions between hazards, exposure, vulnerability, and 

adaptation responses (IPCC, 2023b). The IPCC defines hazard as “the potential occurrence 

of a natural or human-induced physical event or trend that may cause loss of life, injury, or 

other health impacts, as well as damage and loss to property, infrastructure, livelihoods, 

service provision, ecosystems and environmental resources”, exposure as “the presence of 

people; livelihoods; species or ecosystems; environmental functions, services, and resources; 

infrastructure; or economic, social, or cultural assets in places and settings that could be 

adversely affected”, and vulnerability as “the propensity or predisposition to be adversely 

affected [...], including sensitivity or susceptibility to harm and lack of capacity to cope and 

adapt” (IPCC, 2023b, p. 5). Adaptation responses were incorporated into the IPCC’s 

framework in order to explicitly account for their potential undesired effects and trade/offs. For 

instance, response risks “can originate from uncertainty in implementation, maladaptation, 

action effectiveness, technology development or adoption, or transitions in systems” (IPCC, 

2023b, p. 147), as well as “be related to regulation, litigation, competition, sociopolitics or 

reputation” (IPCC, 2023b, p. 147). Climate change adaptation in cities, thus, involves 

navigating and managing the systemic interactions and trends that drive the different risk 

components. 
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The evolution and influence of hazard, exposure, vulnerability, and adaptation 

responses result from path dependencies linked to formal and informal social, economic, 

geographic, demographic, cultural, institutional, governance, and ecological processes (IPCC, 

2012). Consequently, hazard, exposure and vulnerability are spatially explicit, and their 

distribution must be taken into consideration when planning, designing, and prioritizing climate 

change adaptation interventions. In this dissertation, I use the term “risk knowledge” as an 

umbrella concept referring to the various types and sources of information used to represent 

and act upon climate risks in the context of urban climate change adaptation.  

I.2.2. Navigating the complexity of climate risks in cities: interdependence of social-

ecological-technological systems 

Cities are complex, interconnected, dynamic systems (Brelsford et al., 2024; 

McPhearson et al., 2016), requiring climate risk assessments to account for the multiple 

interacting domains (i.e. sectors, land uses, infrastructures, etc.) through which exposures and 

vulnerabilities are shaped, as well as the potential cascading effects of adaptation 

interventions (Cavallo & Ireland, 2014; da Silva et al., 2012; Masson et al., 2014). Yet, climate 

risk assessments tend to tackle risks at siloed, sectoral levels, generating partial 

representations of urban risk knowledge that ignore cross-sectoral cascading impacts and 

undesired effects of adaptation policies, potentially leading to maladaptation and technological 

lock-in situations (Dawson, 2015; Fisher et al., 2026; Schipper, 2020). 

Over the last decade, the conceptualization of cities as social-ecological-technological 

systems (SETS) has emerged as a promising integration of social-ecological and social-

technological systems scholarships (Markolf et al., 2018). Approaches to climate adaptation 

planning through a SETS lens imply recognizing not only the variety of components that lie 

within social, ecological, and technological domains, but also their inter- and intra-domain 

interactions across system components (also defined as couplings) (Egerer et al., 2021; 

McPhearson et al., 2021). For instance, significant literature emerging from the SETS 

scholarship calls for Nature-based Solutions (NbS) planning to acknowledge that urban 

ecosystems must be supported by technological (i.e., physical and digital infrastructures) and 

socioeconomic (i.e., legislation, values, governance systems) factors in order to provide 

benefits that can be accrued equitably (Keeler et al., 2019; McPhearson et al., 2022). 

Understanding the complex impacts of climate change and informing just solutions is 

knowledge intensive. Driven by systemic complexity, climate trends and their impacts on cities 

are inherently uncertain not only due to the persistence of known unknowns, but also due to 

conflicting values, lived experiences, and visions that clash through the relational dynamics of 

decision-making processes (Brugnach et al., 2025). Making sense of complex SETS and 
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managing them requires transitioning from a focus on controlling urban systems towards 

navigating their entanglement. Chester et al. (2023) point at this shift in paradigms by 

acknowledging urban systems as complex, highly uncertain systems whose social, ecological, 

and technological domains cannot be managed separately. Because systemic 

interdependencies cross institutions and knowledge domains, risk knowledge is distributed 

across agencies, operators, experts, and communities. Approaching SETS as entangled 

systems, thus, calls for climate adaptation planning scholars and practitioners to embark on 

an epistemological shift that emphasizes the collaboration of plural and diverse knowledge 

systems.  

By embracing plurality and diversity, managing entangled SETS also involves 

accounting for information and perspectives that fall outside of standard quantitative and 

measurable aspects that tend to dominate the resilience space (Carpenter et al., 2009; 

Oppenheimer et al., 2007; Tepes & Neumann, 2020). As explained by Chester et al. (2023, p. 

6): “A SETS perspective views knowledge as more than data and information that feeds into 

a decision process, but as deeply entangled with the shared values, worldviews, politics, and 

identity of the people and groups that design and manage an organization. Thus, knowledge 

is both an outcome of the normative and sensemaking processes of the organization and it 

creates the conditions for it. This is the reason why the overreliance of our current urban 

governance systems - particularly those that manage infrastructure - on the logics and 

reasoning styles of techno-scientific knowledge can create the normative and empirical illusion 

that we can control isolated domains”. This stance positions SETS-based climate adaptation 

within a post-normal frame, where high stakes and high uncertainties call for the integration of 

diverse perspectives, expertises, and experiences, including those held by non-academic 

actors, that may have a stake in the problem at hand and/or be affected by the solution 

(Funtowicz & Ravetz, 1993). Such a stance serves the justification of both inter- and 

transdisciplinary approaches to understanding and governing urban climate risks. 

I.2.3. Justice implications of urban climate risks: uneven impacts and risks of maladaptation 

Given the socio-spatial inequalities by which extreme weather events 

disproportionately affect vulnerable populations, the distribution of hazard, exposure, and 

vulnerability are especially important (Levy & Patz, 2015; Otto et al., 2017; Reckien et al., 

2017; Yang et al., 2021). For instance, evidence shows that low-income, under-resourced, 

and racialized communities are unevenly exposed to extreme weather events such as 

heatwaves and flooding (Carvalho et al., 2022; Chakraborty et al., 2019; J. Chambers, 2020; 

Hoffman et al., 2020; Reckien et al., 2017; Rentschler et al., 2022; Tate et al., 2021; Wing et 

al., 2022). These overlaps are not casual. For example, the distributions of climate risks in the 
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United States of America (USA) have been correlated with legacies of segregation such as 

redlining, a practice dating back to the 1920s by which lenders refused to provide mortgages 

in black neighborhoods (Conzelmann et al., 2023; Hoffman et al., 2020; Rothstein, 2017). The 

USA example further illustrates the path dependencies of vulnerability (besides exposure), as 

the impacts of housing segregation on economic inequality live on to this date (Mitchell & 

Franco, 2018). Additional evidence linking drivers of exposure and vulnerability to extreme 

weather events exists for other parts of the world (Fatima et al., 2025; West et al., 2025). 

When not explicitly accounting for the distributional injustices of the impacts of extreme 

weather events, climate adaptation planning risks replicating and amplifying them further 

(Anguelovski et al., 2016). For example, the ecosystem services community has recurrently 

pointed at the maldistribution of the benefits provided by urban green spaces (Aznarez et al., 

2024; Baró et al., 2019; Herreros-Cantis & McPhearson, 2021; Hoover et al., 2021; 

Langemeyer et al., 2020; Nazmul Haque & Sharifi, 2024). More recently, similar insights have 

emerged regarding the planning and implementation of climate shelters (Ahn & Chae, 2018; 

Amorim-Maia et al., 2023; Mombelli et al., 2026). While distributional justice assessments tend 

to focus on direct exposures to climate hazards (Herreros-Cantis et al., 2020; Kaźmierczak & 

Cavan, 2011; Maantay et al., 2010; Moreira et al., 2021b; Tate et al., 2021), indirect exposures 

that may result from cascading impacts and critical service disruptions (i.e. those through 

which an impact is caused without having direct contact with the hazard) are an additional 

source of uneven impacts that requires further consideration in climate adaptation planning 

(Anderson et al., 2024; Arrighi et al., 2021; Hammond et al., 2015). 

In addition to distributional justice, environmental justice dimensions such as 

procedure and recognition are critical to understand the ways in which vulnerable groups are 

disproportionately impacted by climate-driven extreme weather events, as well as how climate 

adaptation planning tends to overlook their needs in the problem framing stage (Chu & 

Cannon, 2021; Klein et al., 2018; Schlosberg, 2007, 2013). Procedural justice refers to the 

degree to which stakeholders are provided or neglected with opportunities to frame, participate 

in, and influence environmental decision-making processes (Hughes & Hoffmann, 2020; 

Walker, 2009). For example, procedural injustice occurs when “the process by which decisions 

are made is not inclusive and fair in terms of who is impacted by a given regulation; who is 

given voice in decision-making; and who can access relevant information” (Langemeyer & 

Connolly, 2020, p. 7). Recognitional justice raises deeper questions about how different the 

needs, values, preferences, and epistemologies of different groups are valued in a region, 

policy, or program, considering the historical context (Hughes & Hoffmann, 2020; Walker, 

2009). Recognitional injustice occurs when “a group’s interests and values are systematically 
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excluded from decision-making about the resources of society that allow for human flourishing” 

(Langemeyer & Connolly, 2020, p. 7). Navigating procedural and recognitional justices in 

climate adaptation requires engaging with multiple ways of knowing. From an epistemological 

perspective, this implies recognizing that complex problems must be understood through the 

accommodation and integration of insights rooted in plural disciplines and worldviews (Miller 

et al., 2008).  

While some improvements have been reported in the inclusion and equity criteria of 

adaptation plans, including the participation of vulnerable communities, these advancements 

are still considered limited or incremental (Araos et al., 2021; Bennett et al., 2016; Chu & 

Cannon, 2021; Grabowski et al., 2022, 2023; Granberg & Glover, 2021; Juhola et al., 2022). 

For adaptation planning to become more just, underrepresented groups need to be included 

in decision making processes in ways that align with procedural and recognitional justice (i.e., 

beyond tokenistic consultation or representation) (Chu & Cannon, 2021; Galende-Sánchez & 

Sorman, 2021; Klenk et al., 2017; Woodruff et al., 2022). Epistemic pluralism is not only a 

methodological choice, but a commitment to whose knowledge is recognized and allowed to 

shape knowledge development that leads to action (Castán Broto et al., 2022; Fricker, 2007, 

2013). Shallow, consultation-based inclusion has limited capacity to increase the justice of the 

outcomes of adaptation plans (Schlosberg et al., 2017), even when equity is mentioned as a 

key driver of the planning process (Fainstein, 2018; Fainstein & Lubinsky, 2020).  

I.2.4. The usability gap of risk knowledge 

The last two decades have seen significant advances in the mapping of climate risks 

through risk and/or vulnerability assessment frameworks that aggregate exposure and 

vulnerability indicators into indices or rankings (Bukvic et al., 2020; de Sherbinin et al., 2019; 

Li et al., 2022; Moreira et al., 2021b, 2021a; Preston et al., 2011). Despite significant research 

advances in the incorporation of complexity and justice in climate risk research, as well as in 

the interest of local-level decision-makers in increasing their reliance on scientific knowledge, 

a gap between climate risk knowledge production and use for adaptation planning persists 

(Lemos et al., 2012). For instance, research shows that even when urban green infrastructure 

planning in the USA mentions the need of addressing environmental justice issues, siting and 

design criteria remain technocratic in prioritizing cost-efficiency (Hoover et al., 2021). In 

instances where city governments show an understanding of the problem, implementation and 

monitoring of risk-informed climate adaptation may also lack depth (Sainz de Murieta et al., 

2021).  

Risk knowledge must be fit for decision making processes to effectively inform climate 

adaptation planning. Several barriers have been pointed at to explain the limited translation of 
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risk knowledge into action (Lemos et al., 2012). As reported by Panwar et al. (2024), 

practitioners point at barriers such as lack of resources, inadequacy and low applicability of 

the information, constraints by norms and regulations that filter the type of information they 

can use, poor communication, inaccessibility to information, and timing as the main barriers 

to the incorporation of risk knowledge. Attention must be paid to the political, economic, 

sociological, and institutional factors that drive the uptake of scientific information at a local 

level (Nightingale, 2017).  

The usability of scientific knowledge is dependent on how end-users perceive its 

credibility, salience, and legitimacy (Cash et al., 2002, 2003; Crimmins et al., 2025). While 

scientists have traditionally focused mainly on credibility, research and practice over the last 

decades have illustrated the importance of balancing the three principles to ensure the 

incorporation of scientific knowledge into sustainability planning (Cash et al., 2002). As per 

Cash et al. (2002, 2003), credibility refers to the degree to which scientific information is 

perceived as authoritative, believable, and trustable in its scientific adequacy. Salience refers 

to how relevant the scientific information to decision-makers, as well as its timely delivery to 

them. Legitimacy refers to the fairness of the process leading to the generation of scientific 

information, respecting the values, perspectives, and beliefs of different actors. Legitimacy, 

thus, bridges procedural and recognitional aspects of environmental justice to the usability of 

risk knowledge for different actors.  

Producing credible, salient, and legitimate climate risk knowledge requires balancing 

perceptions on technical adequacy with others such as relevance, timing, applicability, 

inclusiveness, and fairness (Lemos et al., 2012, 2018; Vincent et al., 2018). Consequently, 

engaging diverse knowledge systems is critical not only for understanding risks, but also to 

co-define the information needs regarding content, format, timing, and access, among others. 

I.2.5. Knowledge co-production as a way for tackling urban adaptation challenges 

While the above listed challenges may not constitute an exhaustive list, they point 

towards the need for tackling urban adaptation planning through inter- and transdisciplinary 

knowledge co-production. Knowledge co-production may be broadly defined as “an iterative, 

collaborative process in which knowledge is produced and integrated through the involvement 

of a variety of participants (scientists, civil society, policy-makers, etc.)” (Olazabal et al., 2018; 

Wyborn et al., 2019, as cited in Herreros-Cantis et al., 2024, p. 2). It must be noted, however, 

that knowledge co-production for climate change research and sustainability tends to be 

anchored to different conceptualizations depending on multiple factors such as the ultimate 

goals for co-producing, the academic tradition behind the research, the approaches taken to 
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handle inclusiveness, and what criteria defines what “good” co-production is (Bremer et al., 

2019; Bremer & Meisch, 2017; J. M. Chambers et al., 2021).  

Regarding urban complexities, knowledge co-production may support the integration 

of diverse knowledge systems that are needed to grasp the systemic interactions that drive 

the behavior of complex urban systems (Feagan et al., 2019). For instance, works like Tepes 

and Neumann (2020), Olazabal et al. (2018), and Schwermer et al. (2021) have been able to 

unveil multiple, complementary, and sometimes contradictory perspectives held by diverse 

academic and non-academic experts on complex challenges such as urban resilience for 

stormwater management, risks and adaptations against extreme heat, and fisheries 

management. Additional processes have also focused on integrating knowledge to develop a 

systemic understanding that accounts for the interactions across domains in social-ecological 

systems (SES) and SETS (Gray et al., 2015; Helmrich et al., 2023; Schwermer et al., 2021). 

Longer co-production processes focused on informing planning decisions by developing 

models capable of simulating the behavior of the interdependencies identified through 

knowledge integration (Coletta et al., 2021, 2024, 2025; Dutta et al., 2025).  

Although co-producing complexity-aware risk knowledge is often justified by the need 

to integrate knowledge and better understand urban systems, a gap remains in translating 

systems understanding into adaptation planning. The integration of diverse knowledge 

systems is considered key, yet few methods allow for critically assessing the position of 

institutions within the epistemological landscapes of urban SETS (Chester et al., 2023). 

Without this critical step, inter- and transdisciplinary teams risk overlooking the effectiveness 

of their perceived knowledge diversity. 

Knowledge co-production is also useful for navigating climate adaptation justice by 

enabling the integration of local knowledge into climate adaptation planning processes, 

consequently expanding the knowledge base, enriching the understanding of climate risks and 

their unevenly distributed impacts, and improving the procedural justice of adaptation planning 

processes by including commonly excluded actors and underserved communities (Corburn, 

2003; Kotsila et al., 2025; Schlosberg et al., 2017). For example, recent work has pointed at 

knowledge co-production as a critical factor to ensure that managed retreat policies are 

implemented in a just manner by incorporating the uneven impacts that coastal flooding and 

relocation (as an adaptation measure) have on local populations (Tubridy et al., 2022). There 

is, however, a need to further foster the participation of vulnerable and commonly excluded 

actors such as civic organizations to move beyond tokenism or extractivism towards 

empowering them with risk knowledge that may serve their needs and their advocacy efforts 

(Klenk et al., 2017). While risk knowledge co-production may be able to tackle epistemic 
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injustices related to the isolation of stakeholders who lack access to tools and knowledge (e.g., 

facilitating access to geospatial tools, data, and literature) (Bilotta et al., 2015; Overpeck et al., 

2011; Preston et al., 2011), climate risk assessments remain highly focused on serving 

technical purposes while overlooking opportunities for empowerment through knowledge and 

data sovereignty (Nizamani et al., 2026).  

Finally, knowledge co-production has been long considered key to elevating the 

credibility, salience, and legitimacy of scientific information (Lemos et al., 2012, 2018; Vincent 

et al., 2018). In this context, knowledge co-production is elevated in its potential capacity to 

bridge knowledge “producers” and “users”, thus ensuring that information is perceived as 

useful and usable. However, evidence linking co-production to the uptake and impact of co-

produced knowledge remains scarce, and scholars have pointed at a need for further empirical 

evaluations (Lemos, 2015; Olazabal et al., 2025; Porter & Clark, 2023). 

In knowledge co-production, the generation of usable risk knowledge has been widely 

operationalized within the field of climate services (André et al., 2023; Vincent et al., 2018), 

which are defined as tools that “provide people and organizations with timely, tailored climate-

related knowledge and information that they can use to reduce climate-related losses and 

enhance benefits, including the protection of lives, livelihoods, and property” (Vaughan & 

Dessai, 2014, p. 588). Primarily focused on guaranteeing the usability of knowledge, climate 

services co-production tends to focus on improving the flow from information production to 

decision making (Giordano et al., 2020). When co-produced, climate services can play a key 

mediating role in shaping the risk narratives intended to inform climate adaptation planning 

(Hegger et al., 2012). Thus, co-produced climate services tend to be framed as “boundary 

objects”, or “entities that span and bridge the boundary between social worlds, and facilitate 

communication across groups” (Neset et al., 2021, p. 2).  

However, despite the perceived benefits of transdisciplinary research as key levers to 

tackle complex challenges (Max-Neef, 2005; Wyborn et al., 2019), several challenges arise 

from the ambitions of knowledge co-production. Scholars have raised concerns about 

narrowing the definition of co-production to an information exchange catalyst (i.e., a process 

to make knowledge transfer more efficient), risking the replication of pitfalls already identified 

in other fields where co-production may be more theoretically grounded (Bremer et al., 2019; 

Vincent et al., 2018). For instance, while knowledge co-production is considered to increase 

the usefulness and usability of research outputs, it must also navigate the fact that credibility, 

salience, and legitimacy are subjective and may be perceived differently across participants 

(Mansur et al., 2025). In addition, co-production processes require a much higher amount of 

resources than top-down research, especially considering that co-production is commonly 
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conceptualized as cyclical and iterative, spanning beyond single project funding schemes 

(Albert-Fonseca et al., 2025). Thus, actors practicing co-production must navigate limits to 

participants’ capacity to engage, critically reflect on the assumptions driving the process, and 

generate feedback loops that enable follow-ups with participants (Mansur et al., 2025). These 

challenges add to the current difficulties in establishing solid evidence of the widely assumed 

benefits of knowledge co-production - including the question on whether co-produced 

knowledge is more usable (Lemos, 2015; Lemos et al., 2018; Olazabal et al., 2025; Porter & 

Clark, 2023). Consequently, the knowledge base on the types of processes and products that 

result from knowledge co-production needs to be expanded through the reporting of practical 

case studies that link climate services, co-production practice, and scholarship (Boon et al., 

2022, 2024, 2025; Lemos et al., 2018). 

I.2.6. Summary: scientific gaps 

In summary of the theoretical background presented, the following scientific gaps drive 

the structure and approaches of this dissertation:  

- SG1: While knowledge co-production is commonly justified as an avenue for 

integrating diverse knowledge systems in order to develop more holistic and complex 

understandings of urban risks, few diagnostic approaches exist to visibilize and 

critically evaluate knowledge diversity within real knowledge co-production settings. 

- SG2: Despite observed advances in the inclusion of equity criteria in adaptation plans, 

procedural and recognitional dimensions of justice remain underconsidered in climate 

change adaptation planning partly due to limited active efforts to incorporate under-

represented actors in the production of risk knowledge. 

- SG3: Despite the widely anticipated benefits of knowledge co-production, practical 

evidence is still needed to understand how risk knowledge co-production shapes the 

processes and outputs of risk assessments for climate change adaptation planning. 

For instance, additional evidence is needed to better understand the trade-offs that 

may arise during diverse forms of risk knowledge co-production, as well as how risk 

knowledge co-production influences the perceived usability (credibility, salience, and 

legitimacy) of the resulting knowledge. 

- SG4: While direct exposures to climate hazards are commonly considered in the risk 

and distributional justice assessments, indirect exposures linked to the disruption of 

critical services remain underexplored in the production of risk knowledge and climate 

change adaptation planning. 
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These scientific gaps are grounded in the three thematic pillars—complexity, justice, 

and usability—used in this dissertation to structure challenges in climate adaptation planning. 

However, the gaps do not map one-to-one onto a single pillar: 

These gaps are grounded in the three thematic pillars that structure the challenges 

identified in relation to climate change adaptation planning. However, the gaps may not map 

one-to-one onto a single pillar, cutting across multiple dimensions. For instance, SG1 may be 

primarily linked to complexity as it relates to how the need of diverse perspectives to better 

represent entangled urban systems and their interactions. However, it may also relate to 

epistemic justice when applied to the need for tracking the absence (or marginalization) of 

specific knowledge systems in decision-making processes. Similarly, SG4 calls for generating 

risk knowledge that captures systemic interdependencies and cascading impacts, including 

how these processes generate uneven, indirect exposures across communities. 

I.3. Research Objectives And Approaches 

In this work, I aim to advance the generation of risk knowledge for climate adaptation 

planning by incorporating considerations of justice, complexity, and information usability in risk 

assessments (Bai et al., 2025; Lemos et al., 2012). To do so, I rely on knowledge co-

production and systems-based approaches to tackle the challenges inherent to the 

understanding phase of adaptation planning (Cavallo & Ireland, 2014; Gray et al., 2014; Moser 

& Ekstrom, 2010). The following over-arching research question (RQ0) drives this dissertation:  

“How does risk knowledge co-production support climate change 

adaptation planning by producing usable knowledge that better 

accounts for justice and urban-system complexity?” 

In line with the scientific gaps identified, RQ0 is broken down into the following 

research questions:  

RQ1: How do different actors involved in risk knowledge co-production for urban 

adaptation planning differently frame the social, ecological, and technological 

interactions of risk and adaptation? 

RQ2: How does the inclusion of commonly under-represented groups in risk 

knowledge co-production processes shape the production of risk knowledge for climate 

change adaptation? 
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RQ3: What additional patterns of risk and distributional justice become visible when 

risk assessments incorporate indirect exposures through disruptions to critical 

infrastructures and essential services? 

RQ4: How does risk knowledge co-production shape perceptions of credibility, 

salience, and legitimacy, and what trade-offs does it introduce? 

The following research objectives are distilled from the research questions laid out in 

order to structure this dissertation by addressing the complexity (C1, C2), justice (J1, J2), and 

information usability (U1) dimensions: 

- C1: To assess how the diversity of knowledge held in inter- and transdisciplinary 

communities leads to multiple, complementary framings of climate risk based on 

differing perceptions of an entangled SET system. 

- C2: To operationalize systems-based, city-scale risk assessments that incorporate 

indirect, cascading exposures via disruptions to critical infrastructure and essential 

services. 

- J1: To incorporate dimensions of procedural and recognitional justice into the 

generation of risk knowledge by elevating under-represented actors in the co-

production process. 

- J2: To produce risk knowledge that makes uneven impacts visible and comparable for 

prioritization, supporting the integration of distributional justice into climate adaptation 

planning. 

- U1: To elicit evidence and lessons linking risk knowledge co-production processes and 

knowledge usability. 

This dissertation provides multiple contributions to the broader field of risk-based 

climate adaptation planning. First, it explores how integrating diverse knowledge systems 

through knowledge co-production may lead to producing more just, complexity-aware, and 

usable risk knowledge for informing adaptation planning (Jurgilevich et al., 2017). By providing 

joint reflections of agents involved in co-production on the lessons learned from two applied 

case studies, it contributes to the underdeveloped empirical evidence base of how co-

production shapes not only its final products (e.g., reports, maps, risk assessments), but also 

the process itself through which diverse stakeholders and researchers relate and interact 

(Lemos et al., 2018; Vincent et al., 2018). Second, this dissertation critically engages with the 

role that knowledge diversity (in the form of interdisciplinarity and epistemic pluralism) plays 
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in shaping the richness of problematizations present in a given co-production process, driving 

knowledge gaps, bias, and persistent narratives (Aminpour et al., 2020, 2022; J. M. Chambers 

et al., 2021; Olazabal et al., 2018; Schwermer et al., 2021; Tepes & Neumann, 2020). Third, 

this dissertation explores avenues for expanding mainstream risk assessment frameworks by 

incorporating systemic and indirect exposures to pluvial flooding, an understudied flooding 

type due to its inherent data and computational challenges (Arrighi et al., 2021; Bachner et al., 

2024; Logan & Guikema, 2020; Rosenzweig et al., 2020, 2024). To develop these 

contributions, I:  

- Co-led a co-production cycle to assess and visualize distributional dimensions of 

pluvial flood and health risk in Milwaukee, partnering with place-based environmental 

justice organizations. The work co-scoped indicators and maps and produced a public 

story map to support advocacy and local decision making—advancing procedural and 

recognitional justice. 

- Co-led a co-production cycle to design, test, and deliver a usable flood vulnerability 

assessment tool, partnering with multiple city agency stakeholders. The process 

emphasized method transparency and decision-readiness, aligning with agency 

workflows and timelines, advancing salience, credibility, and legitimacy. 

- Developed a novel methodology that combines complex systems mapping techniques 

in the form of fuzzy cognitive mapping (FCM) with a SETS lens to examine the diversity 

of problematizations of flood risk in an inter- and transdisciplinary research-practice 

community in New York City.  

- Proposed an expanded approach to assessing flood risk by developing an 

experimental pluvial flood risk assessment that incorporates indirect exposures of 

people and critical infrastructures in order to better represent the multi-faceted 

channels through which the impacts of extreme weather events may reach urban 

residents.  

Together, these approaches advance the development, organization and governance 

of risk knowledge for climate change adaptation planning. In addition, they tackle gaps related 

to the persistence of knowledge blind spots in co-produced problem framings and to the 

underconsideration of indirect impacts of extreme weather events.  
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I.4. Case Study Description 

Building upon the background and research gaps highlighted above, the general aim 

of this dissertation is to examine the potential contributions of risk knowledge co-

production - institutionalized through climate services as boundary objects - and 

systems-informed approaches to climate adaptation planning. This PhD dissertation is 

organized in 4 empirical case studies organized in 4 chapters. Each chapter approaches the 

research objectives identified (Table 1). Figure 2 shows the placement of each chapter within 

the dissertation’s general aim. 
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Table 1: Summary of case studies presented in this dissertation, research objectives that apply, and 

general methods employed. Research objectives are grouped under the dimensions tackled in this 

dissertation: complexity (C1, C2), justice (J1, J2), and information usability (U1). 

Chapter Description Research Objective Methods 

II Co-production of a climate 
service in collaboration 
with local environmental 
justice organizations to 
support advocacy in 
climate adaptation 
planning. 

Case Study Location: 
Milwaukee (USA). 

J1: To incorporate 
dimensions of procedural and 
recognitional justice into the 
generation of risk knowledge 
by elevating under-
represented actors in the co-
production of risk knowledge. 

J2: To produce risk 
knowledge that makes 
uneven impacts visible and 
comparable for prioritization, 
supporting the integration of 
distributional justice into 
climate adaptation planning. 

U1: To elicit evidence and 
lessons linking risk 
knowledge co-production 
processes and knowledge 
usability. 

Geographic information 
systems (GIS)-based 
exposure & vulnerability 
assessment. 

Flood hazard modelling. 

Workshopped co-
production with a focus 
on “empowering voices” 
(Chambers et al., 2021). 

III Co-production of a climate 
service in collaboration 
with city agency 
stakeholders to support 
climate adaptation 
planning. 

Case Study Location: New 
York City (USA). 

U1: To elicit evidence and 
lessons linking risk 
knowledge co-production 
processes and knowledge 
usability. 

J2: To produce risk 
knowledge that makes 
uneven impacts visible and 
comparable for prioritization, 
supporting the integration of 
distributional justice into 
climate adaptation planning. 

GIS-based exposure & 
vulnerability assessment. 

Structured co-reflection 
on the impact of co-
production principles on 
process and product 
(Vincent et al., 2018). 

Workshopped co-
production with a focus 
on “researching 
solutions” (Chambers et 
al., 2021). 

IV Knowledge diversity 
assessment in a local inter- 
and transdisciplinary 
climate research space. 

Case Study Location: New 
York City (USA). 

C1: To assess how the 
diversity of knowledge held in 
inter- and transdisciplinary 
communities leads to 
multiple, complementary 
framings of climate risk 
based on differing 
perceptions of an entangled 
SET system. 

Individual interviews. 

FCM. 

SETS-based Network 
Analysis. 
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Chapter Description Research Objective Methods 

V Critical infrastructures and 
services pluvial flood risk. 

Case Study Location: New 
York City (USA). 

C2: To operationalize city-
scale risk assessments that 
incorporate indirect, 
cascading exposures into risk 
via disruptions to critical 
infrastructure and essential 
services. 

J2: To produce risk 
knowledge that makes 
uneven impacts visible and 
comparable for prioritization, 
supporting the integration of 
distributional justice into 
climate adaptation planning. 

GIS-based pluvial flood 
risk assessment. 
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Figure 2: Allocation per chapter according to the research objectives. Research objectives are grouped under the dimensions tackled in this dissertation: 

complexity (C1, C2), justice (J1, J2), and information usability (U1). The sketch corresponding to research objective C2 (top left) is derived under informed 

consent from original work by Virpi Oinonen found at https://www.businessillustrator.com/product/complexity-cartoon.
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Chapter II: Co-producing research and data 

visualization for environmental justice 

advocacy in climate change adaptation: The 

Milwaukee Flood-Health Vulnerability 

Assessment2 

II. Abstract 

Cities in the world are experiencing increases in the severity of extreme weather 

events, leading to significant threats for urban dwellers. Ensuring an equitable implementation 

of risk reduction interventions requires considering the uneven distributions of risk. However, 

adaptation planning often fails to adequately consider the distributional injustices of risk, 

potentially reproducing spatial inequalities. Current forms of engagement hinder the effective 

contribution of local stakeholders to the development of risk assessments for the design of 

interventions. Here, we present a co-production process in which place-based advocacy 

organizations and healthcare practitioners actively participate in the identification of flooding 

exposure and vulnerability priority areas. The process is applied in Milwaukee, WI, where we 

developed the Milwaukee Flood-Health Vulnerability Assessment (FHVA) to identify priority 

areas for implementing stormwater management strategies including nature-based solutions 

such as urban green infrastructure. We discuss the process underpinning the analysis and the 

development of dissemination tools that enable advocacy organizations, urban planners, and 

policy makers to make use of the FHVA. We find co-production to be a critical component of 

making vulnerability and exposure analyses useful both for policy makers and stakeholders in 

need of usable scientific information to support advocacy on equitable adaptation. 

Keywords: Knowledge co-production; Vulnerability; Flood risk; Distributional justice; Climate 

change adaptation. 

  

                                                
2 This chapter corresponds to the following publication: Herreros-Cantis, P., Hoffman, L., Kennedy, C., 
Kim, Y., Charles, J., Gillet, V., Getzin, A., Littlefield, D., Zielinski, A., Bernstein, J., Settle-Robinson, R., 
Langemeyer, J., Neumann, M. B., & McPhearson, T. (2024). Co-producing research and data 
visualization for environmental justice advocacy in climate change adaptation: The Milwaukee Flood-
Health Vulnerability Assessment. Cities, 155, 105474. https://doi.org/10.1016/j.cities.2024.105474 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flood
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/stormwater-management
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/green-infrastructure
https://doi.org/10.1016/j.cities.2024.105474
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II.1. Introduction 

Observed and projected increases in the frequency and intensity of extreme weather 

events (IPCC, 2022; Reichstein et al., 2021; Webster et al., 2005) pose an urgent challenge 

to urban planners and decision makers. Globally, reported disaster losses showed a sevenfold 

increase between 1970 and 2019 (World Meteorological Organization, 2021), with an 

estimated US$ 143 billion in damages by extreme weather events attributable to climate 

change every year (Newman & Noy, 2023). By 2049, annual damages are estimated to reach 

$38 trillion (Kotz et al., 2024). In the United States (U.S.), an annual average of 4.8 flooding 

and severe storm events incurring costs higher than one billion dollars occurred during the 

period 1980–2022, whereas when considering the most recent period (e.g. 2017–2022), the 

annual average escalates to 12 (NOAA NCEI, 2023). In addition to climate change, the 

growing impacts from extreme weather events result from compounded changes in exposure 

and vulnerability to events, which tends to be higher in urban areas (Byers et al., 2018; Clarke 

et al., 2022; Güneralp et al., 2015; IPCC, 2012; McPhillips et al., 2018; Thaler et al., 2018). 

Consequently, reducing urban risks towards extreme weather events has become critical to 

adapt cities to climate change through planning and management (da Silveira et al., 2018; 

Olazabal et al., 2019; Sainz de Murieta et al., 2021). 

Adaptation planning is at risk of reproducing and exacerbating socio-spatial 

inequalities due to the highly technocratic and managerial approaches (i.e. overemphasizing 

regulatory, financial, and engineered interventions) which ignore the well-documented 

distributional injustices of extreme weather events (Araos et al., 2021; Chu & Cannon, 2021; 

Juhola et al., 2022; Meerow & Newell, 2019; Shi et al., 2016; Swanson, 2021). Extreme 

weather events are also known to disproportionately affect vulnerable people and communities 

(Levy & Patz, 2015; Otto et al., 2017; Reckien et al., 2017; Yang et al., 2021). Studies 

accounting for the distributions of the different components of risk (i.e. hazard, exposure, and 

vulnerability - see Table 1 for definitions) illustrate the uneven exposure of low-income and 

under-resourced groups to natural hazards (Carvalho et al., 2022; T. Chakraborty et al., 2019; 

J. Chambers, 2020; Reckien et al., 2017). In the United States, these differential exposures 

have also systematically unveiled a racial bias by which Black, Indigenous People of Color 

(BIPOC) are more exposed to hazards (Hoffman et al., 2020; Tate et al., 2021; Wing et al., 

2022) as well as being more deprived of urban green spaces capable of mitigating them 

(Grove et al., 2018; Herreros-Cantis & McPhearson, 2021; Hoffman et al., 2020; Rigolon, 

2016). 



P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

30 
 

Table 1: Definitions of risk, hazard, exposure and vulnerability according to the IPCC (2012, p. 32). 

Risk “The likelihood over a specified time period of severe alterations in the 

normal functioning of a community or a society due to hazardous physical 

events interacting with vulnerable social conditions, leading to widespread 

adverse human, material, economic, or environmental effects that require 

immediate emergency response to satisfy critical human needs and that 

may require external support for recovery” 

Hazard “The potential occurrence of a natural or human-induced physical event that 

may cause loss of life, injury, or other health impacts, as well as damage 

and loss to property, infrastructure, livelihoods, service provision, and 

environmental resources”. 

Exposure “The presence (location) of people, livelihoods, environmental services and 

resources, infrastructure, or economic, social, or cultural assets in places 

that could be adversely affected by physical events and which, thereby, are 

subject to potential future harm, loss, or damage”. 

Vulnerability “The characteristics of a person or group and their situation that influences 

their capacity to anticipate, cope with, resist, and recover from the adverse 

effects of physical events”. 

Procedural and recognitional dimensions of justice, when not considered, may limit 

positive impacts of actions addressing distributional justice, such as actions intended to reduce 

disproportionate impacts that vulnerable communities experience from extreme weather 

events (Chu & Cannon, 2021; Klein et al., 2018). Procedural justice is associated with the 

inclusion or exclusion of specific actors in the decision-making process (Hughes & Hoffmann, 

2020). Recognitional justice delves deeper into the uneven burdens of climate change and 

adaptation planning by questioning which groups may be treated differently in a social, 

political, or geographic context based on the local historical contexts that may have created 

inequities in the first place (Hughes & Hoffmann, 2020). 

Including underrepresented groups is key for improving the procedural and 

recognitional justice dimensions of adaptation planning (Chu & Cannon, 2021; Woodruff et al., 

2022). Promising yet limited improvements have been observed in the inclusion of justice and 

equity criteria as well as public participation in adaptation planning (Araos et al., 2021; Bennett 

et al., 2016; Chu & Cannon, 2021; Grabowski et al., 2023; Granberg & Glover, 2021; Juhola 

et al., 2022). Most participation efforts remain limited to consultation processes through which 

participants are informed about a particular topic and express their opinions and views 
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(Galende-Sánchez & Sorman, 2021; Klenk et al., 2017), which only approaches co-production 

in a partial way. When participation is shallow, adaptation plans do not necessarily translate 

into more equitable outcomes even when equity is prominently mentioned (Fainstein, 2018; 

Fainstein & Lubinsky, 2020). Thus, consultation-based engagements have limited capacity to 

increase the justice of adaptation plans due to the participant's low influence on the planning 

processes (Schlosberg et al., 2017). 

Knowledge co-production has emerged as a promising avenue for tackling the equity 

and justice issues linked to adaptation planning (Schlosberg et al., 2017; Tubridy et al., 2022). 

Here, co-production is defined as an iterative, collaborative process in which knowledge is 

produced and integrated through the involvement of a variety of participants (scientists, civil 

society, policy-makers, etc.) (Olazabal et al., 2018; Wyborn et al., 2019). Knowledge co-

production is especially useful when tackling complex, contested, and uncertain challenges 

whose potential solutions may face social, political, and political barriers (Wyborn et al., 2019). 

Chambers et al. (2021) identifies six different modes of knowledge co-production based on 

the way they approach purpose, power, politics, and pathways. The six modes are: (1) 

researching solutions; (2) empowering voices; (3) brokering power; (4) reframing power; (5) 

navigating differences; and (6) reframing agency. Under the second mode, co-production 

focuses on “empowering relatively marginalized actors and including greater social diversity, 

such as by supporting initiatives of local and indigenous communities” (J. M. Chambers et al., 

2021, p. 989). Co-production for empowering voices emerges as an approach to improve 

adaptation planning by enriching the knowledge base, improving procedural justice, and better 

highlighting the distributive (in)justices of environmental risks and solutions (Corburn, 2003). 

In addition, risk knowledge co-production can also reduce the potential marginalization of 

stakeholders who lack the training, resources, and capacity to apply complex geospatial tools 

(Preston et al., 2011), and do not have access to scientific data and literature (Bilotta et al., 

2015; Overpeck et al., 2011). Achieving procedurally just adaptation requires co-production 

engagements to be collaborative and continuous (Juhola et al., 2022), reaffirming 

recommendations for shifting co-production towards a process-centric approach rather than a 

supply-driven one. Embracing the co-production process itself is considered beneficial for 

improving collaboration across participants, exploring relevant needs for the co-production of 

integrated climate information, and increasing individual and institutional capacities (André et 

al., 2023; Daniels et al., 2020; Horcea-Milcu et al., 2024; Vincent et al., 2018; Voinov & 

Bousquet, 2010). Knowledge co-production holds promising potential for addressing justice in 

adaptation planning by facilitating access to knowledge, creating capacities to produce and 
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present new knowledge, and incorporating marginalized voices in the collective production of 

knowledge (Castán Broto et al., 2022). 

Co-production has been widely praised as an approach for supporting the development 

of risk assessments and other types of climate services (André et al., 2023; Vincent et al., 

2018). Climate services are tools that “provide people and organizations with timely, tailored 

climate-related knowledge and information that they can use to reduce climate-related losses 

and enhance benefits, including the protection of lives, livelihoods, and property” (Vaughan & 

Dessai, 2014, p. 588). Recent examples of co-produced climate services for climate change 

adaptation rely on spatial data science and communication tools, such as story maps, to 

communicate the impacts of sea-level rise (Vollstedt et al., 2021), improve the usability of flood 

hazard maps (Luke et al., 2018), guide the prioritization of investments (Hinkel et al., 2023), 

and identify urban resilience strategies for historic areas in cities (Villani et al., 2023). In these 

cases, co-production is broadly framed as the involvement of end-users in order to solve 

barriers to the take up of climate services in decision-making processes. This involves 

improving the usefulness and usability of scientific information by understanding the user's 

needs, incorporating local knowledge, and communicating scientific knowledge in an easier to 

follow manner (Dilling & Lemos, 2011; Lemos et al., 2012). Co-production of climate services, 

thus, tends to focus on improving the efficiency of the flow between information production 

and decision making (Giordano et al., 2020). Recent scholarship, however, highlights the 

narrowness in the applications of co-production to climate services development, calling for 

the incorporation of lessons learned in other science-policy fields in order to avoid replicating 

errors (Bremer et al., 2019; Vincent et al., 2018). These errors include failing to empower 

marginalized actors and relying on co-production as a supply-driven approach over a 

collaborative, process-based one. 

As an example of using co-production to empower marginalized voices, this paper 

introduces a collaborative process involving end-users and domain experts from various 

disciplines and backgrounds to enhance the development of a climate service. The primary 

objective of this exercise is to highlight disparities in flood risk distribution, enabling place-

based environmental justice organizations to better advocate for a more inclusive urban green 

infrastructure (UGI) planning for stormwater management. The project involved a diverse team 

of academics, data scientists, environmental justice advocates, and healthcare practitioners. 

This work led to the release of Milwaukee's Flood Health-Vulnerability Assessment (FHVA), a 

spatially explicit risk analysis communicated through a publicly available story map designed 

to visualize priority areas for adapting to extreme precipitation based on flooding exposure 
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and vulnerability. The assessment is framed within Groundwork USA's Climate Safe 

Neighborhoods (CSN) (Groundwork USA, n.d.), a multi-city initiative aiming to build capacity 

in vulnerable communities to build resilience and self-advocacy against climate change. In this 

study, co-production is tackled as an iterative process in which the team works to identify a 

need, carry out an analysis, and generate a communication tool by combining a diverse range 

of domains, place-specific knowledge, and experience. 

In Section II.2 the case study is presented, highlighting Milwaukee's flooding and UGI 

planning and governance contexts. In Section II.3, we present the different phases of the co-

production process and key decisions that were informed by it. Section II.4 presents the 

outcome of the spatial analysis by presenting the locations identified as exposure and 

vulnerability priority areas. Section II.5 introduces the story map that was developed as a 

climate service for environmental justice advocacy. Section II.6 discusses the FHVA's 

implications in Milwaukee, recent developments in Milwaukee's adaptation planning, and 

transferable benefits and lessons learned from the presented co-production process. 

II.2. Case Study Area 

The city of Milwaukee, WI, is located in the Midwest region of the United States. The 

city is also part of Milwaukee County, a larger separate unit of government that includes other 

municipalities. With a population of 577,222 people (US Census Bureau, 2020b), it is the most 

populated city in the state of Wisconsin. It also has been described as one of the most 

segregated cities in the U.S. (Cheng, 2022; Foltman & Jones, 2019; Spicuzza, 2019). The city 

is observing increases in precipitation due to climate change (Hayhoe et al., 2018; Keuser, 

2014; Schuster et al., 2012), and has experienced flash flooding events that result from a 

combination of extreme precipitation and urban development (i.e. expansion of impervious 

surfaces). According to the Fourth National Climate Assessment, the Midwest region has 

observed an increase in heavy precipitation (defined as the percentage of total annual 

precipitation falling in the heaviest 1 % of precipitation events) of 42 %, over the 1958–2016 

period (Hayhoe et al., 2018). A major example of extreme precipitation in Milwaukee took 

place in July 2010, when areas of the city received 179 mm of precipitation over the course of 

2.5 h during a storm that reached >228 mm over a 24 h period (NOAA, 2010). As a result, 

severe flash flooding occurred across the city, causing thousands of sewer backups and 

damages to residences, businesses, and public property with an estimated cost of $35.7 

million (NOAA, n.d.). 
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The government entity responsible for managing stormwater in the city of Milwaukee 

is the Milwaukee Metropolitan Sewerage District (MMSD), a regional unit of government. After 

a number of pilot green infrastructure programs in the early 2000s, the MMSD developed 

Milwaukee's Regional Green Infrastructure Plan with the goal of eliminating combined sewer 

overflows (CSOs) by 2035 by capturing the first 0.5 in. of rainfall on impervious surfaces (K. 

G. Hopkins et al., 2018; Milwaukee Metropolitan Sewerage District, 2013). Since then, billions 

of dollars have been allocated on UGI development for stormwater management by the 

MMSD, with the city of Milwaukee becoming a national leader in UGI adoption (K. G. Hopkins 

et al., 2018). MMSD's commitment to green infrastructure for stormwater management at a 

regional level was recently identified as an opportunity to address the funding backlogs 

challenging the operationality of the County's parks (Stein et al., 2024). The MMSD's regional 

plan was followed by the city's green infrastructure plan in 2019, led by the city's Environmental 

Collaboration Office, which focused on identifying priority projects based on their feasibility 

and their potential impacts (The City of Milwaukee Environmental Collaboration Office, 2019). 

Both plans include spatially explicit assessments that identify locations where UGI deployment 

should be prioritized. In the assessments, technical and biophysical criteria that drive the need 

for and potential cost-effectiveness of UGI interventions are considered. For a complete list of 

indicators considered in both plans, see Table SM 2.1.1 in Appendix 2. 

The indicators used by both UGI plans constitute a significant combination of valid 

criteria to place UGI. However, the assessments present two gaps in relation to the 

consideration of the spatial distribution of flood risk. First, the plans do not explicitly account 

for the uneven distribution of social vulnerability in a manner that accounts for multiple 

dimensions (considering aspects like health, sociodemographic status, household 

characteristics, and others). Second, both plans lack an explicit hazard layer delimiting the 

distribution of flooding under one or more event scenarios. Instead, the plans rely on proxy 

indicators (e.g. “Impervious Surfaces”). The absence of a mapped hazard layer limits the 

degree to which the uneven exposure to flooding can be assessed consistently across the 

city. Hence, while these plans use thorough, spatially explicit approaches to distribute green 

infrastructure across Milwaukee, they overlook the reality that certain communities may need 

to be prioritized based on their disproportionate risk. 

The gaps in the criteria for allocating UGI in Milwaukee reflect the need of involving 

other actors beyond city managers and technicians. Local stakeholders advocating for the 

incorporation of justice and equity considerations in UGI planning would benefit from co-

producing flood risk knowledge that incorporates both social vulnerability and exposure. By 
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co-producing this kind of knowledge, environmental justice advocacy organizations would 

enrich their advocacy toolkits with scientifically robust data often inaccessible to them in usable 

formats. 

II.3. Co-production Methodology and Process 

The process of co-producing Milwaukee's FHVA took place over six phases (Figure 

1). A total of 26 online meetings took place over the course of the project, during which 

members of the team involved in the process suggested, discussed, and provided feedback 

to specific actions taken during the project. While certain phases of the project occasionally 

overlapped (e.g. by addressing more than one phase in a single meeting), they primarily 

followed a sequential progression. We hence present each phase in order to facilitate their 

interpretation. 
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Figure 1: Flowchart showing the different phases followed during the co-production process, along with 

their objectives and their specific outputs. 
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II. 3.1. Phase 1: brainstorming and scoping phase 

An initial team composed of researchers and a local environmental justice organization 

identified specific research needs, potential research questions, and a project timeline. In this 

phase, the conversations focused on developing a common understanding of Milwaukee's 

current green infrastructure planning and policies context. In parallel, the team's research 

goals and capacities were defined and aligned. As a result, it was concluded that an 

accessible, easy to interpret assessment of Milwaukee's uneven flood risk distribution would 

be beneficial for a diverse range of local stakeholders working on environmental justice 

advocacy, adaptation planning, and other aspects linked to disaster management. In addition, 

the absence of clear links between health and flooding vulnerability was identified as a missing 

dimension in common flood risk analyses, with only a few exceptional examples such as the 

Flood-Health Vulnerability Index developed by San Francisco's Department of Public Health 

(Wolff & Comerford, 2016) and a New York City-based vulnerability index focused on the 

adverse effects of coastal flooding on health (Lane et al., 2013). Consequently, it was 

specifically noted that including health-related variables would enrich the assessment beyond 

more common vulnerability criteria. 

II. 3.2. Phase 2: specialist recruitment 

Milwaukee-based participants were identified and invited to partner with the project. 

Participants were contacted in order to a) incorporate domain experts that fulfilled the 

knowledge needs identified by the initial team and b) involve potential end-users of the tool to 

be developed as recommended by Swart et al. (2017). Local healthcare providers with 

experience and/or knowledge on the interlinks between healthcare and flooding were 

contacted and invited to participate in the process, as well as data visualization practitioners 

with expertise in developing interactive geospatial tools for communication. The contacted 

stakeholders were invited to propose other participants to join the team, allowing a snowball-

based recruitment. After the recruitment of additional specialists, the team was composed of 

14 active participants (3 members of an environmental justice organization, 7 healthcare 

specialists, 3 researchers, and 1 data visualization specialist). 

II. 3.3. Phase 3: data scouting and indicator selection 

Flood exposure and vulnerability indicators were scouted and prepared for a selection 

process. For exposure, two indicators reflecting flooding exposure of roads and residential 

properties were proposed by the researchers present in the team, based on experience gained 

in mapping flood risk (Table 2). The rationale for assessing exposure based on roads and 
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residential parcels is two-fold. First, it allows for a two-dimensional assessment of exposure 

to flooding with impacts on two separate sectors (transportation and private residential 

properties). Second, both indicators are available at a discrete resolution, as both roads and 

residential parcels are available as vectorial data. Residential units were considered impacted 

by flooding if their distance to any type of flooding was <10 m in order to account for the 

resolution of the flood risk simulation (Bertsch et al., 2022; Iliadis et al., 2023) and to account 

for possible indirect impacts on properties such as limited accessibility. 

Table 2: Exposure indicators used to develop Milwaukee's FHVA exposure index. 

Indicator References Data source 

% total road area flooded (Papilloud et al., 2020; 
Stefanidis et al., 2022)  

Milwaukee's TopoPlanimetric 
map 2020 (Milwaukee County 
Land Information Office, 2020)  

% residential units exposed to 
flooding 

(Ferguson & Ashley, 2017; 
Paulik et al., 2023; Stefanidis et 
al., 2022)  

Milwaukee's Master Property 
List (MPROP), 2021 
(Milwaukee Open Data, 2021)  

Two different flood hazards were considered: fluvial flooding and pluvial flooding. 

Fluvial flooding was considered based on the Flood Insurance Rate Map (FIRM) developed 

by the Federal Emergency Management Agency (FEMA). FEMA is in charge of generating 

flood hazard maps that inform regulations, such as the obligation of flood insurance if a 

dwelling is located within the 100-year floodplain, the so-called Special Flood Hazard Area 

(SFHA) (Pralle, 2019). For pluvial flooding, a hazard map was generated using the City 

Catchment Analysis Tool (CityCAT) to simulate surface runoff during a 100-year, 1-h storm 

(with a total precipitation of 3.03 in.). CityCAT computes the flow of water accounting for 

infiltration based on the distribution of pervious/impervious surfaces (Glenis et al., 2018). The 

CityCAT tool uses several inputs: a digital elevation model (DEM) representing the local 

topography, a map of pervious land cover, a map of soil textures, and a design storm. The tool 

has been widely used to simulate flooding events across whole cities at varying resolutions 

(Glenis et al., 2013; Guerreiro et al., 2017; Iliadis et al., 2023). In the case of Milwaukee, a 10 

m resolution was used to simulate urban runoff, and a depth threshold of 4 in. (10 cm) was set 

to map pluvial flooding hazard. A detailed description of the pluvial modeling process and the 

data inputs employed is provided in the Appendix 2 (Supplementary Material 2.2). The two 
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flood hazard types were combined into a single flood hazard layer, which was then used to 

develop the exposure indicators considered. 

For vulnerability, three main categories were considered: health, sociodemographic, 

and household vulnerability based on Wolff and Comerford's (2016) themes applied to San 

Francisco's Flood-Vulnerability Index (Table 3). Health vulnerability variables were selected 

under the guidance of the healthcare practitioners present in the team. First, health indicators 

available at the city level were scouted and presented to the team. Indicators were sourced 

from Health Compass Milwaukee (Milwaukee Health Care Partnership, n.d.), a local data 

repository that provides a comprehensive source of spatially distributed health-related 

information in Milwaukee County. Indicators were grouped into a preliminary list of 16 health-

related variables suggested by the team's healthcare practitioners. Then, each participant 

(including both healthcare experts and non-experts) was asked to vote for what they 

considered to be the 3–5 most relevant health variables. Based on the voting, 8 health-related 

variables relevant for assessing flood vulnerability were selected. These were further 

narrowed down considering multicollinearity and avoiding variables whose indicators 

presented considerable data gaps (e.g. missing values across census tracts). Multicollinearity 

was checked using the Variance Inflation Factor (VIF), using the recommended threshold of 

VIF < 5 (McPhearson et al., 2020; Snee, 1973) to avoid high collinearity between variables. 

Different combinations of healthcare variables were presented to receive feedback from the 

healthcare practitioners in order to ensure that decisions based on the data's collinearity and 

quality were validated based on their expertise. In parallel to the selection of health 

vulnerability indicators, other vulnerability themes were discussed and selected. Indicators for 

the two additional vulnerability themes (sociodemographic and household) were proposed 

based on Wolff and Comerford (2016). In cases when data was not available to replicate a 

given indicator under each vulnerability theme, alternative indicators were proposed by 

members of the team based on other information sources on social vulnerability (e.g. CDC's 

Social Vulnerability Index (SVI) (Flanagan et al., 2011) and data availability. Under each 

vulnerability theme, the number of variables considered was limited in order to facilitate the 

interpretation of the index and to reduce collinearity. 
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Table 3: Indicators selected and aggregated for the development of the different social vulnerability sub-indices. References refer to case studies that 

used a similar indicator to assess vulnerability and/or the distributional justice of flood risk. Indicators flagged with “(a)” overlap with the CDC's Social 

Vulnerability Index as per Flanagan et al. (2011). 

SV theme Indicator References Data source 

Health 
vulnerability 

% adults with diabetes  (Wolff & Comerford, 2016)  Health Compass Milwaukee (datasets for 
year 2019) (Milwaukee Health Care 
Partnership, n.d.)  

% adults with poor mental health 
over last 14 days 

 (L. Chakraborty et al., 2020; Wolff & 
Comerford, 2016) 

Health Compass Milwaukee (datasets for 
year 2019) (Milwaukee Health Care 
Partnership, n.d.)  

Age-adjusted Emergency Room 
visits rate due to asthma 

 (Peirce et al., 2022; Wolff & Comerford, 
2016)  

Health Compass Milwaukee (datasets for 
year 2019) (Milwaukee Health Care 
Partnership, n.d.)  

% population with a disability(a)  (L. Chakraborty et al., 2020; Flanagan et 
al., 2011; Madajewicz, 2020; Wolff & 
Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019 (US Census Bureau, 
2020a)  

% adults without a health insurance  (Tate et al., 2021)  US Census Bureau, 5-year estimates for 
period 2015–2019 (US Census Bureau, 
2020a)  

Socio- 
demographic 
vulnerability 

% residents aged below 18 and 
above 65 years old(a) 

 (L. Chakraborty et al., 2020; Chang et al., 
2021; Flanagan et al., 2011; Herreros-
Cantis et al., 2020; Madajewicz, 2020; Tate 
et al., 2021; Wolff & Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

% people with a salary below twice 
the federal poverty level(a) 

 (Flanagan et al., 2011; Herreros-Cantis et 
al., 2020; Madajewicz, 2020; Tate et al., 
2021; Wolff & Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  
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SV theme Indicator References Data source 

% people aged above 25 years old 
without a high school diploma(a) 

 (L. Chakraborty et al., 2020; Flanagan et 
al., 2011; Herreros-Cantis et al., 2020; Tate 
et al., 2021; Wolff & Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

% of the population aged 5 that 
speaks English “not well” or “not at 
all”(a) 

 (L. Chakraborty et al., 2020; Flanagan et 
al., 2011; Herreros-Cantis et al., 2020; Tate 
et al., 2021; Wolff & Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

% of residents self-identified as 
Black, Indigenous, People of Color 
(Identifying as non-white and/or 
Hispanic/Latinx)(a) 

 (L. Chakraborty et al., 2020; Flanagan et 
al., 2011; Herreros-Cantis et al., 2020; Tate 
et al., 2021; Wolff & Comerford, 2016)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

Household 
vulnerability 

% households without a car(a)  (L. Chakraborty et al., 2020; Flanagan et 
al., 2011; Herreros-Cantis et al., 2020)  

US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

% of housing stock built before the 
1950s 

(L. Chakraborty et al., 2020) US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  

% households composed of a single 
adult living alone 

(Wolff & Comerford, 2016) US Census Bureau, 5-year estimates for 
period 2015–2019  (US Census Bureau, 
2020a)  
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II. 3.4. Phase 4: spatial analysis 

Generating the vulnerability index required a prior development of three separate 

vulnerability sub-indices, one per vulnerability theme considered. A sub-index approach was 

selected by the team to enable end-users to easily interpret vulnerability as a compound of 

different themes or dimensions. Aggregating the three sub-indices ensured equal influence of 

each theme on the final index, regardless of them having a different number of indicators 

considered. The data aggregation process and methodology were iteratively reported to the 

team by presenting intermediate and preliminary results, in order to ensure a common 

understanding of the quantitative outcomes of the analysis. The aggregations of indicators for 

each sub-index were computed by calculating the sum of the normalized indicators conforming 

each sub-index. Subsequently, the vulnerability sub-indices were re-normalized and linearly 

averaged to develop a final global vulnerability index. A similar approach was followed for the 

exposure index, by averaging the normalized residential and road exposure sub-indices. This 

approach was deemed suitably interpretable by the team. 

Exposure and vulnerability priority areas were mapped by individually selecting census 

tracts that ranked in the top 25 % (top quartile) for the exposure and vulnerability indices, 

respectively. A top quartile classification was selected to identify priority areas given its easy 

to understand and communicate meaning, and the top quartile was preferred over the top 

quintile (top 20 %) in order to be more inclusive when identifying priority areas. Then, both 

maps were overlapped to highlight locations where high vulnerability and high exposure co-

occur. This approach was selected based on inputs by the team and external stakeholders 

regarding the difficult interpretability of a fully aggregated index. In an aggregated risk index, 

discerning whether high risk is the result of high exposure, high vulnerability, or a combination 

of both required diving into the underlying data. The results were presented to the full team to 

gather internal feedback and reactions on the priority areas identified, and to consider potential 

locations within Milwaukee that may serve as a zoomed-in case study and in future advocacy 

and engagement work. 

II. 3.5. Phase 5: output design and development 

As the analytical work reached completion, discussions shifted towards designing a 

user-friendly communication tool to disseminate the results from the spatial analysis. The main 

purposes for the tool were defined collectively during brainstorming sessions facilitated during 

the online meetings. The purposes of the communication tool were defined in alignment with 

those of the spatial analysis as a) to support advocacy and capacity-building efforts by multi-
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disciplinary groups ranging from non-governmental organizations to healthcare providers 

interested in urban adaptation to climate change and b) to broaden local decision-makers' 

understanding of the spatially explicit attributes that define flood risk and that should be 

considered in risk mitigation policies and interventions. A story map format was selected given 

its advantages for dynamically representing spatial data while accompanying it with 

informative text. 

Story maps are web-based applications capable of visualizing spatial data in an 

interactive manner (e.g. allowing to zoom in/out, navigating the map, and clicking on spatial 

features to access expanded information). Maps can then be supported by additional features 

such as text, graphs, and audio-visual materials. As web-based applications, story maps can 

easily be made publicly available and shared. The story maps application developed by the 

Environmental Systems Research Institute (ESRI) was chosen given its suitable functionality 

as a communication and education tool (Cope et al., 2018; Harder & Brown, 2017). The design 

of the story map focused on developing a clear, concise narrative of the analysis developed 

and its conclusions, as well as a consistent graphic layout (Covi & Kain, 2016). Two parallel 

tasks were carried out to develop the story map: A written technical report and a storyboard. 

The technical report summarized the key methodological steps taken during the spatial 

analysis, while the storyboard organized the project's narrative and identified the types of data 

and content necessary in each section of the map. The storyboard was created using a 

slideshow presentation program, which allowed any member of the team to contribute 

regardless of their GIS skills. The researcher team led the development of the technical report, 

and the environmental justice organization members of the team focused on structuring the 

storyboard and transferring it into an actual prototype of the tool. Both products were 

presented as drafted outputs, requesting the rest of the team for inputs and feedback during 

meetings. The process of co-designing the story map involved designing, balancing, and 

integrating different mediums such as written text, graphs, maps, and their different layers. 

II. 3.6. Phase 6: external validation and feedback 

To strengthen the validity and applicability of the project's output, external advice was 

solicited at the beginning and the end of the project to review the project's goals, methods, 

and output's design. State-level public health officials from Wisconsin's Department of Health 

Services (DHS) working at the intersection of climate and health were consulted for feedback 

on the project's goals. Consultations sought to identify challenges faced by officials in the 

development of similar integrated flood risk assessments. Preliminary and final results were 
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presented to the same officials via live demonstrations of the developed story map in order to 

receive feedback and to inform them of the tool's availability. An additional live demonstration 

was carried out with the local environmental justice organization Milwaukee Water Commons 

in request for feedback on the storymap's relevance and usability. 

II.4. Milwaukee's Flood Health Vulnerability Assessment: Spatial Analysis 

Results 

The results of the spatial analysis show the spatial distribution of flood exposure and 

flood vulnerability in Milwaukee at the Census Tract level. Exposure (Figure 2) shows a 

scattered distribution across the city. This spread is heavily influenced by the two flood hazard 

layers. As shown in Figure 3, the pluvial flood hazard layer developed with the CityCAT 

modelling tool covers a much larger area of the city than the fluvial flood hazard layer 

developed by FEMA. While FEMA's flood hazard layer covers a total area of 985 hectares 

(ha), the pluvial flood hazard layer highlights up to 4715 ha which flood due to the accumulation 

of surface runoff in lower-lying areas. 

 

Figure 2: Flooding exposure index in Milwaukee at the Census Tract level. Exposure categories 

correspond to a quintile-based classification. 
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Figure 3: Flood hazard distribution of the two flooding hazard types considered in the study. On the 

left, flood hazard according to FEMA's Special Flood Hazard Area (100-year floodplain). On the right, 

pluvial flooding according to a 100-yr 1-hour rain event simulated in CityCAT. 

Flood vulnerability, in contrast, exhibits a clustered distribution with higher values 

concentrated in the city's center (Figure 4). This pattern is consistent across the sub-indices 

developed for each vulnerability theme, with minor variations in their north-south distribution. 

For instance, the socioeconomic vulnerability sub-index shows high index values further south 

of the city's center, while high health vulnerability spreads further north instead. Finally, 

household vulnerability shows its high vulnerability values more concentrated in the city's 

center, without reaching as far north or south as the other two sub-indices (Figure 5). 
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Figure 4: Social Vulnerability Index resulting from the aggregation of the three vulnerability sub-indices 

mapped during the co-production process (health, socioeconomic, and housing) at the Census Tract 

level. The vulnerability level categories correspond to a quintile-based classification. 
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Figure 5: Vulnerability sub-indices generated from the aggregation of indicators selected under each 

vulnerability theme at the Census Tract level. The vulnerability level categories correspond to a quintile-

based classification. 

The distinct distributions of the exposure and vulnerability indices drive the distribution 

of priority areas and their co-occurrence. Due to the clustering of high vulnerability census 

tracts in Milwaukee's center, the co-occurrence of high exposure and high vulnerability is 

constrained to the same area (Figure 6). Out of a total of 209 census tracts, 18 were identified 

as both a vulnerability and exposure priority areas. Additionally, 34 census tracts are identified 

as priority areas according to their vulnerability, and the same number of tracts are identified 

as exposure priority areas. Roughly 47,800 people (∼8 % of the city's total population) live in 

the tracts identified as exposure and vulnerability priority areas, with an additional ∼86,600 

(∼14 %) people living in census tracts identified as vulnerability priority areas, and ∼ 100,700 

(∼17 %) in exposure priority areas. To facilitate interpretation by Milwaukee's residents, the 

zip codes that overlap with either type of priority area were also identified (Table SM 2.3.1 in 

Appendix 2). 
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Figure 6: Overlap between flood exposure and social vulnerability priority areas across Milwaukee at 

the Census Tract level. Priority areas for exposure and vulnerability are defined as the top quartile (top 

25 %) of the two indices, respectively. 

II.5. Milwaukee's Flood Health Vulnerability Assessment: the Story Map 

The resulting story map is presented as a scrolling thread structured in eight different 

sections (https://storymaps.arcgis.com/stories/3e8187206bb542d897bceb8a3694a416). 

First, an introduction highlights the project's goal, defined as “to provide critical 

information on both flood exposure and social vulnerability to support community-based 

advocacy and future planning to mitigate potential flood and health risks”. The assessment's 

structure is presented, guiding the reader through its exposure-vulnerability assessments. In 

two additional informative sections, the connections between climate change and health, as 

well as climate change and environmental justice, are presented. In these sections, the 

https://storymaps.arcgis.com/stories/3e8187206bb542d897bceb8a3694a416


P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

49 
 

distributions of flood risk, tree canopy, and impervious surfaces in Milwaukee are presented. 

Additional context is provided by comparing these factors with legacies of historic segregation, 

known as redlining (Rothstein, 2017), illustrating the path dependencies connecting past racist 

policies with the current distributional injustices of environmental risks (Hoffman et al., 2020; 

Mitchell & Franco, 2018). In this latter section, local contextual information is provided linking 

flooding exposure to socially vulnerable communities and to UGI planning in Milwaukee. This 

allows the viewer to leverage the project's goal of illustrating the need to prioritize interventions 

in locations where vulnerability and exposure to flooding converge. The three following 

sections summarize the methods and results for assessing exposure, assessing vulnerability 

in its separate themes, and identifying priority areas based on the overlay of exposure and 

vulnerability (Figure 7). A seventh section provides a case study focused on a particular 

location in Milwaukee, Metcalfe Park (Figure 8). Metcalfe Park was selected as a case study 

given its overlap with census tracts classified as exposure and vulnerability priority areas, as 

well as with historically segregated areas. This case study aims to illustrate how the tool could 

be used at the neighborhood level to closely understand flooding exposure, its potential 

impacts, and to identify opportunities for interventions. Additional layers not included in the 

spatial analysis are provided for further context, such as the presence of polluted industrial 

sites. Finally, a concluding section provides information to get involved in future activities, flood 

preparation tips, and contact information for the different groups involved in the assessment. 

 

Figure 7: Milwaukee's Flood Health Vulnerability Assessment - Story map presenting the overlay 

between exposure and vulnerability priority areas at the Census Tract level. 
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Figure 8: Milwaukee's Flood Health Vulnerability Assessment - Story map zoom into Metcalfe Park as 

an example case study, presenting high resolution flood hazard data and additional spatial data such 

as the location of polluted sites. 

The story map includes functionalities that were added as a result of the internal and 

external feedback. Added functionalities were designed to facilitate the interpretation of the 

data presented, avoiding any possible “black-box” effect. For instance, the census tracts 

presented in any of the maps can be clicked on to deploy an attribute table with the specific 

indicator values that led to the tract's index value. In addition, a “View Alone” button allows 

users to isolate and visualize a specific indicator, allowing city-wide visualizations. Feedback 

received from potential users was highly focused on facilitating the geographic navigation of 

the maps, given that census tracts are not a familiar spatial unit for people. Because of this, 
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an interactive zip-code layer was added. Additionally, the story map's user-friendliness is 

further enabled by using a basemap including street names. 

II.6. Discussion 

In this study, we presented Milwaukee's Flood Health Vulnerability Assessment as an 

example of risk knowledge co-production to empower marginalized voices. The process was 

triggered by an observed lack of consideration for key vulnerability aspects in the city-wide 

spatial prioritization of green infrastructure in Milwaukee (Milwaukee Metropolitan Sewerage 

District, 2013; The City of Milwaukee Environmental Collaboration Office, 2019). The project 

outcomes serve as advocacy and planning tools by illustrating the critical need for considering 

the different dimensions of risk (including hazard, exposure, and vulnerability) when designing 

and planning climate change adaptation interventions such as UGI (Hoover et al., 2021; 

Meerow, 2020). 

II. 6.1. FHVA's implications in Milwaukee 

The results of this case study have implications for local institutions involved in UGI 

planning and other types of interventions in climate change adaptation. Milwaukee's urban 

planners, parks managers, and emergency response institutions at multiple levels may benefit 

from a granular understanding of the uneven distributions of exposure and vulnerability to 

flooding. The indicators and priority areas mapped in this study may support screening 

processes related to the siting of adaptation interventions, as well as their implementation and 

design. For instance, areas with high disability or elderly rates may require interventions to 

focus on physical accessibility; high poverty rates may flag a need to ensure that jobs created 

in the implementation process provide opportunities to address wealth inequalities (Grabowski 

et al., 2023); and communities with a high rate of residents unable to properly communicate 

in English may ensure that the participatory processes linked to NBS and UGI planning offer 

information in other languages (Teron, 2016). Health vulnerabilities like those mapped in this 

study may be used to inform the siting and design of UGI beyond the flood zones considered. 

In addition to advancing the mapping of vulnerability in Milwaukee, this study considers 

pluvial flooding by simulating a 100-year, 1-h storm event. The inclusion of pluvial flooding is 

critical to avoid the underrepresentation of flood hazards in Milwaukee's FHVA. Accounting for 

pluvial flooding allowed the identification of locations with potential to experience flooding while 

being far from FEMA's riverine floodplains. For instance, pluvial flooding was identified in the 
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30th Street Corridor and North 35th Street, a high vulnerability area in which Milwaukee's 

Metropolitan Sewerage District is currently deploying several large-scale UGI projects to 

address persistent flooding (Milwaukee Metropolitan Sewerage District, 2021a, 2021b). 

Since being released, the FHVA's story map has proven useful in contexts such as 

education and city-wide advocacy. Healthcare practitioners involved in the development of the 

FHVA report commonly using it in training exercises for medicine students. Journalism, in 

addition, has emerged as an unexpected use of the tool. Besides a feature specifically focused 

on the story map itself (Looby, 2022), additional media pieces have been published relying on 

the story map to illustrate climate change, sustainability, and local concerns on exacerbating 

flooding due to highway expansions (Chester, 2023; Schulte & Looby, 2023a, 2023b). 

However, the story map's capacity to directly engage with the residents of disproportionately 

vulnerable and exposed neighborhoods is yet to be evaluated in order to amplify the FHVA's 

impacts. Following the example of other climate services created as environmental justice 

advocacy tools (Lung-Amam & Dawkins, 2020), the current story map may trigger new co-

production cycles rather than forcing residents to adhere to its current version. This point 

illustrates the importance of maintaining engagement processes over long periods of time, 

producing several co-production cycles that facilitate building upon previous outcomes and 

lessons learned. For instance, coupling flood risk with the distribution of polluted sites and 

buried streams has been identified as a research avenue of interest for which a new co-

production cycle, including the recruitment of specialists in water quality and pollution, would 

be needed. Additionally, the current version of Milwaukee's FHVA may be further enriched 

through outcome-based measures of risk and vulnerability. For instance, intra-city, city specific 

vulnerability indicators were empirically tested for New York City's coastal flooding 

(Madajewicz, 2020). Empirical data collected through post-disaster surveys and focus-group 

discussions would support the validation of Milwaukee's FHVA, potentially prompting the 

addition or discarding of vulnerability indicators. The FHVA presented in this study may 

support this process by identifying case study communities based on the vulnerabilities 

mapped so far. A potential case study community may be Metcalfe Park, which is presented 

in the story map as a zoomed-in case study. Members of the Metcalfe Park have engaged 

with Groundwork USA's Milwaukee trust as part of their Climate Safe Neighborhoods initiative 

(Groundwork USA, n.d.), creating a relationship that may facilitate future fieldwork. 
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II. 6.2. Recent developments and bright spots in Milwaukee's climate adaptation planning 

Several developments in Milwaukee's adaptation planning context have occurred in 

parallel to the project. In June 2023, Milwaukee County released the Milwaukee County 

Climate Action 2050 Plan, a county-wide vulnerability assessment focused on extreme heat, 

flooding, and air quality (Milwaukee County, 2023). The assessment presents promising 

aspects such as incorporating residents' views through a county-wide survey and workshop 

discussions. However, white, higher-income residents were over-represented in the survey 

responses (90 % of respondents). Further limitations in the report are the lack of a spatially 

explicit flood vulnerability assessment and the reliance on CDC's SVI as a pre-packaged, 

generalist vulnerability product. These limitations may reflect the way in which local residents 

participated via consultation in the initial stages of the project, rather than as engaged 

knowledge co-producers. Finally, the County's assessment exclusively considers FEMA's 

flood hazard areas to assess exposure, overlooking the widespread distribution of pluvial 

flooding. 

In September 2023, Milwaukee city officials announced the award of $12 million in 

funding to increase access to green spaces and expand urban tree canopy in order to address 

the challenges posed by climate change and create healthier communities (Urban Milwaukee, 

2023; USDA Forest Service, 2023). The grant program explicitly states an intention to target 

disadvantaged communities, reinforcing the need for a city-wide understanding of the 

distributions of risk as a combination of vulnerability and exposure. 

Also in 2023, the City's newly created Office of Equity and Inclusion released a new 

Racial Equity Action Plan (City of Milwaukee, 2023). The plan establishes promising goals 

overarching the City's governance, such as implementing racial equity best practices, 

strengthening outreach and public engagement for communities of color, and Strengthening 

partnerships with community stakeholders. The future impact of this plan on UGI and broader 

adaptation planning within its scheduled time-frame (2024–2028) remains uncertain. 

However, it may provide opportunities to replicate processes similar to the one outlined in this 

case study and to more extensively integrate its outcomes into the local governance system. 

Milwaukee's recent developments in adaptation planning underscore the value of 

relying on a risk and vulnerability-centered approach towards prioritizing and designing 

adaptation interventions. Place-based organizations and local communities advocating for 

equitable adaptation benefit from Milwaukee's FHVA as co-producers and as end-users by 

increasing their capacity to rely on spatially explicit data, modeling, and visualization. 
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This case study focused on the spatial prioritization of UGI and the co-production of 

risk knowledge as a way of empowering environmental justice advocacy. The integration of 

exposure and vulnerability aimed to more effectively address the distributional justice of flood 

risk and planned interventions. The city of Milwaukee, however, presents significant “bright 

spots” on other aspects related to implementing UGI while incorporating justice 

considerations. For instance, efforts to build a diverse and skilled labor force that benefits 

marginalized communities are mentioned in both plans (GI Equity, 2022; Milwaukee 

Metropolitan Sewerage District, 2013; The City of Milwaukee Environmental Collaboration 

Office, 2019). In addition, recent UGI projects led by the MMSD report consistent community 

engagements throughout the design and implementation processes (Milwaukee Metropolitan 

Sewerage District, 2021b). Potential follow-up research questions emerge to evaluate the 

effectiveness of such community engagements and further understand how institutions like 

the MMSD navigate participatory UGI planning and design (e.g. did engaged participants 

contribute to an initial design? Or did they provide feedback to a previous design? Or how 

could these engagements improve by incorporating co-production principles?). 

II. 6.3. Risk knowledge co-production: benefits and transferable lessons learned 

Spatially explicit risk assessments for climate-driven hazards are not new, and 

research efforts have grown exponentially over the last decade (Moreira et al., 2021). The 

distributional injustices of exposure and vulnerability, however, are rarely considered in 

adaptation planning (Chu & Cannon, 2021; Juhola et al., 2022; Swanson, 2021). Thus, 

Milwaukee's case study serves as an example of mobilizing, creating, and disseminating 

knowledge with a focus on empowering organizations and civic groups advocating for the 

incorporation of justice dimensions in adaptation planning. We provide an application of 

knowledge co-production for the empowerment of voices commonly neglected from city-wide 

planning exercises (J. M. Chambers et al., 2021). The co-production exercise followed a 

flexible and process-based engagement in order to increase the capacity- and trust- building 

benefits of co-production (Juhola et al., 2022). This flexibility was first exemplified by the fact 

that the spatial analysis was only scoped at the start of the co-production process, rather than 

being imposed by one of the initial team members. During the spatial analysis stages, 

participants were able to jointly exchange knowledge and develop new understandings of the 

distributions of flood risk in the city. In addition, participants exchanged access to data, 

modeling, and geospatial tools, which are often considered to pose a risk of marginalizing 

stakeholders due to their technical complexity (Preston et al., 2011). The process led to the 

development of a context- and hazard-specific vulnerability assessment. This assessment 
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complements more general vulnerability indices, like the CDC's SVI (Flanagan et al., 2011), 

which tends to inaccurately predict outcomes for specific hazard scenarios (Rufat et al., 2019). 

Beyond the participants involved in the co-production process, the co-designed story map 

further provides other environmental justice organizations, healthcare practitioners, urban 

planners, and governance institutions with easy access to the knowledge generated in a 

format that combines spatial data visualization with supporting text, graphs, and audiovisual 

materials (Hoffmann et al., 2020). 

The benefits obtained in this exercise are a result of the high interdisciplinarity of the 

team (Vollstedt et al., 2021). Facilitating the interaction between domain experts and data 

scientists is crucial to realize the benefits that data science has to offer (Viaene, 2013) while 

also enabling collective learning (Olazabal et al., 2018). In the initial stages of the co-

production process, the assessment team was expanded in order to incorporate holders of 

specific knowledge domains that were identified as lacking in the original team. The inclusion 

of health experts in the team was found to be crucial. For instance, the preliminary indicator 

list proposed asthma rates of the adult population, to which health experts responded by 

highlighting the importance of including pediatric populations in asthma-related metrics. 

Furthermore, the incorporation of healthcare practitioners as domain experts with on-the-

ground experience fills a need for research on the intersection of health, climate change, and 

racial justice (Deivanayagam et al., 2023). 

In addition to domain experts, including other potential end-users (e.g. environmental 

justice organizations) was valuable to ensure the study's final usability  (Hoffmann et al., 2020; 

Lemos et al., 2012). Choosing to step away from an originally intended “index” approach was 

the most important impact of including end users and consulting with external public officials. 

It was made clear that aggregating all the data into a single index makes it virtually impossible 

to understand the underlying drivers. Therefore, a “modular” approach by which vulnerability 

and exposure indices are kept separate, enabling the user to understand the distinct 

distributions of both factors, was selected. The same rationale led to the provision of maps for 

each individual indicator, in order to increase the applicability and interpretability of the 

analysis (Preston et al., 2011). The capacity of visualizing individual indicators enables deeper 

analyses on the socio-economic landscape of Milwaukee. For instance, apartments with an 

adult living alone may relate to vulnerable residents, but may also include wealthier groups 

living alone in new residential developments. Comparing the distribution of single adults with 

other individual indicators such as poverty rate would provide nuance to the distribution of 

different dimensions of vulnerability. This and other questions can be asked by taking 
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advantage of the functionalities incorporated in the story map. Additionally, the hierarchical 

conceptualization of vulnerability as an aggregate of sub-indices or themes (Reckien, 2018; 

Tate, 2012) was chosen in order to facilitate the interpretation of the final results, as well as 

enabling users to focus on particular themes that may be of higher concern depending on the 

use case. 

One of the central components in co-production is the problem definition, which posed 

major challenges at the initial stages of the project. Several iterations were needed to refine 

the project's goals and to develop a frame of collaboration grounded on a mutual 

understanding of the project's capacities, assumptions, and the different roles of the members 

of the team. It has been shown previously that involving stakeholders and other participants 

in the very initial stages of the project increases the value, educational potential, and the 

credibility of its outcomes (Voinov & Bousquet, 2010). The challenges encountered, however, 

call for specifically budgeting time and resources to the initial stages of co-production projects, 

as also highlighted by others (Christel et al., 2018). 

Potential risk knowledge co-production avenues emerge beyond Milwaukee's case 

study. Future co-production iterations may experiment with involving policy makers and urban 

planners. Including policy makers would increase the usability of co-produced climate services 

in adaptation UGI planning. In fact, decision makers are more likely to incorporate co-produced 

knowledge when they actively participate, further enabling the desired social equitability 

outcomes (J. M. Chambers et al., 2021). Involving policy-makers, however, requires 

addressing potential power imbalances that may arise if their institutional authority influences 

decisions made during the co-production process. For instance, planners may inadvertently 

or strategically adopt the role of an expert with technical knowledge through which the status 

quo may be justified and maintained (D. Hopkins, 2010; Zanini et al., 2023). Marginalized 

actors may also question the credibility of the process if they feel that the governance 

institution by which they feel neglected is present and has a capacity to steer the process 

(Maxwell & Corliss, 2024). 

Longer co-production engagements and the inclusion of policy makers would facilitate 

a broader analysis of the distribution and design of current interventions. In the co-production 

process presented, ensuring the accessibility of the tool to a wider audience led to prioritizing 

simplicity and interpretability. Consequently, priority areas were identified by selecting the 

census tracts ranking in the top quartile of the exposure and vulnerability indices. Albeit simple, 

quantile-based approaches are common and used in research and policy driven analyses 
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(Aroca-Jiménez et al., 2020; Madrigano et al., 2015; Pineda-Pinto et al., 2021). More 

advanced spatial analyses would provide additional, complementary insights, but require 

further resources and focus on building capacity to understand, interpret, and communicate 

the process by non-specialized participants. A post-hoc exploratory hotspot analysis of the 

exposure and vulnerability indices was carried out and compared to the quartile-based 

approach followed in the process. While the results are relatively similar, some differences 

arise when focusing on the spatial clustering rather than the global ranking of the census 

tracts, especially regarding the exposure index (Supplementary Material 2.4 in Appendix 2). 

The differences identified using an advanced, spatial clustering method to identify risk 

hotspots do not invalidate the results of this study. Rather, they provide a complementary 

understanding of the distribution of risk across the city, which could be added to further 

iterations of the co-production process if participants deemed it relevant to their needs. 

Additionally, follow-up co-production cycles would facilitate the co-design and evaluation of 

future city-wide adaptation scenarios. In the case of Milwaukee, comparing the distributions 

and performance of current and projected UGI with exposure and vulnerability would reveal 

areas in danger of remaining under-served albeit their climate risks. 

II.7. Conclusions 

In order to achieve an equitable and effective mobilization of resources for climate 

change adaptation, cities must explicitly consider the uneven distributions of exposure and 

vulnerability. The mapping of risk to extreme weather events in cities has been developed over 

several iterations from an academic standpoint. However, adaptation planning fails to consider 

the distributional injustices of risk, posing a threat of perpetuating existing spatial and social 

inequalities. 

Here, we presented the result of a co-production process that was rooted in the 

inclusion of potential end-users and experts with relevant knowledge for increasing the study's 

validity and applicability for advocacy, urban planning, and education. The presented exercise 

triggered a shared learning process, allowing for the integration of the different expertises 

present in the team. The study's co-production approach facilitated the incorporation of voices 

commonly underrepresented in UGI planning, such as environmental justice advocates calling 

for an equitable distribution of resources. As a result of the process, exposure and vulnerability 

priority areas across Milwaukee were identified, concentrated in the central areas of the city. 

Besides the assessment, a web-based story map was developed for communication 

purposes. The story map allows not only to visualize flooding exposure and vulnerability 



P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

58 
 

priority areas in Milwaukee, but also to disseminate the assessment's methods in an 

accessible and understandable manner. 

While this study focused on Milwaukee as a case study, the co-production process 

presented is relevant for researchers and planners looking to inform adaptation planning 

through the development of climate services. Processes like the one presented may contribute 

to making adaptation planning more inclusive by integrating the knowledge and perceptions 

of commonly underrepresented stakeholders. Additions and alterations could be made to the 

case study in order to tailor it to the needs of other cities or communities. For instance, other 

hazards than flooding may be considered, such as air quality or extreme heat. Similarly, 

replications in other contexts may not focus on UGI as a specific climate adaptation approach, 

incorporating other types of intervention such as gray infrastructures and social or behavioral 

changes. Alternative definitions of risk and/or vulnerability may be required based on the 

backgrounds of participants and the applications of the outcomes expected. A large body of 

co-produced risk knowledge would allow for cross-comparisons assessing commonalities and 

differences in the approaches, challenges faced, and the impact of the engagements in the 

longer term. 
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Chapter III: Co-Producing Usable Knowledge 

for Climate Change Adaptation: The New York 

City Flood Vulnerability Index3 

III. Abstract 

Despite significant technical advances, the use of climate risk and vulnerability 

assessments in climate adaptation policy and planning remains limited. In response, the co-

production of climate services emerges as a promising pathway to increase the usability and 

usefulness of climate information by tackling its perceived credibility, salience, and legitimacy. 

However, evidence of how co-production influences the development of climate services for 

adaptation planning is needed, and concerns remain regarding the depth of engagement from 

climate service scholarship with co-production theory. Here, we report a stakeholder-centered 

co-reflection on the co-production of a New York City’s Flood Vulnerability Index (FVI), a 

decision-driven tool development in collaboration with city agency stakeholders. Using a 

structured questionnaire with city officials and researchers and triangulating project 

documentation, we identify concrete process and product choices that increased the FVI’s 

credibility, salience, and legitimacy while guarding against over-engineering. We situate the 

FVI within a living knowledge-to-action cycle, pointing at framing climate-service co-production 

as a multi-stage process that allows for critical reflection on the trade-offs between co-

production principles during and in-between co-production cycles. To do this, we surface 

emerging trade-offs between process and product principles, and conclude that future 

iterations in NYC and beyond should plan for monitoring, evaluation, reporting, and learning 

(MERL) and update cycles informed by user and participant feedback.  

Keywords: Vulnerability, Risk, Co-production, Co-reflection, Adaptation, Risk governance, 

Climate Services. 

  

                                                
3 This chapter corresponds to the following publication submitted to Sustainable Cities and Society: 
Herreros-Cantis, P., McPhearson, T., Madajewicz, M.., Elszasz, H., Colon, J., Ito, K., Lane, K., 
Auyeung, N., Grassie, C., Jozwiak, E., Pappas, W., Umberger, M., Cohn, A., Langemeyer, J., 
Neumann, M. B. (in review). Co-Producing Usable Knowledge for Climate Change Adaptation: The New 
York City Flood Vulnerability Index. Submitted to Sustainable Cities and Society. A preprint of the 
submission is available at https://papers.ssrn.com/sol3/papers.cfm?abstract_id=6428146.  

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=6428146
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III.1. Introduction 

As the intensity and frequency of climate-driven extreme weather events continues to 

increase (IPCC, 2012, 2022), urban planners and decision-makers face the urgent challenge 

of adapting cities by mitigating risks (Olazabal et al., 2019; Sainz de Murieta et al., 2021; 

Sillmann et al., 2024; Solecki & Friedman, 2021). Knowledge co-production, defined as “an 

iterative, collaborative process in which knowledge is produced and integrated through the 

involvement of a variety of participants (scientists, civil society, policy-makers, etc.)” (Olazabal 

et al., 2018; Wyborn et al., 2019, as cited in Herreros-Cantis et al., 2024, p. 2), continues to 

emerge as a powerful approach to support diverse decision-making processes involved in 

urban climate adaptation. However, the assumed benefits of co-production remain hard to 

track and evaluate, making it hard to justify and improve the mobilization of resources it 

requires (Olazabal et al., 2025).  

Urban climate risks are spatially explicit, as hazard, exposure, and vulnerability are 

moderated by multiple social, ecological, and technological factors (Chang et al., 2021). Thus, 

urban adaptation must account for the spatial distribution of risk attributes in order to inform 

where and how risk mitigation interventions should be prioritized. Furthermore, urban 

adaptation must account for the socio-spatial inequalities that lead to the disproportionate 

impacts of extreme weather events on vulnerable communities (Levy & Patz, 2015; Otto et al., 

2017; Reckien et al., 2017; Yang et al., 2021). Uneven exposure to natural hazards of low-

income, under-resourced, and racialized communities has been repeatedly documented 

(Carvalho et al., 2022; Chakraborty et al., 2019; J. Chambers, 2020; Reckien et al., 2017). For 

example, in the United States (US), disproportionate exposures to extreme heat and 

impervious surfaces by low-income and Black, Indigenous People of Color (BIPOC) have been 

correlated to decades-old legacies of segregation (Hoffman et al., 2020; Tate et al., 2021; 

Wing et al., 2022). In parallel, these communities also tend to be more deprived of urban green 

spaces capable of mitigating climate risks (Grove et al., 2018; Herreros-Cantis & McPhearson, 

2021; Hoffman et al., 2020; Rigolon, 2016). Thus, ignoring the distributional injustice of climate 

risks could risk reproducing and/or perpetuating these injustices (Anguelovski et al., 2016; 

Araos et al., 2021; Chu & Cannon, 2021; Juhola et al., 2022; Meerow & Newell, 2019; Shi et 

al., 2016; Swanson, 2021).  

The mapping of risk and vulnerability has made significant advances in the last few 

decades, making the aggregation of exposure and vulnerability indicators into spatially explicit 

indices or rankings a common research practice (Bukvic et al., 2020; de Sherbinin et al., 2019; 
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Li et al., 2022; Moreira et al., 2021a, 2021b; Preston et al., 2011). Despite the increasing 

publication of risk and vulnerability assessments by researchers worldwide, their application 

to local adaptation planning remains limited, as does their capacity to steer adaptation 

planning towards prioritizing vulnerable communities (Dilling & Lemos, 2011; Herreros-Cantis 

et al., 2024; Lemos et al., 2012).  

Climate services, tools that “provide people and organizations with timely, tailored 

climate-related knowledge and information that they can use to reduce climate-related losses 

and enhance benefits, including the protection of lives, livelihoods, and property” (Vaughan & 

Dessai, 2014, p. 588) have emerged as a promising avenue for translating scientific 

knowledge into usable information. Climate services are especially powerful when developed 

under co-production settings, in which the “usability gap” is narrowed by bringing together 

climate service producers and users (Ernst et al., 2019; Lemos et al., 2012). In climate services 

research, co-production thus tends to be conceptualized as an iterative interaction between 

scientists (producers) and non-scientists (users) (Bremer & Meisch, 2017) that enables the 

construction of credible, salient, and legitimate knowledge (Cash et al., 2003). Credibility refers 

to the degree to which information is trustable, authoritative, and believable; salience refers to 

the degree to which information is perceived as relevant and its timely delivery; legitimacy 

refers to the fairness of the knowledge co-production process and its capacity to account for 

diverse views, values, and perspectives. Approaching climate services through co-production 

rejects the traditional “drop-in” model of knowledge generation, where researchers hand over 

scientific knowledge without considering the needs or constraints of policy-makers, with a 

post-normal approach in which the demand for knowledge and information is co-defined 

(Dilling & Lemos, 2011; Roux et al., 2006; Vincent et al., 2018). By involving practitioners 

throughout knowledge generation cycles, climate services co-production aligns with additional 

framings of knowledge co-production by treating the process as extended science (Bremer & 

Meisch, 2017), which embraces the value of incorporating diverse perspectives as inputs to 

climate adaptation decisions (Herreros-Cantis et al., 2025; New et al., 2022; Olazabal et al., 

2018). 

In this study, we reflect on the ways in which co-production shaped the development 

and early use of an adaptation-focused climate service. We examine the trade-offs involved 

in designing co-production that satisfies principles and criteria proposed in the literature as 

necessary for effective co-production in the context of the development of New York City’s 

(NYC) first Flood Vulnerability Index (FVI). A trans- and interdisciplinary collaboration between 

policy-makers and researchers. The development of the NYC FVI was scoped within the “NYC 
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Climate Vulnerability, Impact, Adaptation and Analysis” (VIA) study. The VIA study focused on 

expanding the city’s knowledge on future extreme weather events and their socio-economic 

impacts (McPhearson, Towers, et al., 2024).  

Despite growing interest in co-production for climate adaptation, robust evidence of 

how co-production improves adaptation processes remains limited (Olazabal et al., 2025; 

Witinok-Huber et al., 2025). This gap is further apparent in climate services, where evaluation 

frameworks are only recently being advanced and applied in practice and tend to focus on the 

final product (Boon et al., 2022; Boon & Biesbroek, 2025; Tall et al., 2018; Visman et al., 2022). 

While climate services are ultimately products of a series of methodological steps (e.g., 

selecting indicators, processing data, etc.), the impacts of co-production are intrinsically linked 

to the process through which it unfolds (J. M. Chambers et al., 2021). However, climate-

service co-production initiatives vary in how deeply they engage with co-production theory and 

principles, creating a disconnect between rhetoric and practice. To bridge the development of 

adaptation-focused climate services with the vast theoretical landscape of co-production, 

Vincent et al. (2018) proposed a set of normative principles and characteristics through which 

co-production may enhance the credibility, salience, and legitimacy of adaptation-focused 

climate services. Specifically, their study proposed that a co-production cycle’s process should 

be guided by the principles of inclusivity, collaboration, and flexibility, while the cycle’s product 

(the climate service) should be decision-driven, process-based, and timely. The distinction 

between process and product is key in the framing of climate services co-production.  

Recent work shows that stakeholder-centered evaluation, including producers and 

users, can surface concrete improvements in the usability and uptake of co-produced climate 

services by tightening feedback loops (Kalsnes et al., 2023). Building on this, we refer to the 

structured, joint learning exercise involving co-producers as “co-reflection”, a way to embed 

evaluation into co-production itself. We thus approach co-reflection within the concept of social 

learning, through which situated and collective engagement support mutual learning, the 

convergence of goals, and the building of mutual expectations and relational capital (Collins 

& Ison, 2009). 

In Section 2 we provide context for the case study, introducing New York City’s 

multifaceted experience with flooding, and we summarize the framework and methods used 

to co-reflect on the NYC FVI development. In Section 3 we present the results of critically 

examining the NYC FVI and relate them to practical implications in NYC. Finally, in Section 4, 

we synthesize key cross-cutting insights and transferable lessons learned from the presented 
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co-production process, outlining priorities for future iterations of the FVI and similar endeavors 

beyond the case study area. 

III.2. Methodology 

III.2.1. Case Study Area: A Brief History of Flooding in New York City 

NYC, the most populous city in the United States (USA), experiences multiple types of 

flooding which have caused severe harm in recent history. The most common and impactful 

types of flooding are coastal and pluvial flooding. Other flooding processes, such as 

groundwater and fluvial flooding, show lower exposure rates albeit requiring further research 

to assess their impacts comprehensively (Rosenzweig et al., 2024). See Table 1 for a set of 

definitions for each flooding type.  

Post-Tropical Cyclone Sandy, which flooded parts of NYC in 2012, marked a turning 

point in NYC’s experience of coastal flooding. The event combined a storm surge of 2.8m and 

a storm tide of 3.4m (Brandon et al., 2014), affecting 88,700 buildings, causing 52 direct deaths 

from injuries, and up to 19 billion USD in damages (City of New York, 2013; Seil et al., 2016). 

The impacts of Sandy were so devastating that several adaptation policies, strategies, and 

interventions have been implemented in the period known as “Post-Sandy” (City of New York, 

2013, 2021; Rosenzweig et al., 2024). Besides Sandy and other storm-driven events (e.g., a 

moderate storm on December 23rd, 2022, in which high tide levels and storm surge co-

occurred), coastal flooding in NYC also occurs in the form of chronic high-tide flooding, by 

which several low-lying areas of the city flood on a regular basis. For instance, some streets 

in the neighborhood of Howard Beach in Jamaica Bay flood once a month already, whereas 

projections suggest that certain areas in the city may flood daily by the end of the century 

(Gornitz et al., 2019, 2019).  

Regarding pluvial flooding, the Northeast region of the USA shows the highest 

increases in both observed and projected increases in the frequency and intensity of extreme 

precipitation (Braneon et al., 2024; Hayhoe et al., 2018; Marvel et al., 2023). In Summer 2021, 

three named tropical cyclones (Elsa, Henri, Ida) hit NYC within a span of ten days, superseding 

historic records for hourly precipitation twice - first during Hurricane Henri, and then during the 

events linked to Ida’s remnants (McKinley et al., 2021; Newman & Barry, 2021; NOAA, 2021a, 

2021b). Flooding caused by Ida's remnants caused 14 deaths in NYC (Yuan et al., 2024), as 

well as severe property damages and disruptions to the city’s transit systems (Levenson, 

2021; New York City Transit, 2021; NOAA, 2021b; NYC - CDBGDR, 2021). Additional storms 
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causing widespread pluvial flooding have continued to occur in the region, such as a 

cloudburst event in late October 2025 that dropped up to three inches (76.2mm) in just a few 

hours causing 2 deaths and power outages for 1500 residents (Maag & Howard, 2025). 

The impacts of recent flooding events, as well as projected increases, highlight the 

need for adapting NYC against future flooding episodes. For adaptation to be effective and 

fair, it must consider the disproportionate impacts of flooding on vulnerable communities (S. 

R. Foster et al., 2024), motivating the case for the development of an NYC-specific flood 

vulnerability index. 

Table 1: Flooding types and definitions from the New York Panel on Climate Change (Rosenzweig et 

al., 2024). 

Flooding type Definition 

Coastal flooding Intrusion of sea water on land due to a high tide, storm surge, or a 

combination of both. 

Pluvial flooding Surface ponding that occurs when precipitation intensity exceeds the 

capacity of natural or engineered conveyance systems, and pervious 

surfaces, to infiltrate or convey excess runoff. 

Groundwater flooding Inflow and/ or infiltration of groundwater when the elevation of the water 

table exceeds that of the land’s surface or buried infrastructure.  

Fluvial flooding Exceedance of the elevation of a river, creek, or stream’s banks. 

III.2.2. Co-reflecting the co-production’s process and product 

We rely on the principles and characteristics proposed by Vincent et al. (2018) to 

structure our co-reflection regarding the process and final product that resulted from co-

producing the NYC FVI (Figure 1). 

With respect to the process, the framework considers three criteria: flexibility, 

collaboration, and inclusiveness. Flexibility refers to opportunities to reshape and adapt the 

goals of a process to unexpected or unplanned situations, needs, and lessons learned. 

Flexibility requires space for collectively making decisions within the co-production process, 

as well as for identifying and navigating knowledge gaps, and different understandings that 

may emerge from the diverse perspectives involved (Dilling & Lemos, 2011; Fazey et al., 2014; 
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Wall et al., 2017). Collaboration refers to the practices within the process that enable the 

fostering and nurturing of relationships, trust building, integration of the knowledge held by 

diverse actors, and the development of shared understandings and ownership of the final 

products (Cook et al., 2013; Dilling & Lemos, 2011). Collaboration requires trust, credibility, 

and legitimacy, which may rely on previous interactions sustained through time. Inclusiveness 

refers to the inclusion of diverse potential end users in the co-production process in order to 

account for diverse points of view, needs and decision-making processes that may benefit 

from the final product. Inclusiveness requires the allocation of efforts in identifying parties who 

may be affected by the outcome of the co-production process and establishing a process that 

provides meaningful participation opportunities (Daly & Dessai, 2018; Robinson & Tansey, 

2006; Steynor et al., 2016). 

With respect to products, the framework evaluates to what degree products are 

decision-driven, timely, and process-based. Decision-driven refers to the products being 

designed to support real decision-making processes (Dilling & Lemos, 2011; Lemos et al., 

2012). Timeliness refers to the product’s capacity to provide information in time for decisions 

that agents are making or policies that they are developing. Examples include releasing a tool 

in alignment with time-sensitive decision windows (e.g., in time to inform a given policy), but 

also into developing tools that update within a use-relevant temporal resolution (e.g., 

seasonally, daily… etc.) (Easterling & Mjelde, 1987). The process-based criterion highlights 

the role of climate services as not only the products themselves, but also the long-term 

processes that lead to their production, and how policy and decision makers use the services 

(Cvitanovic et al., 2015). The “process-based” characteristic allows to also investigate not only 

the process that created the NYC FVI but also how the FVI interacts with previous decisions 

and outputs (i.e., before the NYC FVI co-production cycle began) that enabled the 

development of the tool, and how it relies on post-release activities to remain relevant, such 

as monitoring, evaluation, reporting, and learning (MERL) cycles, dissemination, 

maintenance, and updates.  
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Figure 1: Co-production cycle and its guiding process principles and product characteristics. 

Throughout the whole cycle, monitoring, learning, and reflexivity support the refinement and the revision 

of the way in which the process and product principles are being implemented. We frame this co-

reflection paper as part of the reflexivity efforts to support learning and inform future iterations of the co-

production cycle both within and beyond the case study area. Adapted from Vincent et al. (2018). 

We employ the framework proposed by Vincent et al. (2018) to examine how a co-

production-based approach may have improved the NYC FVI. All members of the core team 

that co-produced the NYC FVI were invited to participate in the co-reflection by responding to 

a structured, open-ended questionnaire. The questionnaire follows the framework’s structure, 

with different sections focusing on each of the six process and product principles 

(Supplementary Material 3.1 in Appendix 3). For each principle, we asked participants to 

what extent and how it supported the development of the NYC FVI, as well as how the future 

iterations of the NYC FVI may improve its application. For example, for evaluating flexibility 

throughout the process, the questionnaire asks “According to your experience producing the 

NYC FVI, were there situations that required shifting from the original plans of how the final 

product would be developed and/or look? Did the way in which the FVI development was set 

up facilitate the incorporation of these changes?” and “What aspects do you think should be 

considered in future iterations to make the process more adaptable to identified needs and/or 

limitations?” In addition to collecting authors’ input through the questionnaire, we rely on 

project outputs such as interim and final reports, meeting notes, version logs, and emails to 

document whether and to what extent the process and the product aligned with the principles. 
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Participants in the co-reflection that produced this paper and the development of the 

FVI are listed as coauthors. Out of 15 active participants that engaged with the NYC FVI co-

production, a total of 12 people (80%) joined the co-reflection process, providing input through 

the questionnaire and reviewing this manuscript. The pool of respondents includes the team’s 

researchers (3) and staff members affiliated with the Mayor’s Office of Climate and 

Environmental Justice (MOCEJ) (4), the Department of Health and Mental Hygiene (DOHMH) 

(2), NYC Emergency Management (NYCEM) (2), and NYC Parks (1).  

III.3. Results 

In the sections below, we summarize the insights captured throughout the NYC FVI’s 

co-reflection based on the inputs provided by researchers and decision-makers that 

participated in the tool’s co-production and that co-author this manuscript. By input, we refer 

to the responses provided to the questionnaire and follow-up comments provided during the 

write-up and revision of this manuscript. For each principle, we report the results of the co-

reflection results regarding (a) how the principle was designed into the co-creation of the NYC 

FVI, (b) specific examples of how the principle influenced the process and the product, and 

(c) how the principle benefited the process and the product. Where relevant, we additionally 

provide (d) preceding circumstances that enabled the NYC FVI co-production cycle. 

III.3.1. Process 

III.3.1.1. Flexibility 

Flexibility was designed into the co-production process by taking a phased, iterative 

approach to incorporate feedback from end-users throughout the process (Herreros-Cantis et 

al., 2024). The project was organized around a succession of decision windows in which the 

participating researchers, policy-makers, and advisors discussed, defined, tested, and 

resolved methodological questions (Figure 2).  
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Figure 2: Project timeline with key stages and co-produced outputs. Co-produced decisions benefitted 

from the process’ flexibility by which several key aspects of the final product were scoped for collective 

deliberation rather than being pre-defined. For further technical information, Table SM 3.2.1 

(Supplementary Material 3.2 in Appendix 3) lists the indicators selected to map susceptibility and 

capacity to recover. Table SM 3.2.2 provides the different flood hazard scenarios that were selected to 

assess event-specific exposure.  
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Questions open to collective deliberation included (1) the definition of vulnerability 

guiding the construction of the NYC FVI, (2) the selection of indicators used to measure 

vulnerability, (3) the methods used to aggregate indicators into an index, (4) the resolution of 

the analysis, and (5) the types of flooding to consider. These questions were first tackled with 

a literature review that provided various alternatives for each of the aspects that had been 

intentionally scoped for deliberation rather than starting the project with predetermined 

definitions. The literature review identified and proposed potential definitions of vulnerability, 

built a database of commonly used and empirically verified flood vulnerability indicators, 

collected pros and cons of different methods of aggregating indicators into an index, and 

provided an inventory of flood hazard types in NYC and the available geospatial data for each 

of them. Consequently, the review provided the basis for discussion between all the 

collaborators, leading to collective decisions between the alternatives and formulating 

questions that needed further investigation and discussion. For instance, the selection of 

indicator aggregation methods, flood hazard layers, and the resolution of the exposure 

analysis were identified as requiring further testing for comparing different approaches. Thus, 

significant time was then allocated to comparing alternative methods and assessing their 

implications for the final product. 

Participants involved in the process report that the approach taken was especially 

useful to align expectations and assumptions behind the NYC FVI. Taking the time to co-

define the NYC FVI from its foundations (i.e. the definition of vulnerability) to its construction 

(i.e. collectively discussing the selection of specific indicators) contributed to ensuring that the 

NYC FVI was developed based on the iterative input and feedback from the targeted end-

users. 

In addition to the designed flexibility of the co-production process, participants highlight 

the value of adapting the NYC FVI to unexpected changes related to the design of the final 

product. While the NYC FVI was initially scoped as a single, stand-alone map, the co-

production process led the team to identify a need for providing several NYC FVI maps in 

order to increase the tool’s usability. First, the hazard layers depicting the flood hazard types 

selected (tidal and storm surge flooding) were only available separately, raising the need for 

assessing exposure separately for either tidal flooding or storm surge scenarios. Second, the 

interest in assessing future flooding in addition to current conditions led to selecting two future 

flooding scenarios for each flooding type (2050s and 2080s). Thus, a total of six NYC FVI 

maps combining vulnerability indicators with scenario-specific exposures were finally 

produced (Figure 3).  
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In addition to the different exposure scenarios, participants identified a need for an 

exposure-less, generalized index based on the aggregated vulnerability indicators. As a result, 

the team also developed the Flood Susceptibility to Harm and Capacity to Recover Index 

(FSHRI). The FSHRI measures susceptibility to harm and capacity to recover from flooding 

regardless of exposure. Separating the dimensions of vulnerability from exposure serves to 

(a) show the relative contributions to each index from susceptibility to harm and capacity to 

recover versus exposure across space and (b) guide planning and policy decisions in areas 

where exposure data may be missing (e.g., for less explored flooding types). 
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Figure 3: Spatial analysis workflow taken to generate the NYC FVI. The diagram shows three key steps, being (1) the aggregation of susceptibility and recovery 

capacity indicators into a generalized index (FSHRI), (2) exposure assessments of residential units to develop an exposure indicator under specific flooding 

events that differentiate flooding type (tidal, storm surge) and time horizon (current, 2050s, 2080s), and (3) the aggregation of the FSHRI with each separate 

exposure scenario to develop event-specific versions of the NYC FVI. Adapted from McPhearson et al. (2024).
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III.3.1.2. Collaboration 

Participants identified two levels at which collaborative practices played out and 

supported the NYC FVI development: collaborative practices within the project’s timeline and 

preceding collaboration practices that enabled the NYC FVI’s co-production approach.  

Project specific collaboration was implemented through an agreed meeting cadence 

and structure. At the beginning of the process, the team agreed on carrying out monthly check-

ins that enabled sustained feedback exchanges. When needed, additional bilateral meetings 

were organized to discuss specific dimensions of the FVI development with particular 

collaborators (e.g., discussing the trade-offs of selecting specific flood hazard datasets to 

evaluate flood exposure). More than 20 team-wide, 1-hour long online meetings took place 

over the course of developing the FVI. In addition to monthly team meetings, the team’s 

researchers in charge of data processing and analysis met systematically in the interim. These 

interim sub-meetings provided a critical checkpoint to assess progress, troubleshoot issues 

identified in the previous meeting, prepare for the next full-team discussion, and arrange 

bilateral meetings when needed. Additionally, 3 all-hands meetings were conducted 

throughout the project in order to share updates across teams and to align the FVI with other 

tasks being developed in parallel under the VIA project. 

Participants relate the process’ collaborative approach to its capacity of incorporating 

the operational rules under which city staff work, directly shaping data choices. During the 

focused monthly meetings, both researchers and policy makers confronted data gaps, access 

limits, and questions of validity when selecting vulnerability indicators and flood hazard layers. 

Several meetings focused on whether candidate flood layers met agencies’ requirements for 

validity and certainty. The result was a shared rule of practice by which only interpretable and 

sufficiently validated data is usable in policy. Potential datasets that risked reducing the NYC 

FVI’s conciseness and interpretability were thus discarded.  

Participants also report the clear definition of roles within the team as an additional 

collaboration-specific driver of progress. As the brokering agency and final data owner, 

MOCEJ provided formal sign-off after deliberation with partners, ensuring methods met policy 

and implementation requirements. This role, clearly established ex-ante, helped solving key 

junctures with policy and governance implications whenever they emerged. 

Finally, participants point to the VIA project set-up as an innovative way of securing 

research funding. Previous interactions in the science-policy interface such as New York Panel 

on Climate Change (NPCC) reports had required researchers and other partners to volunteer 

their time. By partnering with the City’s Town & Gown initiative - a city-led partnership program 
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that focuses on bringing together practitioners and academics to co-produce actionable 

research - the VIA project became one of the first transdisciplinary collaborations able to 

provide financial support to non-city partners, as well as to provide direct support to city 

officials who were encouraged and allowed to dedicate their time to the process (McPhearson, 

Towers, et al., 2024; NYC Department of Design and Construction, n.d.).  

Regarding enabling circumstances, participants consider the broader science-policy 

interface in NYC to have played a key role in enabling the co-production of the NYC FVI. In 

2015, NYC government officials and local researchers collaboratively developed the city’s 

Heat Vulnerability Index (HVI) (Madrigano et al., 2015). This precedent co-production cycle 

provided a baseline for the NYC FVI, giving policy makers a clear sense of potential use cases 

and acceptable levels of complexity and interpretability. Consequently, policy makers were 

able to articulate their needs and constraints early on (e.g., how to apply and explain scores, 

discussing and selecting spatial analysis methods such as indicators and resolution, 

documentation and reporting needs). In addition, some of the city’s offices had previous 

experience working together in complex climate adaptation programs, such as the Cool 

Neighborhoods Program. This initiative, led by the New York City Mayor’s Office of Recovery 

and Resiliency (an office that was later folded into MOCEJ), brought together other 

departments such as NYC Parks, DOHMH, the Department of Small Business Services, and 

NYCEM. 

Participants point to additional enabling circumstances through NYC’s history of 

nurturing collaborations and exchanges across different sectors, including researchers and 

community organizations, to support climate adaptation planning. The City maintains the 

NPCC, a multi-disciplinary team of researchers established in 2009 that works to advance and 

synthesize the state of knowledge on the impacts of climate change to the city (NYC Mayor’s 

Office of Climate & Environmental Justice, 2022b). The NPCC’s outputs have effectively 

informed climate adaptation planning in NYC, informing the city’s major adaptation plans in 

2013 (City of New York, 2013; City of New York Office of the Mayor, 2023; New York City, 

2019). NPCC outputs also directly inform climate budgeting, individual agency resilience plans 

such as the Metropolitan Transportation Authority’s climate resilience roadmap (NYC 

Metropolitan Transportation Authority, 2024), NYCEM’s Hazard Mitigation Plan (NYC 

Emergency Management, n.d.), and work within the Environmental Justice NYC initiative 

(NYC Mayor’s Office of Climate & Environmental Justice, 2025). More recently, the city 

created the Interagency Climate Assessment Team (ICAT), a group of city staff members from 

multiple departments tasked with identifying actionable knowledge gaps, steer research 

agendas, provide feedback to research inquiries, and incorporate research outputs into their 
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department policies (NYC Mayor’s Office of Climate & Environmental Justice, 2022a). In 

addition to ICAT, the Climate Knowledge Exchange (CKE) initiative, also led by the city since 

2020, has served as a space for city officials to identify research needs by iteratively engaging 

with researchers, community organizations, and federal institutions (Bridges et al., 2024). The 

previous existence of inter- and transdisciplinary knowledge sharing spaces such as the 

NPCC, ICAT, and CKE enabled the generation of trust and relationships, facilitating 

interactions in the NYC FVI development. 

III.3.1.3. Inclusiveness 

 As a tool intended to guide adaptation planning efforts led by NYC agencies, 

the inclusiveness of the NYC FVI’s development process focused on including a diverse range 

of city agency stakeholders to ensure the tool’s usability and uptake. City agency stakeholders 

were recruited taking ICAT as a starting point. In the scoping and starting stages of the project, 

ICAT members were invited to self-enroll and/or assign other agency members to the project. 

As a result, a core group of 12 city agency stakeholders became actively involved in the 

development of the NYC FVI (McPhearson, Towers, et al., 2024), representing five city 

government agencies: MOCEJ, NYCEM, NYC Parks, DOHMH, and the Department of 

Environmental Protection (DEP). In addition to the core group, an advisory group composed 

of experts familiar with different aspects of NYC’s flood risks was established to provide 

technical guidance on the FVI’s methodology, data selection, and potential use cases. This 

advisory group was composed of 8 members, representing academic researchers, federal 

institutions developing place-based research, and consultants involved in flood hazard 

mapping (e.g., contributors to NPCC reports and local flood resilience plans). 

As reported by participants, the inclusiveness of the process resulted in the integration 

of otherwise siloed insights from different participants, preventing design errors and increasing 

the validity of the final tool. For example, at the early stages of selecting flood hazard data, 

members of MOCEJ cautioned against combining two flood hazard layers without modelling 

their interactions, which would falsely imply compound flooding. Similarly, the presence of 

DEP members sustained discussions that led to discarding the development of an NYC FVI 

for pluvial flooding. This decision was motivated by the fact that novel pluvial flood hazard 

data, recently released by DEP (NYC Mayor’s Office of Resiliency, 2021), was at the moment 

under revision. Consequently, the team agreed to postpone the development of a pluvial NYC 

FVI to subsequent cycles as the data’s uncertainty is reduced. 

The inclusion of diverse participants also implied a need for additional time to establish 

a common understanding. This was most explicit during the process of jointly defining 
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vulnerability at the early stages of the project. Participants’ different epistemic traditions 

implied a clash between risk and vulnerability-oriented framings. The main difference between 

both fields is in the conceptual placement of exposure and hazard - while risk-based framings 

consider exposure to be external to vulnerability and dependent on specific hazard scenarios, 

vulnerability scholarship considers exposure as an inherent component to vulnerability (Cutter 

et al., 2009), irrespective of specific events that moderate hazard magnitudes (Sharma & 

Ravindranath, 2019). The flexibility of the process provided time to surface these differences, 

as well as the space to collectively agree to a definition of vulnerability that, while considering 

exposure as an intrinsic factor, accounted for different scenario-specific measurements of 

exposure. 

In addition to integrating specialized knowledge, participants point out that the 

inclusiveness of the process within NYC government offices enabled the integration of 

complementary missions and jurisdictions. For example, members of the NYC Parks 

expressed their interest in ensuring that the city’s parks were properly represented, without 

falling into the common assumption that parks are floodable, pervious areas unworthy of 

prioritization. 

III.3.2. Product 

III.3.2.1. Decision-driven 

The NYC FVI was scoped as a decision-driven climate service aiming to support the 

planning and design of climate adaptation interventions. Consequently, ensuring the tool’s 

interpretability and usability acted as a guardrail against over-engineering by pursuing 

methods or data insights that, while interesting, would not have been immediately relevant. 

For example, indicators were only deemed usable if the team agreed to them having a clear, 

traceable relationship with potential socioeconomic outcomes under the considered flooding 

scenarios. Similarly, the choice of aggregating indicators using a geometric average resulted 

from facilitated discussions that discarded other methods (e.g., Principal Components 

Analysis) that would have significantly reduced the interpretability of the product and the 

comparability between different iterations. Potential trade-offs related to the simplification of 

complex, dynamic interactions between flooding and vulnerability were continuously 

discussed throughout the process, benefitting widely from the flexibility designed into the 

whole process. Ultimately, the main point supporting the prioritization of simplicity and 

interpretability over complexity was that the NYC FVI was not designed as a stand-alone tool, 

but rather a complement and a guidance to subsequent inquiries. In some cases, the tool’s 

clearly defined purpose also led to selecting more complex methods. For instance, the highest 
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possible resolution (i.e. tax lot level) was selected for the exposure analysis in order to ensure 

the FVI’s usability in NYC’s complex urban setting (Figure 4). 

 

Figure 4: Exposure comparison based on the resolution of the analysis. During the co-production 

process, this figure was employed to illustrate how an overlap-based exposure assessment using a 

census tracts resolution (left) would lead to overestimated exposures. As a result, the team developing 

the NYC FVI agreed to employing a tax lots level exposure assessment (right). Source: McPhearson et 

al. (2024). 

City agency stakeholders co-leading the process reported that ensuring the tool’s 

applicability was critical in order to avoid the product from going unused (Lemos et al., 2012). 

Policy-makers involved in the NYC FVI development have described several use cases that 

have emerged to this date since the release of the NYC FVI in 2024. MOCEJ and collaborators 

relied on the NYC FVI to identify neighborhoods in the Climate Strong Communities Program, 

an engagement initiative to implement equitable resiliency projects by focusing on NYC’s 

disproportionately affected areas (NYC Mayor’s Office of Climate & Environmental Justice, 

2024b, 2025). In addition, the NYC FVI’s FSHRI was included in the flood risk report of the 

NPCC’s 4th assessment both to highlight key vulnerable areas and to develop 

recommendations for future research efforts (Rosenzweig et al., 2024). In future processes, 

the NYC FVI is also expected to support coastal resilience planning processes. In addition to 

city officials, the NYC FVI has supported follow-up research projects and advocacy 

organizations. For example, preliminary results were discussed and provided to researchers 

leading FloodNET, a collaborative initiative to deploy real-time flood sensors throughout the 

city (McPhearson, Towers, et al., 2024; Silverman et al., 2022). FloodNET has used the FVI 

to inform the prioritization of flood sensor installations (in combination with location requests 

from city agencies and community members). In addition, the civic organization Guardians of 

Flushing Bay relied on the NYC FVI to appeal against the Queens Future project, a large-

scale development project planned on public parkland, during the project’s Environmental 

Quality Review (VHB, Inc., 2025). As a result of this experience, participants affiliated with the 
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city agency NYC Parks reported its usability for documenting the vulnerability to flooding that 

parks and surrounding communities experience. 

III.3.2.2. Timely 

The team explicitly scoped the development and release of the NYC FVI on a schedule 

that allowed the tool to be included in the NPCC’s 4th assessment report (McPhearson, 

Towers, et al., 2024; Rosenzweig et al., 2024), on which NYC agencies rely to inform climate 

resilience planning and implementation. Aligning with the NPCC reporting time-frames 

provided visibility among the broader ICAT and the city’s offices, enabling the NYC FVI’s 

integration into planning and policy-making workflows.  

III.3.2.3. Process-based  

As summarized in the previous sections, the NYC FVI was developed through an 

iterative, collaborative process (Figures 1 and 2). In addition, the development of the tool is 

part of a long-term, ongoing process to manage climate risks in NYC in several specific ways. 

It responds directly to needs identified during previous collaborations between researchers 

and policy makers, and is being used in several efforts to advance flood resilience. Here, we 

focus on additional aspects raised by participants that define the NYC FVI as a living tool by 

outlining antecedents leading to the scoping of the NYC FVI, and post-release routines that 

keep the NYC FVI active.  

In addition to the collaboration-relevant context, specific actionable outputs delivered 

through the NPCC also paved the way for the scoping of the NYC FVI. Since its inception, the 

NPCC has relied on a risk management approach to guide climate adaptation, explicitly 

coupling hazard, exposure, and vulnerability (Ghosh et al., 2022; Yohe & Leichenko, 2010). 

Consequently, the city’s advances in understanding flood risk have taken place in close 

dialogue with the NPCC reports (Gornitz et al., 2019; Horton et al., 2015; Orton et al., 2015, 

2019; Patrick et al., 2015; Rosenzweig et al., 2024). Furthermore, the third and fourth NPCC 

assessments also include an explicit focus on environmental justice aspects of the impacts 

caused by climate change, which the FVI helps to address in the context of flooding (S. Foster 

et al., 2019; S. R. Foster et al., 2024).  

In 2021, two governmental reports laid out the institutional demand for the NYC FVI. 

First, the NYC Stormwater Resiliency Plan scopes initiatives to “Build maps into interactive 

online platform showing citywide flood vulnerability from rain, coastal storms, and sea level 

rise”, and “Establish criteria for tiering neighborhoods based on flood vulnerability and risk” 

(NYC Mayor’s Office of Resiliency, 2021, p. 15). Second, post-Ida reports demanded the 

development of a Coastal Flood Vulnerability Index (Wolfe et al., 2021). The report referenced 
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the HVI as a critical tool for resource allocation and called for a similar tool focused on flood 

risk management. 

Since its release, city staff who participated in the development process have been 

disseminating information about the FVI in order to make it more widely available and build 

capacity for using it. The tool was made available for visualization in the city’s Environmental 

Justice Mapping Tool, hosted by MOCEJ (NYC Mayor’s Office of Climate & Environmental 

Justice, 2024a), as well as the data portal of the DOHMH (NYC Department of Health and 

Mental Hygiene, 2024a). The tool is also available for download in the city’s open data portal 

(NYC Mayor’s Office of Climate & Environmental Justice, 2024c).  

The NYC FVI has been featured for general dissemination purposes in a data story by 

the DOHMH (NYC Department of Health and Mental Hygiene, 2024b), and in the city’s 2024 

Open Data Report (NYC Office of Technology and Innovation, 2024). City agencies such as 

MOCEJ, and researchers that co-led the development of the NYC FVI have sustained their 

interactions through on-demand presentations of the tool to specific working groups and 

offices as part of an effort to build awareness of the tool, discuss future updates, and address 

doubts regarding the tool’s interpretation. For instance, the index was presented at “Adapting 

to Multiple and Cascading Climate Change Hazards and Risks”, a workshop that convened 

practitioners from the public sector, academics, and civic organizations (McPhearson, Uriarte, 

et al., 2024).  

III.3.3. Co-reflecting Future Iterations: Needs and Opportunities for Improvement Identified 

As part of this co-reflection, several aspects were identified for improvement by 

participants of the NYC FVI co-production, which we list in Table 2. 

Table 2: Opportunities for improvement identified by co-producers of the NYC FVI. 

Principle / 
Characteristic 

Improvement Aspect 

Process: 
Flexible 

1. Flexible approaches required significant amounts of time to discuss and 

weigh options. The project’s timeline required moving forward at times 

making participants wish there was more time available.  

Process: 
Collaborative 

2. Most meetings were held online and limited to a duration of one hour. 

Increasing options for in-person collaboration would help move the process 

forward faster. Pairing short check-ins with fewer but longer in person 

sessions may allow for dedicated attention and discussion. 
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Principle / 
Characteristic 

Improvement Aspect 

Process: 
Inclusive 

3. Staff turnover in the city offices challenged the continuity and participation 

of some offices. Designating alternate participants for each office would 

reduce the risk of disruption. 

4. The role of the advisory team and the expectations for its outputs may be 

better defined to increase their level of involvement throughout the process. 

5. Some government offices with potential to benefit from the NYC FVI were 

unrepresented (e.g., Department of Department of Housing Preservation, 

Department of City Planning, Office of Management and Budget). Interim 

open-door sessions focused on presenting preliminary results may help 

enrich sources of feedback and facilitate early buy-ins from government 

officials without the bandwidth to co-produce.  

6. Community perspectives from communities affected by flooding were not 

directly included, mainly because bottom-up co-production requires a much 

higher investment in relationship and trust building. Future iterations may, 

however, explore ways of including non-profit organizations who support 

flood resilience initiatives and/or community groups with the first iteration of 

the NYC FVI as a conversation starter. 

Product: 
Decision-
driven 

7. The NYC FVI is currently capable of mapping vulnerability under specific 

flood hazard scenarios that exclude pluvial flooding. As pluvial flooding 

data becomes more reliable, a specific set of FVIs may be prepared for this 

specific flooding type. Similarly, compound flooding events may be 

represented in the future as novel modeling outputs emerge. 

8. The provision of the NYC FVI may be enriched by including data and 

preliminary analyses informing the indicators driving local vulnerability, in 

order to guide context-specific interventions. 

Product: 
Process-
based 

9. Feedback capture was limited during and shortly after the co-production 

process due to the lack of an embedded MERL framework. Future co-

production processes may include tools to facilitate collective learning as 

part of the process. 

Product: 
Timely 

10. In its current version, the NYC FVI provides a series of static metrics 

(maps) under specific flooding types (storm surge or tidal flooding) and 

time horizons (current, 2050s, and 2080s). The FVI’s capacity to support 

short-term emergency responses under other types of events may be 

limited as the tool does not incorporate real-time flooding forecast data. 

Future iterations may explore integrating the FSHRI with real-time 

anticipated exposures, increasing the tool’s cadence and applicability.  
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III.4. Discussion 

This study reflects on the perceived benefits and tradeoffs of using a co-production 

approach to develop New York City’s first Flood Vulnerability Index. We rely on the principles 

proposed by Vincent et al. (2018) to provide a structured ex-post account of how the process 

and the final product benefitted from the approach taken.  

Knowledge co-production has been extensively praised in the context of climate 

change adaptation, yet it remains unclear what type of evidence is needed to justify the 

commitment of funding, time, and resources implied in such an intensive approach (Olazabal 

et al., 2025). A key emerging argument in favor of transdisciplinary climate change adaptation 

points at the “relational turn” that re-imagines adaptation as a shared learning process that 

relies on cultivating and strengthening relationships among people and nature (Goodwin et 

al., 2025). By framing this study as a co-reflection that brings together the experiences of the 

researchers and practitioners that co-produced the NYC FVI, we anchor this study to the 

facilitation of shared learning and maintaining feedback loops that strengthen the relationships 

nurtured throughout the process (Collins & Ison, 2009). 

III.4.1. Transferable lessons & cross-cutting factors identified 

The results of this co-reflection show that each of the principles interact with each other 

substantially. For instance, the flexibility designed into the process was only made possible 

thanks to the collaborative set up of the project, whose frequent meeting cadence enabled 

timely exchanges and incorporations of feedback. Plus, the inclusion of multiple sectoral 

government offices in the process benefited from the flexibility designed into the project (e.g., 

setting clear decision windows for participants to provide input and feedback to specific 

aspects). The project’s inclusiveness also required specific collaboration set ups within the 

project, such as recurrent meetings and information flows capable of incorporating multiple 

inputs, and a clear distribution of roles within the multiple participating city agencies to ensure 

the project’s steady progress (e.g., having MOCEJ as the project’s main steward, with sign-

off capacities).  

The benefits and trade-offs of co-producing the NYC FVI may be contextualized 

through the principles of credibility, salience, and legitimacy, which anchor the production of 

usable, useful, and used knowledge (Cash et al., 2002; Crimmins et al., 2025). The credibility 

of the NYC FVI benefited from the choices made collectively throughout the process (e.g., 

indicator selection, testing of alternative aggregation methods...). Evidence gathered through 

the initial literature review, the iterative testing of methodological alternatives, and the reporting 

of the process in a final report increased the transparency of the process. The salience of the 
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tool was enhanced by its decision-driven scoping and the iterative inputs provided by end-

users. Finally, we consider that the legitimacy of the FVI is supported by seeking the input 

from multiple government agencies through ICAT, facilitating a flexible process with space for 

deliberation and discussion, ensuring accessibility to both the tool and its documentation, and 

by this facilitated co-reflection paper that integrates the experiences and perceptions of its co-

producers. Tensions arose between the product’s timeliness and the process’ flexibility and 

inclusiveness. In order to align with the NPCC release, and to meet timelines required by 

stakeholders set to achieve the ultimate goal of providing a usable climate service, deliberation 

time was constrained to the project’s scope, generating trade-offs between the salience linked 

to a timely product and the legitimacy and credibility of expanded deliberation. These observed 

interactions illustrate the critical need of accounting for the trade-offs that emerge across the 

six co-production principles and balancing them within the team and project’s capabilities. 

It is important to note, however, that credibility, salience, and legitimacy are based on 

the subjective perception of different potential users, and may vary across city agencies and 

non-governmental actors. Assessing perceptions on the tool beyond the co-producers that 

engaged with the NYC FVI development stems beyond this study’s scope, but should be 

considered in future climate services evaluations (Vincent et al., 2018). 

The results of this co-reflection illustrate how co-production does not happen in a 

vacuum. In NYC, upstream collaboration processes (e.g., the nurturing of a science-policy 

interface through NPCC, ICAT, and other cross sectoral forums) are key enablers of the trust 

and knowledge dissemination channels needed for the viability of the NYC FVI as a co-

production effort. In addition to collaboration aspects, previous specific project outputs, 

reports, and decisions had explicitly called for a flood vulnerability index. Project antecedents 

and post-release routines illustrate how the NYC FVI sits in an ongoing cycle of knowledge 

transfer and retention across agencies and within the science-policy interface.  

Co-production needs to be framed as a cycle rather than as a linear, single project with 

a limited lifespan (Kirchhoff et al., 2013; New et al., 2022). When co-production remains limited 

to a single project-based application (and its budgeted commitments), the organicity and 

flexibility required for collaborative knowledge generation is reduced (Chilvers & Kearnes, 

2016; Harvey et al., 2017). These aspects also illustrate the fundamental shifts needed in the 

conception and operationalization of partnerships to achieve truly effective and equitable 

adaptation (Bhanye, 2025). Relationships and trust need to be built and maintained beyond 

the life-span and budgets of single projects (Albert-Fonseca et al., 2025; Howarth et al., 2022), 

and token consultation needs to shift towards shared powers in decision-making (Galende-

Sánchez & Sorman, 2021). Formal and informal spaces for knowledge exchange (e.g., 
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communities of practice, interagency coordination groups, citizen-inclusive forums), arise as 

crucial sources for supporting relationships and sharing knowledge beyond specific projects 

and identifying policy-relevant knowledge gaps (Bridges et al., 2024; Cornell et al., 2013; 

Cvitanovic et al., 2015; Muccione et al., 2019; Temby et al., 2017). 

III.4.2. Future risk knowledge co-production iterations: pathways for improvement and 

evolution 

Participants noted that a monitoring, evaluation and learning (MEL) plan would improve 

future co-production cycles. Furthermore, during this study, the desire of having explicitly co-

reflected earlier after the project’s completion was raised by participants. While the additional 

costs in time, resources, and engagement must be recognized, designing MERL tasks during 

and after the completion of the process would open explicit avenues for feedback-driven 

updates and improvements (Visman et al., 2022). Given that success criteria vary across 

stakeholders and through time, incorporating MERL practices would further support 

knowledge exchanges that improve collaboration, social learning, and an examination of how 

different actors perceive the credibility, salience, and legitimacy of co-produced climate 

services (Boon et al., 2025; Boon & Biesbroek, 2025). 

Enriching the inclusiveness of the process was the most mentioned principle for 

improving future co-production cycles. The range of suggestions captures the multiple angles 

of what inclusiveness entails in practice. First, practical points related to staff mid-process 

turnover and the need for laying out clear, specific responsibilities for the advisory group 

illustrate how inclusiveness is dependent on collaboration design (Hegger et al., 2012). The 

impact of staff turnover can be especially harmful to collaboration set-ups when it applies to 

boundary actors, defined as agents that operate within climate science-policy networks 

(Howarth et al., 2022). In cases where these stakeholders sustain the interactions between 

specific organizations, their departure can leave a gap that slows down coordination or even 

resets trust and relationships. Future collaboration setups may include continuity tools (e.g., 

defining replacement actors, developing onboarding documentation). 

Second, broadening the diversity of participating decision-makers and stakeholders 

relates to the need to critically reflect on the diversity of the knowledge represented throughout 

a co-production cycle. Knowledge diversity requires conciliating diverse problematizations (i.e. 

for different stakeholders, flooding in NYC may be linked to different impacts or causes). 

Recent exercises using systems-based approaches such as Fuzzy Cognitive Mapping or 

Causal Loop Diagrams to integrate diverse perspectives have shown promising results in the 

context of climate adaptation (Olazabal et al., 2018; Tepes & Neumann, 2020). These 
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methods enable reflections on the different ways in which the system is perceived, supporting 

the identification of knowledge gaps, biases, and recurrent narratives that are poised to steer 

co-production in specific directions (e.g., by prioritizing indicators related to specific themes) 

(Herreros-Cantis et al., 2025; Schwermer et al., 2021). Future co-production cycles, thus, 

would benefit from assessing knowledge diversity from an early stage to identify potential 

knowledge gaps calling for the addition of participants with expertise in specific sectors. 

Third, comments suggesting the involvement of local communities in future co-

production cycles raise important considerations on the type of knowledge systems that are 

invited to participate in climate services development for climate adaptation planning (Feagan 

et al., 2019). As a tool specifically developed to help city officials prioritize and design climate 

adaptation interventions, the NYC FVI development process deliberately engaged with end-

users within the city government in order to incorporate their formal and informal (i.e., 

experiential, uncoded knowledge) professional expertise. While the funding scheme of the 

project enabled a collaborative, transdisciplinary approach to generating new usable 

knowledge for the city, the recruitment of participants focused on stakeholders with decision-

making powers over the city’s planning. Follow-up ongoing research is building on the 

development of the FVI by integrating community expertise into a validation of vulnerability 

indicators through focus group discussions and household surveys in several NYC 

neighborhoods. The results of this research are expected to inform the selection of indicators 

in future iterations of the FVI that consider exposure to these sources of flooding. However, 

the tensions identified point towards a need for experimenting with novel funding schemes 

that tackle potential equity and inclusion challenges inherent to funding co-production (Arnott 

et al., 2020). 

Broadening participation to include community groups and non-profit organizations 

that support flood resilience efforts will enrich the understanding of vulnerability to flooding, 

and the applicability of the FVI for both agencies and communities. Ultimately, co-production 

serves best when conceptualized as a multi-stage, iterative practice capable of delivering 

focused outputs while critically engaging with guiding principles (Vincent et al., 2018) to enable 

continuous learning and adjustment. 

III.5. Conclusions 

Effective and just urban climate adaptation must explicitly consider the uneven 

distributions of climate risks, and their disproportionate impacts on vulnerable communities. 

Despite technological and methodological advances in risk and vulnerability assessments, 

scientific knowledge tends to be developed in isolation of the needs and expectations of urban 
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planners and decision makers. Consequently, the lower applicability and usability of 

scientifically innovative risk assessments translates into a reduced capacity to inform climate 

adaptation planning processes. 

Climate services and knowledge co-production are emerging as a powerful bridge to 

link scientific knowledge with decision-makers. However, there is little evidence about the 

ways in which transdisciplinarity benefits urban climate adaptation, especially through 

stakeholder-centered assessments. In this study, we bridged co-production theory and 

evaluation practices through a structured ex-post co-reflection on the benefits of taking a co-

production approach to developing the NYC FVI.  

The presented co-reflection linked the salience, credibility, and legitimacy of the NYC 

FVI to the key process and product principles that guide co-production cycles. In doing so, we 

illustrate the multiple ways in which a co-production approach led to generating usable 

scientific knowledge at the service of climate adaptation planners. By involving end-users in 

the generation of risk knowledge, climate risk information moved from ending as ‘a map on a 

report’ to actionable guidance that endures. Future co-production cycles looking to inform 

climate adaptation planning through climate services should account for the trade-offs implied 

between co-production principles and their impact on the credibility, salience, and legitimacy 

of the information produced.  

While this study relied on the NYC FVI as a place-specific case study, the co-

production process and the co-reflection methods presented are relevant for researchers and 

planners looking to inform adaptation planning through the development of climate services. 

Actors seeking to embrace co-production across the science-policy arena should account for 

the role of enabling circumstances such as long-term collaboration and exchange spaces 

beyond project life-cycles. In order to catalyze long-term collaboration and learning, future co-

production cycles in NYC and elsewhere would benefit from explicitly incorporating monitoring, 

evaluation, and learning in order to ensure the refinement of the process and products through 

the systemic incorporation of feedback. 
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Chapter IV: Knowledge diversity for climate 

change adaptation: A social-ecological-

technological systems (SETS) approach to 

mental models4 

IV. Abstract 

As climate-driven extreme weather events continue to intensify, risk mitigation and 

governance are a critical aspect of urban climate change adaptation. Interdisciplinary 

knowledge integration is critical to account for varied perspectives related to the impacts of 

extreme weather events on urban systems. Despite advances made to integrate different 

strands of knowledge through systems-based approaches, few methods exist to contextualize 

and analyze the diversity of the knowledge being integrated. Assessing knowledge diversity 

exposes varying ways in which stakeholders identify and problematize the impacts of extreme 

weather events, uncovering knowledge gaps as well as dominant knowledge framings that 

might bias and/or hinder risk governance processes. This study presents a novel methodology 

that integrates a mental models approach with the social-ecological-technological systems 

(SETS) framework to assess and compare the perceptions of individual stakeholders on the 

impacts of extreme weather events on an urban system. By classifying system components 

and interactions into social, ecological, and technological domains, mental models enable the 

visualization of knowledge diversity, as well as the identification of potential gaps and silos in 

stakeholder understanding. The methodology is applied to New York City, engaging 20 expert 

stakeholders from diverse disciplines and sectors involved in mitigating the impacts of extreme 

precipitation. Findings reveal significant variability in how stakeholders emphasize SETS 

domains and interactions. By supporting more holistic and inclusive co-production processes, 

this approach provides a theoretical and empirical foundation for addressing the multifaceted 

challenges posed by climate change in urban environments. 

Keywords: Knowledge diversity; Interdisciplinarity; Fuzzy cognitive mapping; social-

ecological-technological systems; Climate change adaptation. 

                                                
4 This chapter corresponds to the following publication: Herreros-Cantis, P., Khromova, S., Olazabal, 
M., McPhearson, T., Langemeyer, J., & Neumann, M. B. (2025). Knowledge diversity for climate change 
adaptation: A social-ecological-technological systems (SETS) approach to mental models. International 
Journal of Disaster Risk Reduction, 124, 105550. https://doi.org/10.1016/j.ijdrr.2025.105550  

https://doi.org/10.1016/j.ijdrr.2025.105550
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IV.1. Introduction 

Climate-driven amplification of intensity and frequency of extreme weather events 

poses significant threats to people and nature (IPCC, 2022). Cities around the world face 

particularly high risks, as they concentrate people, infrastructure, and economic activity 

(Bouwer, 2010; Dickson, 2012; McPhearson et al., 2021; Steffen et al., 2015). Consequently, 

mitigating climate-induced risks is considered a cornerstone of urban adaptation planning 

(Olazabal et al., 2019; Sainz de Murieta et al., 2021; Sillmann et al., 2024). 

Climate adaptation planning requires a multi-faceted understanding of risk, defined as 

the potential for adverse consequences resulting from current or future combinations of 

exposure and vulnerability to a hazard (IPCC, 2012, 2022). Understanding the direct and 

indirect impacts of climate change is a foundational challenge encountered by decision-

makers involved in risk-based adaptation planning (Moser & Ekstrom, 2010). Thus, integrative 

approaches to problem definition are key for ensuring effective adaptation planning processes 

that consider the spread of climate impacts across a wide variety of sectors and scales (Adger 

et al., 2005; Feagan et al., 2025; Olazabal, Chiabai, et al., 2018). This integration, however, 

implies dealing with the fact that different stakeholder groups may differ in their perceptions 

and values about complex problems (Adams et al., 2003; Schwermer et al., 2021). Tackling 

the complexity of urban systems for climate adaptation requires not only diverse knowledge, 

but also a structured way to analyze how different forms of knowledge perceive climate risks 

across social, ecological, and technological domains, thus shaping adaptation decisions. This 

aligns with the concept of Knowledge Systems (KS), which encompasses the structures, 

processes, and social norms shaping the creation and integration of knowledge into decision-

making (C. A. Miller & Muñoz-Erickson, 2018; Muñoz-Erickson, 2014; Ramsey et al., 2019). 

Through KS, knowledge diversity can be situated within broader institutional and governance 

landscapes, emphasizing the importance of integrating diverse knowledge to overcome 

epistemological silos and support inclusive adaptation planning. 

Besides the wide variety of impacts experienced by cities, effective adaptation planning 

must account for the interconnected nature of urban systems (Brelsford et al., 2024; Dawson, 

2015; Markolf et al., 2018; McPhearson et al., 2016). Systems approaches are considered 

useful for tackling the complexity and interdependencies of climate change adaptation in cities 

(Cavallo & Ireland, 2014; da Silva et al., 2012; Hossain et al., 2024; Masson et al., 2014; 

Rehman et al., 2019; Ross et al., 2015). Depending on the focus and the challenge at hand, 

urban resilience and infrastructure systems have been approached through social-ecological 

systems (SES) or social-technological systems (STS) perspectives (Markolf et al., 2018). 

https://www.zotero.org/google-docs/?0iwGU3
https://www.zotero.org/google-docs/?BgYP66
https://www.zotero.org/google-docs/?ETDee3
https://www.zotero.org/google-docs/?AqEIHn
https://www.zotero.org/google-docs/?HuZtb6
https://www.zotero.org/google-docs/?r7bt4P
https://www.zotero.org/google-docs/?r7bt4P
https://www.zotero.org/google-docs/?9odEHU
https://www.zotero.org/google-docs/?e7r4ZU
https://www.zotero.org/google-docs/?Bu4ZvM
https://www.zotero.org/google-docs/?Bu4ZvM
https://www.zotero.org/google-docs/?kBg936
https://www.zotero.org/google-docs/?kBg936
https://www.zotero.org/google-docs/?mvNp14
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Aiming to integrate both approaches into a more holistic conceptualization, urban 

environments have more recently been framed as interdependent Social-Ecological-

Technological Systems (SETS) (Bai et al., 2016; Markolf et al., 2018; McPhearson et al., 

2016). SETS are framed as an entanglement of social, ecological, and technological domains 

(Figure 1) that must be recognized as interlinked, or “coupled” rather than as three separate 

subsystems (Chester et al., 2023a). Considering the couplings between SETS domains is 

crucial to enable sustainable urban transformations that maximize synergies and minimize 

trade-offs across domains (McPhearson et al., 2021), account for cascading impacts 

(Helmrich et al., 2023), and reduce the risk of maladaptation (Juhola et al., 2016; Magnan et 

al., 2016). For instance, smart-city approaches failing to couple with the social and ecological 

domains tend to over-rely on digital and infrastructural solutions while overlooking critical 

issues such as inequality, environmental justice, and environmental stewardship (Branny et 

al., 2022). Similarly, the capacity of urban ecosystems and nature-based solutions to provide 

ecosystem services relevant to climate adaptation is heavily moderated by social and 

technological factors in addition to ecological conditions (Keeler et al., 2019; McPhearson et 

al., 2022). 

 

Figure 1: SETS conceptual framework as presented in McPhearson et al. (2022), McPhearson et al. 

(2021), and Markolf et al. (2018). Besides inter-domain interactions, also referred to as “couplings”, 

intra-domain interactions (e.g. socio-economic domain components interacting with each other) may 

occur and be considered in analytical approaches. 

https://www.zotero.org/google-docs/?nCDpsg
https://www.zotero.org/google-docs/?nCDpsg
https://www.zotero.org/google-docs/?5fjipv
https://www.zotero.org/google-docs/?6H5Yvi
https://www.zotero.org/google-docs/?AQlOtw
https://www.zotero.org/google-docs/?9Qu5Fc
https://www.zotero.org/google-docs/?9Qu5Fc
https://www.zotero.org/google-docs/?V1d5dM
https://www.zotero.org/google-docs/?V1d5dM
https://www.zotero.org/google-docs/?fqvtmI
https://www.zotero.org/google-docs/?fqvtmI
https://www.zotero.org/google-docs/?Ydp23u
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Most empirical applications of SETS to urban climate risks approach the integration of 

the three different domains through spatially explicit, quantitative analyses that combine pre-

identified social, ecological, or technological indicators (Chang, Pallathadka, et al., 2021; 

Pineda-Pinto et al., 2021; Sauer et al., 2023). Accordingly, SETS visualization has also 

focused on data visualization platforms where spatial layers are used to represent either 

system domain (S, E, or T) (Feagan et al., 2025; Sauter et al., 2021). While useful for 

visualizing the heterogeneous distribution of S, E, or T components and their spatial 

interactions, these approaches cannot be used to explicitly represent nor study the 

interconnected structure and behavior of SETS. Furthermore, these analyses tend to overlook 

information available only at a qualitative level, which may still provide extremely valuable and 

diverse information for climate change adaptation (Carpenter et al., 2009; Coletta et al., 2021, 

2024; Oppenheimer et al., 2007; Tepes & Neumann, 2020). Recent applications tackling 

SETS as complex, interconnected systems include the development of a causal-loop diagram 

(CLD) based on a literature and press review subsequently expanded through interviews with 

local stakeholders (Helmrich et al., 2023). This study focused on understanding the 

interdependencies of a SETS by analyzing cascading ecological and technological processes 

leading to social impacts. However, social impacts were ultimately framed as a result of 

cascading infrastructural failures, yet they were not directly included in the network 

represented in the CLD, failing to represent couplings with the social domain (e.g. financial 

aspects and maintenance of infrastructures). 

An additional challenge inherent to tackling climate change adaptation through SETS 

lies in the diversity of knowledge required to fully grasp their complexity. SETS approaches to 

climate adaptation require interorganizational, collaborative governance approaches that 

facilitate collective learning (Chester et al., 2023a). However, collaborative approaches to 

urban SETS often lack mechanisms for evaluating the diversity of knowledge underpinning 

them, leaving critical gaps in understanding how different actors conceptualize and engage 

with SETS. For instance, the complex systems-mapping exercise presented in Helmrich et al. 

(2023) focused on eliciting stakeholder knowledge to validate a pre-defined causal network, 

rather than reflecting on the potential myriad of different framings held by the decision-makers 

interviewed. By knowledge diversity, we refer to the varying ways in which different 

stakeholders and stakeholder groups may understand and define a problem related to risk 

mitigation for climate change adaptation. Under a SETS lens, knowledge diversity is defined 

as the heterogeneous understandings that individuals and groups may have about how the 

social, ecological, and technological domains interact with each other (Schwermer et al., 

2021). Given the complexity of SETS, capturing the multiple understandings of the system 

held by different stakeholders is critical to understand how decision-makers engage and 

https://www.zotero.org/google-docs/?vmei5l
https://www.zotero.org/google-docs/?vmei5l
https://www.zotero.org/google-docs/?o17e2F
https://www.zotero.org/google-docs/?b5dfBm
https://www.zotero.org/google-docs/?b5dfBm
https://www.zotero.org/google-docs/?Ikjfrj
https://www.zotero.org/google-docs/?t4VHQj
https://www.zotero.org/google-docs/?KU90Wq
https://www.zotero.org/google-docs/?KU90Wq
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interact with the challenges at hand (Aminpour et al., 2020, 2022; Schwermer et al., 2021). 

Understanding knowledge diversity in urban SETS for climate adaptation would provide 

insights into how different domains and couplings are unevenly understood or considered 

(Aminpour et al., 2022), consequently highlighting potential knowledge gaps and silos leading 

to an unbalanced understanding of certain parts of the system, and leading to adaptation 

decisions that fail to fully account for the interactions present in urban SETS. Recognizing 

knowledge diversity is thus crucial for identifying knowledge gaps, uncovering overlooked 

synergies, and informing inclusive decision-making processes. Developing such an 

understanding is especially crucial at the beginning of interdisciplinary adaptation planning 

processes, as it enables researchers and planners to bridge epistemological gaps, address 

stakeholder silos, and foster a more balanced understanding of urban systems (S. A. Gray et 

al., 2014; Metzger et al., 2019). Failing to acknowledge and facilitate knowledge diversity may 

exacerbate existing differences and tensions within collaborating teams, potentially leading to 

power imbalances and the maintenance of a status quo (Chambers et al., 2022). 

Few experimental approaches for understanding knowledge diversity in complex 

systems have been developed. However, the majority of these applications focus on 

environmental conservation through SES (S. Gray et al., 2012; Metzger et al., 2019; 

Schwermer et al., 2021). To the best of our knowledge, no methods for assessing knowledge 

diversity have yet been applied nor adapted to urban SETS for climate adaptation. 

Building upon previous research on knowledge co-production for understanding 

complex systems and knowledge diversity analysis (Cook et al., 2021), we present a method 

for understanding knowledge diversity in urban climate change adaptation using a SETS lens. 

Here, we define knowledge co-production as “a collaborative process in which shared and 

usable knowledge is produced out of a pool of diverse knowledge sources and types” 

(Olazabal, Chiabai, et al., 2018, p. 46). Knowledge co-production is considered a powerful 

approach for enabling collective learning through the exchange, production, and application 

of knowledge (Hegger et al., 2012; Howarth & Monasterolo, 2017). Collective learning through 

inter- and transdisciplinary processes is essential for climate change adaptation as it can 

support the integration of differing perceptions and needs (Armitage et al., 2011; Borquez et 

al., 2017; Herreros-Cantis et al., 2024; McPhearson et al., 2016). 

This study holds two main objectives. First, we propose a novel methodology for 

mapping, visualizing, and analyzing urban systems by explicitly accounting for the interactions 

of their SETS components and domains. Second, we use this methodology to capture 

individual understandings of SETS and compare them in order to assess knowledge diversity 

related to climate change adaptation. We focus on the research question “How do experts 
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involved in local urban adaptation to extreme weather events differently frame the social, 

ecological, and technological interactions of risk and adaptation?”. Subsequently, we use the 

empirical findings to assess the capacity of our SETS-based approach to capture knowledge 

diversity, providing insights into the interdisciplinarity of the knowledge present in co-

production for urban climate adaptation. 

We rely on mental models to capture and compare individual perceptions of climate 

risk in an urban system. Mental models (also referred to as cognitive maps) are used to 

capture and represent the internal representations of reality, reasoning, and perceptions that 

characterize individual understandings and decision-making (Craik, 1943; Metzger et al., 

2019). Here, we focus on the use of mental models for eliciting knowledge about complex 

systems, which are represented as complex webs of cause-and-effect associations (Metzger 

et al., 2019). Mental models allow us to engage with diverse knowledge and perspectives 

when tackling sustainability challenges (Biggs et al., 2011; Folke, 2006). We classify system 

components represented in each mental model using a SETS lens, to then analyze the 

system's characteristics in terms of relative prevalence of S, E and T domains both as nodes 

and as inter- and intra-domain interactions or couplings such as social-to-ecological (S-E), 

social-to-social (S-S) … etc. By capturing and analyzing individual framings of risk in urban 

systems, this approach identifies shared understandings, gaps, and tensions, providing a 

foundation for improved knowledge co-production and decision-making in climate adaptation. 

Thus, we contribute to operationalizing KS by empirically showcasing the value of evaluating 

knowledge diversity, providing insights that are critical for fostering inclusive and context-

sensitive KS. 

Taking adaptation to extreme precipitation in New York City (USA) as a case study, 

we showcase a SETS-based methodology that highlights how knowledge diversity leads to 

multiple framings of climate risk due to differing perceptions of the impacts of extreme weather 

events. While previous research has examined components of social, ecological, and 

technological systems in climate risk assessments, there remains a gap in understanding how 

these perspectives agree and/or differ within interdisciplinary teams. This approach identifies 

commonalities and gaps through the representations of SETS in mental models, providing a 

foundation for future knowledge co-production exercises that explicitly seek to bridge and 

integrate differing risk perceptions in order to enhance climate adaptation strategies. 

In Section IV.2 we describe the case study area, highlighting NYC's experiences with 

recent extreme precipitation events and its wide risk governance context. In Section IV.3, we 

present the methods used to assess knowledge diversity by combining an FCM approach with 

a SETS lens. Section IV.4 presents the analytical results that stemmed in the case study. 
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https://www.zotero.org/google-docs/?nkwr3b
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Section IV.5 discusses the implications of the study, considering the consequences of the 

empirical results obtained for the case study's context as well as the broader implications of 

the approach presented in supporting inter- and transdisciplinary approaches to climate 

change adaptation. 

IV.2. Case Study Area 

New York City (NYC) is an especially relevant case study in climate adaptation, not 

only due to its physical vulnerabilities but also because of its pioneering approaches to 

integrating diverse knowledge and disciplines, fueled by its reliance on close science-policy 

collaborations. 

With over 8.8 million inhabitants, NYC is the most populous city in the United States 

and has long endured extreme weather events such as heavy rainfall and heat waves 

throughout its modern history (Braneon et al., 2024; Depietri & McPhearson, 2018). The city 

is located in the Northeast region of the United States, where some of the highest nation-wide 

increases in the frequency and intensity of extreme precipitation have been observed over the 

past century (Hayhoe et al., 2018). Further increases in extreme precipitation are projected in 

the coming decades (Braneon et al., 2024; Marvel et al., 2023; B. Rosenzweig et al., 2024). 

Several extreme precipitation events have taken place over the recent years, including the 

succession of three named tropical cyclones (Elsa, Henri, Ida) that occurred during Summer 

2021. Historic records for hourly precipitation were superseded twice in ten days, first during 

Hurricane Henri (August 21–22, 2021) (Newman & Barry, 2021; NOAA, 2021a) and then 

during the precipitation events linked to Ida's remnants (September 1–2, 2021) (McKinley et 

al., 2021; NOAA, 2021b). Flash flooding caused by Ida's remnants caused 56 deaths in the 

Northeast region, of which 13 died in NYC (Hanchey, 2021). Additionally, Ida's precipitation 

caused severe property damages (NOAA, 2021b; NYC - CDBGDR, 2021) and disruptions to 

the city's mass transit systems (Levenson, 2021; New York City Transit, 2021). 

The city has its own advisory group of multi-disciplinary scientists, the New York City 

Panel on Climate Change (NPCC), established in 2009 (NYC Mayor’s Office of Climate & 

Environmental Justice, 2022b). Since NPCC's first report on the city's need to adapt its critical 

infrastructures to climate change, the NPCC has used a risk management approach to guide 

assessment (Ghosh et al., 2022; Yohe & Leichenko, 2010). In addition to the NPCC, the City's 

government recently established a group of city staff members from diverse municipal 

departments tasked with embedding scientific knowledge and climate data into their 

departmental policies (NYC Mayor’s Office of Climate & Environmental Justice, 2022a). This 

task force, named the Inter-agency Climate Assessment Team (ICAT), also plays a key role 

https://www.zotero.org/google-docs/?7SYSLG
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in identifying key knowledge gaps that steer the NPCC's research agenda. Since 2020, the 

city additionally leads the Climate Knowledge Exchange (CKE) initiative, an iterative 

engagement space through which city officials interact with scientists, federal institutions, and 

community organizations to identify NYC's research needs (City of New York, 2021). This 

complex landscape of interactions between NYC's government, researchers, and community 

organizations among others relies on the assumption that inclusive knowledge sharing would 

transform the way in which adaptation decisions are informed by local and scientific 

knowledge. However, a recent evaluation of the CKE initiative identified barriers to enhancing 

the inclusivity of knowledge co-production, such as a bias from institutions towards quantifiable 

data and the presence of inherent biases and practices related to political agendas and power 

structures (Bridges et al., 2024). As a result, the evaluation reported that certain issues 

aligning with existing agendas or capabilities might have been overrepresented. 

Regarding extreme precipitation, NYC's adaptation efforts are considered exemplary 

by their focus on risk mitigation (Sainz de Murieta et al., 2021) and the approaches taken 

towards measuring, monitoring, and setting goals for long-term adaptation (Goonesekera & 

Olazabal, 2022; Hölscher et al., 2019; C. Rosenzweig et al., 2010). The city released its first 

green infrastructure plan for stormwater management in 2010, after assessing the economic 

advantages linked to integrating green and gray approaches for mitigating water quality 

compliance issues linked to combined sewer overflows (New York City Department of 

Environmental Protection, 2010). While the plan successfully complements the performance 

of the city's under-dimensioned sewage systems, it does not address the impacts of extreme 

precipitation events (B. Rosenzweig et al., 2024). Only in 2021, the city released its first-ever 

Stormwater Resiliency Plan (SRP) (City of New York Mayor’s Office of Resiliency, 2021). This 

plan included NYC's first-ever city-wide pluvial flooding hazard maps, developed thanks to 

technological advances and a significant investment in resources. Pluvial flood hazard maps 

have enabled spatially explicit risk and vulnerability assessments (Anand & Marcotullio, 2024; 

B. Rosenzweig et al., 2024). The latest NPCC report includes an in-depth analysis of the city's 

pluvial flood risk and adaptation options (B. Rosenzweig et al., 2024) developed in parallel to 

the city's Climate Vulnerability, Impact, Adaptation and Analysis Study (VIA), an initiative 

focused on assessing the socio-economic impacts of extreme weather events in the city 

(McPhearson, Towers, et al., 2024). The VIA study resulted in the development of the city's 

first-ever Flood Vulnerability Index, a census-tract level map identifying communities most 

vulnerable to coastal flooding. Due to a lack of empirical understanding of the impacts of 

extreme precipitation on NYC's communities, a pluvial flooding vulnerability index was not 

developed during the study and research is currently in its early stages. 
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NYC is thus an important location to examine a city's active efforts towards co-

producing and integrating climate risk knowledge into climate adaptation planning, and serves 

as a critical case study for other cities to learn from. In a context where inter- and 

transdisciplinary collaboration is embraced as a common practice, identifying persistent 

knowledge gaps and common framings can illustrate how diverse perceptions are integrated 

into decision-making (or not), the barriers that hinder knowledge exchange, and how these 

dynamics shape the capacity of cities to address emerging climate risks. Additionally, we focus 

on extreme precipitation as a hazard that has only recently become a critical concern to the 

city, and about which knowledge may remain scattered compared to other hazards with a 

longer history of adaptation planning in the city (e.g. heatwaves and coastal flooding). 

IV.3. Methods 

Fuzzy cognitive mapping (FCM) has emerged as a powerful tool in urban and climate 

adaptation contexts, providing insights into diverse knowledge framings and fostering inter- 

and transdisciplinary approaches to complex challenges (Castro et al., 2023; S. Gray et al., 

2015; Metzger et al., 2019; Olazabal, Chiabai, et al., 2018; Tepes & Neumann, 2020). We use 

FCM in this study to elicit mental models from different stake- and knowledge holders. FCM is 

a ‘soft-systems’ approach valued for its capacity to capture mental modes as complex webs 

of cause-and-effect associations (S. A. Gray et al., 2014; Kosko, 1986). As such, FCM is 

capable of representing individual assumptions, knowledge, beliefs and experience in an 

organized and comparable manner (Jetter & Kok, 2014). It allows for the inclusion of soft 

variables that may be hard to quantify due to data scarcity or their qualitative nature (Tepes & 

Neumann, 2020). 

Representing complex systems as cause-effect networks in FCM resembles other 

qualitative complex systems mapping methods such as Causal Loop Diagrams (CLD). 

However, fundamental differences between CLD and FCM led us to choose FCM as the 

primary methodology for this study. While CLD is often used to understand the system's 

dynamics and identify feedback loops, FCM is particularly focused on capturing, visualizing, 

and analyzing the differences in the perspectives (cognitions) of participants (Barbrook-

Johnson & Penn, 2022b, 2022a). This feature is further exemplified in the use of weights to 

grade the strength of relationships drawn by participants, reflecting their perception of the 

influence of specific elements on the system. 

We follow the stepwise approach to FCM developed by Olazabal et al. (Olazabal, 

Chiabai, et al., 2018; Olazabal, Neumann, et al., 2018) based on Özesmi and Özesmi (2004). 

Specifically, we replicate steps 1 to 4 in our study (Table 1). This study's focus on 
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understanding knowledge diversity through a SETS lens does not require the aggregation of 

individual perspectives into a unique meta-model (step 5). 

Table 1: Steps and intermediate processes undertaken in this study. Adapted from Olazabal et al. 

(2018). 

Step Intermediate processes 

1. Problem Definition Definition of the study’s objective 

Definition of the study’s scope 

2. Knowledge 
Elicitation 

Identification of relevant participants 

Interview design 

Individual interview-based fuzzy cognitive mapping exercises 

3. Data Treatment Digitize hand-drawn mental models in Miro and Mental Modeler 

Share Miro version of model with participant for reference 

Coding maps into adjacency matrices 

Coding nodes as Social, Ecological, or Technological 

4. Homogenization Selection of common terminology + scale 

Renaming concepts 

Reversal of weight signs 

Computing Jaccard Similarity Coefficient (JSC) 

Step 1: Problem Definition 

Step 1 focuses on defining the objective and scope of the study. As stated above, the 

study's goals were to understand the diverse ways in which the impacts of extreme weather 

events are perceived by local stakeholders directly involved in urban adaptation to climate 

https://www.zotero.org/google-docs/?jbVtYL
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change. A SETS approach was selected to identify knowledge diversity by assessing how 

SET domains and couplings are differently perceived by participants. 

Step 2: Knowledge Elicitation 

Step 2 develops the elicitation of participants' knowledge, including the identification of 

participants, designing the interview's FCM mapping process, and carrying out the FCM 

mapping exercises. The target participants of this approach were local experts actively 

involved in the production and use of risk knowledge for climate adaptation planning (Olazabal, 

Chiabai, et al., 2018). We aimed to recruit participants across a diversity of sectors (e.g. health, 

urban planning, green infrastructures …) to optimize the interdisciplinarity of the sample as 

well as to balance the representation of social, ecological, and technological knowledge 

domains. We focused our selection on researchers who had recently carried out context-

specific pluvial flood hazard modeling, analysis, and risk assessment studies. Researchers 

closely interacting with local policy makers (e.g. through research partnerships) were 

prioritized given the study's focus on supporting inter- and transdisciplinary co-production 

processes. Additionally, we selected local decision-makers involved in integrating climate risk 

knowledge into decision-making processes, as well as those involved in responding to the 

short and long-term impacts of extreme weather events on the city's services and 

infrastructure. In addition to pre-selected academic experts and decision-makers, we used a 

snowball sampling approach, asking interviewees to recommend other participants whose 

knowledge they considered valuable for the study. 

In the study's case study, the selection criteria for identifying participants translated 

into contacting researchers contributing to the NPCC4, the VIA project, and others. Regarding 

local government's decision-makers, we primarily selected NYC policy makers belonging to or 

closely interacting with ICAT, given their involvement in sharing and integrating climate risk 

knowledge in their office's specific activities, as well as in informing and steering climate risk 

research based on the priorities and needs identified at the governance level. We contacted 

decision-makers from other NYC offices not present in ICAT in order to increase the different 

perspectives elicited from diverse city managers. Besides directly contacting individuals with 

requests for an interview, additional researchers and decision-makers were recruited at the 

participatory research workshop “Adapting to Multiple and Cascading Climate Change 

Hazards and Risks” organized by the Civic-Led Urban Adaptation Research Center, held in 

February of 2024 (McPhearson, Uriarte, et al., 2024). 

Knowledge elicitation in FCM applications varies based on the analytical goals. 

Processes focused on building consensus through negotiation and integration of perspectives 

https://www.zotero.org/google-docs/?DWDW7e
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rely on participatory FCM processes that involve group workshops (Knox et al., 2024). Here, 

our focus on leveraging knowledge diversity calls for using individual interviews through which 

participants are encouraged to express their individual views without having to work towards 

a consensus (see Supplementary Material 4.1 in Appendix 4 for interview protocol). 

Knowledge diversity was also enabled by designing the interview process using open 

questions instead of providing participants with pre-identified concepts (Olazabal, Chiabai, et 

al., 2018; Tepes & Neumann, 2020). The mapping exercise was structured into three main 

questions used to guide the development of a cause-effect network on an A1-sized piece of 

paper. In the first question, the interviewee was asked to list and connect the impacts of a 

specific extreme weather event (in this case, extreme precipitation in NYC) in a cause-effect 

network. Second, the interviewee was asked about potential drivers, pressures, and system 

characteristics that may influence the impacts identified previously. This question was added 

in order to capture critical contextual information that may be lost when limiting questions to 

the impacts of extreme precipitation. In the final question, the participant was requested to add 

potential responses and interventions that would be useful to mitigate the impacts of extreme 

precipitation in the drawn system. Finally, participants weighted each relationship represented 

in the cause-effect network based on the strength of the influence. Participants were requested 

to weigh each relationship qualitatively with a sign (negative or positive) to indicate an 

increasing or decreasing effect - and on a binary scale (weak or strong) to express the strength 

of the relationship. This binary weighting was selected in order to minimize the cognitive 

burden caused by the process of weighting dozens of cause-effect relationships at the end of 

the interview (Sarmiento et al., 2024). 

Step 3: Data Treatment 

Step 3 relates to the post-processing of individual FCMs. Elicited maps were digitized 

as graphs in a Miro Board (https://miro.com/). Digitized maps were shared with each individual 

participant for their feedback, requesting clarifications if needed. Maps were also digitized 

using mental modeler, a mental models analysis tool (S. A. Gray et al., 2013). Following 

Olazabal et al. (Olazabal, Chiabai, et al., 2018; Olazabal, Neumann, et al., 2018), we collected 

the nodes of each individual map into a workbench (Supplementary Material 4.2 in Appendix 

4) to facilitate a transparent and reproducible post-processing of the elicited variables. In the 

post-processing, each node was classified as either Social, Ecological, or Technological 

depending on the SET domain being referred to. This classification was done based on the 

overview of SET components and interactions developed in Markolf et al. (Markolf et al., 

2018). A notable aspect of this classification is that rules, codes, and regulations are classified 

as social regardless of the domain impacted. Coding nodes as S, E, or T allows analyzing how 
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the different SET domains and couplings are represented in each map. To better represent 

this, each individual map was condensed into a “SETS coupling diagram” with just three nodes 

(S, E, T). SETS coupling diagrams graphically represent the total number of nodes belonging 

to each domain, as well as the total number of couplings, including both inter-domain 

relationships (e.g. social-to-technological relationships) and intra-domain (e.g. social-to-

social). To enable a quantitative comparison, each FCM was summarized based on the 

percentage of nodes classified in either domain, as well as based on the percentage of its SET 

couplings. 

Step 4: Homogenization 

Step 4 focuses on homogenizing individual interviews to a common set of variables. In 

this study, we homogenized the coded SET nodes to a common terminology in order to 

compute the Jaccard Similarity Coefficient (JSC) to quantify the overlap between maps. It is 

obtained by dividing the intersection size by the union size of two samples (Equation 1). JSC 

can be used to assess the similarity between either the nodes or the relationships shared 

across two FCMs, as a proxy for agreement between two individuals or groups in their 

perceptions of a system's component (nodes) and structure (relationships) (Olazabal, 

Neumann, et al., 2018; Özesmi & Özesmi, 2004; Schwermer et al., 2021). In order to ensure 

transparency and reproducibility, the entire homogenization process was carried out by the 

same analyst who had conducted, digitized, and analyzed the interviews in order to avoid 

losing important connotations and interpretations implicit in the nodes, as recommended by 

Olazabal et al. (Olazabal, Neumann, et al., 2018). Homogenized variables are additionally 

provided in the workbench supplied in Supplementary Material 4.2 in Appendix 4. 

Equation 1)      𝐽𝑆𝐶 (𝐺1, 𝐺2)  =  
𝑁1∩ 𝑁2

 𝑁1 ∪ 𝑁2
 

Where G1 and G2 are two graphs, and N1 and N2 are the set of nodes in each of 

them. To compute the JSC of relationships instead of the nodes, N1 and N2 would be replaced 

by each graph's set of relationships between pairs of nodes. 

During the homogenization process, some nodes were aggregated or disaggregated 

in order to maintain consistency of terms and scale, as presented in Olazabal et al. (Olazabal, 

Chiabai, et al., 2018; Olazabal, Neumann, et al., 2018). Aggregated and disaggregated terms 

were color-coded in the workbench. 
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IV.4. Results 

IV.4.1. Summarizing elicited knowledge through a “SETS couplings diagram” 

A total of 36 people were contacted and invited to participate in an FCM mapping 

exercise, from which 20 (55.6 %) were successfully interviewed. Interviewed participants 

equally represented researchers (n = 10) and city-government decision-makers (n = 10). 

Participants also represented diverse sectors or areas: green and blue infrastructures 

(n = 6), infrastructure and urban planning (5), socio-economics (5), health (2), emergency 

management (1), and climate change (1). This classification into sectors, however, is a general 

estimation based on participants' primary institutional affiliations and roles, recognizing that 

many participants may contribute to multiple areas within their professional capacities. 

The representation of SETS across the elicited mental models varied significantly. A 

total of 639 concepts or nodes were elicited across the 20 interviews, from which 291 (45.5 

%) were classified as social, 150 (23.5 %) as ecological, and 198 (31.0 %) as technological. 

Interviews also showed variable complexity and structure, with an average of 32.0±8.3 nodes 

per model, and 49.4±17.1 relationships. 

Combining the components of each mental model into a SETS coupling diagram 

highlights that each interviewee perceives the challenge of extreme precipitation in NYC 

differently, emphasizing different specific domains and interactions (Figure 2). Several 

combined SET models lack one or more SET couplings (interactions between variables from 

different domains), indicating a partial representation of the SETS in the individual mental 

models. Of the 20 FCMs developed, only 4 of them represented every possible SET coupling. 
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Figure 2: Combined SETS couplings for each of the 20 mental models developed through interviews. 

The mental models accounting for all the possible uni-directional couplings are shown in the bottom 

row. 
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Zooming into each participant's cognition of extreme precipitation in NYC as a SETS 

coupling diagram provides further insight into how they problematize the need for climate 

adaptation. For instance, participant 13 (Figure 3), a social scientist, considered the impacts 

of extreme precipitation in NYC as mainly social, with strong technological-to-social 

interactions. In addition, adaptation solutions were mostly framed as causally responding 

directly to climate impacts. Participant 2, an advisor to NYC's stormwater management 

agency, considers the performance of infrastructure to cascade into social impacts as well as 

to be heavily influenced by ecological processes (Figure 4). While the model represents a 

large amount of technological-to-technological interactions, intra-domain relationships are 

absent in the social and ecological domains. In interview 16, a landscape ecology researcher 

focused on the underlying ecological processes that lead to the increased impacts and 

hazards of extreme precipitation (Figure 5). 

 

Figure 3: Participant 13's individual mental model. The color of each component represents the SET 

domain to which the component was assigned. Red labels correspond to components mentioned as 

solutions for adapting NYC against extreme precipitation. 
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Figure 4: Participant 16's individual mental model. The color of each component represents the SET 

domain to which the component was assigned. Red labels correspond to components mentioned as 

solutions for adapting NYC against extreme precipitation. 
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Figure 5: Participant 2's individual mental model. The color of each component represents the SET 

domain to which the component was assigned. Red labels correspond to components mentioned as 

solutions for adapting NYC against extreme precipitation. 

Characterizing each mental model based on the representation of the SET domains 

enables the identification of common framings and knowledge gaps. As shown in Figure 6, 

the elicited mental models predominantly frame the impacts, drivers, and responses against 

extreme precipitation in NYC as a social-technological challenge with minor representation of 

the ecological domain. This pattern is in line with the overall abundance of social and 

technological nodes across the interviews, in contrast to the lower number of ecological nodes. 

Participants whose mental model has more than 33 % of the total nodes classified as 

ecological are specialized in the ecological domain (e.g. landscape ecologists, climate 

scientists, and decision-makers in NYC's Parks Department). Additionally, areas devoid of 

respondents can be identified in the plot, hinting at potential knowledge gaps in the interview 

sample. 
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Figure 6: Predominant SET framings of extreme precipitation in NYC. Ternary plots depicting (a) 

Percentage distributions of S, E, and T components in the 20 interviews carried out. Each dot represents 

an individual interview, which is placed based on the prevalence of S, E, and T nodes. Void areas (areas 

without points) indicate potential knowledge gaps due to the absence of mental models with SET 

distributions fitting them. Figure (b) presents the interpolated interview density, where higher values 

indicate a higher expected number of stakeholders. 

The distribution of inter- and intra-domain couplings further highlights the knowledge 

diversity and potential gaps of the elicited mental models. Intra-domain relationships (social-

to-social, technological-to-technological, and ecological-to-ecological) are most common on 

average (Figure 7). Inter-domain relationships are less common than intra domain 

relationships, with technological-to-social relationships being the only exception. 
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Figure 7: Summary distribution of each of the possible SET couplings (relationships) across the 20 

interviews developed. In red, the average percentage each coupling represents in the elicited mental 

models. In gray, the standard deviation band. Individual charts for participants 13, 16, and 2 illustrate 

variability in couplings at an individual level. Individual SET coupling diagrams are provided in 

Supplementary Material 4.3 in Appendix 4. 
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IV.4.2. Homogenized mental models: similarity analysis 

After carrying out the homogenization of concepts across individual interviews, the total 

number of nodes was reduced from 639 to 248. For example, various types of small-scale, 

street-placed green infrastructure interventions (e.g. bioswales, rain gardens, constructed 

wetlands … etc.) were homogenized to the node “green infrastructure for stormwater 

management”. In some cases, variables ambiguously defined by participants were broken 

down into several nodes. For instance, participant 24 lumped flooding of diverse transportation 

infrastructures as a single variable (subway flooding, railroad flooding, and general disruptions 

to mobility systems). This single variable was broken down into three separate nodes given 

that other participants focused independently on one or more of them, generating pathways 

applicable exclusively to either one (i.e. disruptions to mobility systems being caused by other 

impacts than direct flooding). 50.8 % (n = 126) of the homogenized concepts corresponded to 

the social domain, whereas 24.6 % corresponded to ecological and technological (n = 61 for 

both domains). The percentage reduction was similar for the social and ecological domains, 

whose sample size was reduced 57 % and 59 %, respectively. Nodes in the technological 

domain experienced a higher reduction rate (69 %), meaning that the original information was 

reduced to a relatively lower number of variables. 

The JSC values obtained from pairwise comparisons across the interviews illustrate a 

high degree of variability in the concepts considered in individual mental models. JSC values 

across pairwise comparisons of the homogenized maps averaged 12.7 % ± 6 %. When 

comparing JSC values per domain, we observe that social variables were the most diverse 

(highest number of unique nodes, with lowest repetition across interviews), while technological 

variables showed the greatest degree of overlap across interviews (Figure 8). 
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Figure 8: Jaccard similarity coefficients across interviews based on components for global, S, E, and 

T. Readers may refer to Supplementary Material 4.4 in Appendix 4 for cross-interview JSC index 

matrices. 

Recurrence of relationships across homogenized maps was extremely low 

(Supplementary Material 4.5 in Appendix 4). Only 134 (16.5 %) of the total homogenized 

relationships occur in more than a single mental model, and only 12 (1.5 %) occur in more 

than 5 interviews. Remarkably, however, the most repeated relationships across the mental 

models tend to represent couplings between different domains (Table 2), especially 

technological-to-social. 
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Table 2: Most abundant relationships (causal connections between specific nodes) across the 

individual homogenized mental models (out of a possible 20). 

From To Count 

Residential Flooding (Incl. Basements) (T) Fatalities (S) 10 

Mold (E) Public Health (S) 7 

Physical Damages To Private Property (T) Private Economic Losses (S) 7 

Disrupted Mobility Systems (T) Personal Mobility (S) 6 

Physical Damages To Private Property (T) Psychological Impacts (S) 6 

Residential Flooding (Incl. Basements) (T) Physical Damages To Private Property (T) 6 

Street Flooding (T) Personal Mobility (S) 6 

Extreme Precipitation (E) Street Flooding (T) 5 

Green Infrastructure For Stormwater 

Management (E) 

Imperviousness (T) 5 

Housing Affordability (S) Unregulated Basement Apartments (T) 5 

Notification And Forecast Systems (T) Fatalities (S) 5 

Unregulated Basement Apartments (T) Residential Flooding (Incl. Basements) (T) 5 

IV.5. Discussion 

Complex and interdependent components of urban systems call for interdisciplinary 

approaches to climate change adaptation. However, difficulties remain in how to integrate 

multiple ways of knowing despite wide agreement that doing so would improve both research 

and practice. Such difficulties stem from the fact that besides systems being complex, the 

goals, values, and perceptions linked to them vary (T. R. Miller et al., 2008). To enable 

transformative and sustainable pathways, urban SETS must be managed as fully coupled in 

order to minimize negative trade-offs (McPhearson et al., 2021). Consequently, adaptation 

planning efforts aiming to integrate the multiple domains of complex urban systems must begin 

https://www.zotero.org/google-docs/?pRBDJ6
https://www.zotero.org/google-docs/?LFI8LF
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with recognizing the need for linking, integrating, and making sense of diverse sources of 

knowledge. Thus, understanding knowledge diversity throughout knowledge co-production 

processes is critical. 

As a step towards addressing this challenge, this study's goal was to assess the 

diversity of knowledge among experts involved in climate adaptation planning, using 

adaptation to extreme precipitation in NYC as a case study. Applying a SETS lens enabled 

the identification of distinct framings of extreme precipitation risks and responses, as well as 

potential knowledge gaps. Only a minority of the elicited mental models (4 out of 20) accounted 

for every possible SET coupling, reinforcing the need for inter- and transdisciplinary 

approaches to tackle the complexity of urban climate adaptation by integrating diverse 

perspectives (Wyborn et al., 2019). 

IV.5.1. Understanding knowledge diversity, gaps, and narratives through SETS-based FCM 

Differences across individual mental models illustrate how disciplinary backgrounds 

shape the framing of extreme precipitation adaptation in NYC. For example, participant 13's 

closed-loop framing suggested adaptation to be driven by the intensity of previously 

experienced impacts, aligning with previous findings on risk perception and policy response 

dynamics (Giordono et al., 2020). While generalized, this hazard-centric approach to urban 

adaptation may obscure socio-political processes of risk creation (Chmutina et al., 2023). 

Participant 2's emphasis on cascading infrastructural failures relates to systemic perspectives 

on infrastructure interdependencies in urban flooding (Chang, Yu, et al., 2021; Chester et al., 

2023a; Helmrich et al., 2023; Kim et al., 2022). Finally, participant 16's mental model suggests 

a circular interaction where socio-economic drivers shape urban development and 

infrastructure, which in turn alters ecological processes, ultimately affecting society. 

The observed prevalence of social and technological nodes in individual mental 

models, except for those elicited from experts in the ecological domain, points to a potential 

isolation of ecological knowledge within specialized practitioners and researchers. While 

ecological nodes were generally underrepresented across the individual interviews, the most 

commonly mentioned adaptation response was an ecological one (green infrastructure for 

stormwater management). This suggests that ecological considerations are not absent from 

expert thinking, but rather integrated as actionable strategies within a broader social-

technological adaptation paradigm. Additionally, the results point towards potential missing 

knowledge on the links between social and ecological as well as ecological and technological 

interactions resulting from extreme precipitation impacts in NYC. These findings align with the 

NPCC's latest report (B. Rosenzweig et al., 2024), which calls for further research on the 

https://www.zotero.org/google-docs/?QWKzlF
https://www.zotero.org/google-docs/?hFeAnl
https://www.zotero.org/google-docs/?WZhn5F
https://www.zotero.org/google-docs/?Avzdu2
https://www.zotero.org/google-docs/?Avzdu2
https://www.zotero.org/google-docs/?q4eEvB
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interactions between flooding and the city's natural and nature-based systems (NNBS). 

Beyond the specificities of the case study, recent scholarship has called for expanding the 

understanding of the resilience of urban NNBS (McPhearson et al., 2023). 

Regarding the prevalence of intra-domain over inter-domain couplings, the empirical 

approach taken in this study illustrates how KS and institutional structures tend to operate 

within single domains and struggle to make sense of complexity in SETS (Chester et al., 

2023b). While knowledge integration approaches may handle the fact that no single 

stakeholder can hold the totality of a complex system's knowledge (Olazabal, Chiabai, et al., 

2018), collaborative, cross-disciplinary, and participatory approaches to transforming KS are 

critically needed to enable stakeholders involved in climate adaptation to account for the 

interactions between different sectors and domains (Feagan et al., 2019). 

The lower similarity for nodes classified as social may be explained by the significantly 

higher number of different concepts assigned to the domain, even post-homogenization. 

Integrated assessments tend to further subdivide the social domain. For instance, Grabowski 

et al. (2017) approached infrastructures as socio-eco-technical systems using a PFEST 

framework considering political, financial, and social factors in addition to ecological and 

technological. Fonseca et al. (2024) rely on a PESTEL approach that combines political, 

economic, social, technological, environmental, and legal dimensions for exploring nature-

based solutions. Future SETS-based assessments may need to account for potential case-

specific subdomains, as originally presented by Markolf et al. (2018). For instance, digital 

systems (e.g. emergency alerts and notifications) are increasingly becoming a key component 

of the technological domains of cities, in addition to the more traditionally assumed hard 

infrastructure systems (e.g. roads, buildings). 

In line with Olazabal et al. (2018)'s findings, the overlap in specific connections across 

individual mental models was extremely low, even in cases when two mental models showed 

high co-occurrence of concepts. The majority of the most repeated relationships were 

classified as technological-to-social couplings. While inter-domain relationships are less 

common than intra-domain across the mental models, specific inter-domain relationships tend 

to be most commonly repeated. A high representation of specific technological-to-social 

relationships may be capturing the common conception of flooding as a result of infrastructural 

failures and cascading physical impacts (Chang, Yu, et al., 2021; Kim et al., 2022; Markolf et 

al., 2018). More broadly, these perceptions may perpetuate technocratic perceptions that 

frame climate adaptation as an infrastructural fix, and which have been identified as barriers 

to sustainable, just, and effective adaptation (Kehler & Birchall, 2021; Olazabal et al., 2024). 

The consensus represented in the high similarity of technological-to-social interactions over 

https://www.zotero.org/google-docs/?ORLw4V
https://www.zotero.org/google-docs/?4MLR6L
https://www.zotero.org/google-docs/?4MLR6L
https://www.zotero.org/google-docs/?6iGvq8
https://www.zotero.org/google-docs/?6iGvq8
https://www.zotero.org/google-docs/?1pbhft
https://www.zotero.org/google-docs/?XbkyPG
https://www.zotero.org/google-docs/?qzWL9I
https://www.zotero.org/google-docs/?xvNxsM
https://www.zotero.org/google-docs/?Qrqwhd
https://www.zotero.org/google-docs/?x25unL
https://www.zotero.org/google-docs/?x25unL
https://www.zotero.org/google-docs/?13dgNq
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other types of couplings further reinforces the need for focusing future knowledge co-

production on the interactions across other domains. As NYC explores both soft and hard 

interventions to mitigate the impacts of extreme precipitation and other types of extreme 

weather events (B. Rosenzweig et al., 2024), focusing on co-producing social-ecological and 

ecological-technological knowledge would balance the representation of inter-domain 

couplings that inform adaptation decisions. 

IV.5.2. Implications for climate adaptation and knowledge Co-production 

As shown in the presented case study, combining mental models with a SETS lens 

holds promising value to enable inclusive interdisciplinary approaches to climate adaptation. 

Mental models elicited through FCM allow for capturing a participant's experience, knowledge, 

and perceptions about a system (S. Gray et al., 2015; Olazabal, Chiabai, et al., 2018). By 

focusing on individual-level analysis, this study builds on and extends previous work that 

aggregated stakeholder perceptions in SES (Metzger et al., 2019; Schwermer et al., 2021). In 

this study, we illustrate how using a SETS lens for analyzing climate risk perceptions provides 

a practical and interpretable reduction of the complexity inherent to mental models, serving as 

a first knowledge diversity screening mechanism. The novel combination of mental models 

and SETS addressed the need for tackling urban challenges holistically, transcending 

limitations of SES and STS-based frameworks that inherently miss interdependencies critical 

to urban environments (Branny et al., 2022; Keeler et al., 2019; Markolf et al., 2018; 

McPhearson et al., 2021). 

The presented methodology not only contributes to assessing knowledge diversity but 

also aligns with key KS principles by identifying epistemological gaps that may hinder 

knowledge co-production. For instance, the observed isolation of ecological knowledge among 

specialized stakeholders and the prevalence of technological-to-social interactions highlight 

areas where governance processes might need to prioritize interdisciplinary collaboration and 

knowledge integration. By explicitly linking individual-level knowledge diversity to broader 

institutional dynamics, this study provides actionable insights into how co-production efforts 

can bridge disciplinary and epistemological divides in urban adaptation. The persistent gaps 

and framings we identified in a city known for its climate knowledge exchange approaches 

highlight that even when knowledge is co-produced, knowledge diversity can reveal insights 

into the dominant narratives shaping climate adaptation planning. 

Cities aiming to tackle climate adaptation planning through collaborative, inter- and 

transdisciplinary approaches may benefit from the presented methodology. Throughout the 

interviews, the vast majority of participants informally expressed optimism and excitement 

https://www.zotero.org/google-docs/?Ahn99x
https://www.zotero.org/google-docs/?tcAw2l
https://www.zotero.org/google-docs/?G4NFuQ
https://www.zotero.org/google-docs/?X0HjSj
https://www.zotero.org/google-docs/?X0HjSj
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about the potential benefits of systematically collecting, comparing, and integrating diverse 

perspectives related to extreme precipitation. Besides the ultimate goals of the process, 

participants appreciated taking the time to develop and reflect about their own mental models, 

and several of them requested capturing their original drawn model with a photograph. Two 

pairs of participants belonging to the same institution were interviewed, and both pairs 

expressed their interest in contrasting their own mental model with that of their peers. This 

experience shows how useful it is, both individually and collectively, to reflect on one's own 

mental perceptions and how richer and more diverse knowledge can be gained through the 

experience of participating in co-creation exercises. Beyond advancing scientific 

understanding, these tools can enhance communication among stakeholders, support 

interdepartmental collaboration, and inform inclusive policy development. While the 

application of these methods to policymaking remains a challenge due to institutional 

constraints and time-consuming engagement requirements, their value in awareness-raising 

and capacity-building initiatives is evident. 

IV.5.3. Limitations and future avenues in mapping SETS knowledge 

We identify several potential avenues for refining and tackling the limitations of the 

approach showcased in this study. A key limitation relates to the classification of variables into 

social, ecological, and technological categories, which, despite being guided by established 

SETS principles, may become challenging, and involves a degree of research subjectivity 

(Markolf et al., 2018). Our approach towards component classification aligns with established 

protocols for systems and FCM research (S. Gray et al., 2012; Helmrich et al., 2023; Olazabal, 

Chiabai, et al., 2018; Olazabal, Neumann, et al., 2018). We propose two combinable avenues 

for enriching the process of classifying variables. First, the classification of elements may be 

carried out in a participatory setting with the participants of the process. Second, a fuzzy sets 

theory-based approach may be used to allow for multi-membership classifications of SET 

components (Lin et al., 2025). The combination of these two approaches may provide deeper 

insights into the diversity of knowledge among participants of co-production processes, 

recognizing that multiple epistemologies may define elements differently due to a lack of a 

shared language (Morgan et al., 2025). This avenue, however, requires a considerable 

increment in engagement, and has so far only been experimentally tested with scholars (Lin 

et al., 2025). Thus, transdisciplinary applications involving decision-makers or other non-

academic actors should assess the trade-offs of carrying out such a process given the limited 

availability of their participants. 

Another challenge emerged in the cognitive burden associated with assigning weights 

to relationships within the mental models. Despite the use of simplified qualitative distinctions, 

https://www.zotero.org/google-docs/?NXk7R5
https://www.zotero.org/google-docs/?eeKcjM
https://www.zotero.org/google-docs/?eeKcjM
https://www.zotero.org/google-docs/?QjhO54
https://www.zotero.org/google-docs/?4AEcMQ
https://www.zotero.org/google-docs/?jWjSUw
https://www.zotero.org/google-docs/?jWjSUw
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many interviewees expressed difficulty in specifying the strength of relationships due to 

uncertainty in the underlying causal mechanisms. Addressing this issue may require 

alternative elicitation techniques that reduce decision fatigue while capturing the nuances of 

participants’ reasoning, such as structured pairwise comparisons to help participants 

systematically assess relationships, confidence-based weighting that allows interviewees to 

express uncertainty alongside their estimates, or participatory group discussions where 

stakeholders collaboratively assign and debate weight values, reducing individual cognitive 

load. 

The results presented in this study illustrate knowledge diversity and knowledge gaps 

in a sample of local experts involved in climate change adaptation in NYC. The results of this 

experimental analysis are representative of the sample consulted (i.e. the 20 individuals). 

Given their central role in adaptation planning in NYC, we consider them a solid first iteration 

of a process that may be expanded by adding a wider diversity of stakeholders at the same 

level. For instance, stakeholders directly involved in housing and zoning may provide key 

insights related to the pathways through which housing shortages interact with pluvial flooding. 

Beyond increasing the interdisciplinary nature of the sample, additional ways of knowing are 

yet to be incorporated through a wider engagement that exceeds the scope of this explorative 

analysis. For instance, accounting for alternative and informal types of knowledge (e.g. 

community knowledge and dynamics linked to everyday decision-making contexts) may 

illustrate parts of the SETS in which there is more or less alignment between civic groups and 

stakeholders with decision-making capacity. We acknowledge that these other ways of 

knowing are valid and hold significant potential to enrich knowledge co-production processes 

(Feagan et al., 2019). Ongoing calls for breaking epistemological injustices call for including 

actors lacking influence, as well as views that are alternative to dominating perceptions 

(Castán Broto et al., 2022). While civic organizations were included in the initial sampling 

process, the response rate was too low to generate a sample size comparable to the samples 

obtained from researchers and policy makers - one single civic organization responded and 

agreed to carry out an interview. Given that this lower response by civic organizations may 

relate to time and resource constraints, future iterations of this approach should consider 

targeted engagement strategies so that knowledge diversity accounts for alternative and 

confronting views present in community knowledge. 

This study's main goal is to provide methods to support interdisciplinary adaptation 

planning processes by centering the attention on knowledge diversity to identify knowledge 

gaps and common framings. Hence, presenting the final results to participants and 

stakeholders involved in climate adaptation is a key next step to add to the analytical approach 

https://www.zotero.org/google-docs/?3dRVcN
https://www.zotero.org/google-docs/?tChBzC


P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

129 
 

presented. Furthermore, we anticipate further developing this process in line with other 

systems-based approaches that focus on understanding and transforming the system itself, 

rather than on contextualizing the multiple and complementary perceptions of the system itself 

(Coletta et al., 2024; Giordano et al., 2025; S. A. Gray et al., 2014; Helmrich et al., 2023; 

Özesmi & Özesmi, 2004). As part of this added engagement, a meta-model integrating 

individual mental models may be co-developed to then deepen the understanding of the 

system, through scenario analysis and graph-theory-based network analysis (Olazabal, 

Chiabai, et al., 2018). While these extensions would deepen insights into urban adaptation 

challenges, the current findings already provide a valuable foundation for understanding 

knowledge diversity and its role in climate adaptation. 

IV.6. Conclusions 

Addressing knowledge diversity is crucial for tackling the interconnected impacts of 

extreme weather events in complex urban environments. Framing cities as Social-Ecological-

Technological Systems (SETS) enables holistic approaches to urban climate adaptation, but 

this complexity requires identifying how different stakeholders perceive and engage with 

system components. This study underscores the value of combining mental models with a 

SETS lens to identify knowledge gaps and enhance system understanding for more effective 

adaptation strategies. 

The SETS diagrams illustrate key insights regarding stakeholder perceptions of the 

role played by S, E, and T domains in the impacts caused by extreme precipitation in NYC. In 

the context of the presented case study, this methodology allowed for i) identifying missing 

SETS combinations hinting at potential knowledge gaps, ii) identifying a low percentage of 

inter-domain interactions, pointing at potential knowledge silos hampering the understanding 

of NYC as an interdependent system, iii) ecological knowledge being at risk of isolation by 

being present mainly in the mental models of specialized stakeholders, and iv) identifying 

specific technological-to-social relationships as the most repeated. Based on the results, 

future knowledge co-production in NYC should address these gaps by prioritizing the 

integration of the ecological domain beyond specialized knowledge holders, as well as 

fostering a balanced understanding of inter-domain interactions beyond the influence of 

infrastructure systems on society. 

Beyond NYC's case study, this methodology underscores the critical need for 

integrating diverse perspectives and disciplines when tackling urban climate adaptation and 

risk governance processes. We offer a practical foundation for strengthening the dynamics of 

KS by identifying knowledge gaps, fostering inclusive co-production processes, and 

https://www.zotero.org/google-docs/?gOjcUD
https://www.zotero.org/google-docs/?gOjcUD
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supporting more holistic and equitable governance frameworks. We have shown how 

knowledge co-production processes inserted in modelling and knowledge systematization 

efforts, must explicitly reflect on the diversity of knowledge available in order to identify 

potential knowledge gaps, synergies and opportunities for a more holistic and integrative 

approach to climate adaptation in urban environments. The approach we present in this paper 

constitutes an important theoretical and empirical foundation for future advanced risk 

assessment efforts that aim to tackle the multifaceted challenges of complex urban systems. 
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Chapter V: Expanding Frameworks: Integrating 

Vulnerability, Exposure, and Critical 

Infrastructure to Assess Pluvial Flood Risks in 

New York City5 

V. Abstract 

Extreme precipitation events are increasing their frequency and intensity across the 

United States, posing growing risks to urban communities through pluvial flooding. Effective 

adaptation against pluvial flooding through structural and non-structural measures requires 

understanding the spatial distribution of flood risks across urban populations and critical 

infrastructures. However, most flood risk assessments focus narrowly on the direct impacts of 

flooding and demographic exposures, overlooking disruptions that may result from indirect 

exposures and impacts to essential services like healthcare, education, welfare, and public 

safety. This study introduces an expanded risk framework to assess pluvial flood risk by 

integrating social vulnerability, population exposure, and the exposure of critical 

infrastructures across two citywide pluvial flooding scenarios that combine different 

precipitation events (moderate and extreme) and sea level projections. Analyses reveal vast 

differences in exposure between the scenarios. The extreme rainfall hazard scenario shows 

flooding in 3.8 times the area of the city compared to the moderate scenario, and affecting 3.1 

times as many people. Exposure indicators for critical facilities and services show similar 

differences. Results show multiple locations where there is both high flood exposure and high 

social vulnerability. We also identify several neighborhoods where high flood exposure 

coincides with high social vulnerability and widespread risk to infrastructure, which can 

compound recovery challenges. These findings demonstrate the importance of broader 

framings of flood risk beyond population exposure to consider also social vulnerability and 

potential risks to critical infrastructure. Results further emphasize the need for equity-centered 

climate adaptation strategies in dense urban settings. 

Keywords: pluvial flooding, risk, critical infrastructure, equity, vulnerability. 

                                                
5 This chapter corresponds to the following publication: This chapter corresponds to the following 

publication: Herreros-Cantis, P., McPhearson, T., Rosenzweig, B., Madajewicz, M., Cook, E. M., 
Olivotto, V., Dennis, E., Montalto, F., Cherrier, J. (in press). Expanding Frameworks: Integrating 
Vulnerability, Exposure, and Critical Infrastructure to Assess Pluvial Flood Risks in New York City. 
Proceedings of the National Academy Of Sciences.  
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V.1. Introduction 

V.1.1. Pluvial flooding: Indirect impacts to critical infrastructures and services 

The rising frequency and intensity of extreme weather events, both observed and 

projected (IPCC, 2022; Reichstein et al., 2021), present an urgent challenge for urban 

planners and decision-makers. Currently, the global annual costs of extreme weather events 

attributable to climate change are estimated around US$ 143 billion (Newman & Noy, 2023). 

In the United States (U.S.), extreme weather events such as extreme rainfall follow the global 

trend: historical observations between 1958 and 2016 show that the top 1% most intense 

rainfall events dropped up to 55% more rain (Hayhoe et al., 2018). Projections estimate a 

further increase of 40% by the end of the century, suggesting a future in which more water 

falls in shorter periods of time, making pluvial flooding and its impacts more likely due to the 

accumulation of surface flow in watersheds and rivers. Here, we define pluvial flooding as the 

flooding that occurs when precipitation intensity exceeds the infiltration capacity of the land 

surface and/or the conveyance capacity of local drainage infrastructure causing water to 

accumulate on the surface (Vorobevskii et al., 2020). Pluvial flooding is also referred to as 

urban or inland flooding (B. R. Rosenzweig et al., 2018). 

With two thirds of humanity projected to live in cities by 2050 (United Nations, 

Department of Economic and Social Affairs, Population Division, 2019), adapting to pluvial 

flooding has become an increasingly pressing challenge. Impervious surfaces, insufficient 

drainage infrastructure, and artificial topographies make pluvial flood risk (also known as urban 

or inland flooding) especially high, causing often damaging flood impacts due to the 

concentration of people, infrastructure, and economic activities in cities (Dodman et al., 2022). 

Consequently, cities around the world are undertaking several adaptation approaches, such 

as green infrastructure and hybrid nature-based solutions with different combinations of green 

and gray components (Depietri & McPhearson, 2017; Oral et al., 2020), cloudburst 

infrastructure interventions (e.g. cloudburst tunnels), flash flood forecasting and alerting 

initiatives, and improved emergency responses plans (B. Rosenzweig et al., 2019, 2024). 

Urban adaptation has made major advances in incorporating risk information to inform 

climate adaptation (Sainz de Murieta et al., 2021). Yet, adapting cities to pluvial flooding and 

other extreme weather events necessitates an expanded understanding of risk that goes 

beyond direct population exposure and includes indirect impacts of flooding that cause harm, 

sometimes long after the initial event. Indirect impacts, commonly defined as consequences 

of flooding that occur without the need for direct contact with flood waters (Hammond et al., 

2015), include disruptions to critical infrastructures - which may drive cascading impacts 
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across urban systems (Helmrich et al., 2023; Hokstad et al., 2012) and reduced access to 

essential services during and after flood events (Madajewicz, 2020). Indirect impacts are 

commonly assumed to be as or more significant than direct impacts, yet they remain under-

considered in risk assessments (Arrighi et al., 2021; Bachner et al., 2024). Understanding 

pluvial flood risk thus requires accounting for both direct physical exposure and the broader, 

systemic disruptions that affect the functioning of and access to critical infrastructures that 

provide well-being, health and emergency services, mobility, care, and recovery services 

(Logan & Guikema, 2020). For example, healthcare facilities experience disruptions during 

and after flooding events due to power outages, flooding of ground floors, equipment failures 

(e.g. heating / cooling), and the loss of capacity to travel by staff and patients (Zimmerman et 

al., 2019). Flood events can impair the ability of residents to reach and/or return from work, 

school, or other essential services, even when their homes remain dry. In both research and 

practice flood risk and vulnerability are often spatially examined by overlaying population data 

onto flood extent maps (Herreros-Cantis et al., 2020; Kaźmierczak & Cavan, 2011; Maantay 

& Maroko, 2009; Moreira et al., 2021b; Tate et al., 2021), yet a broader understanding of 

potential direct and indirect impacts of pluvial flooding is needed to guide adaptation and 

resilience investments to safeguard people, ecosystems and infrastructure from the full range 

of ways flooding impacts urban systems. In this study, we address this gap by operationalizing 

an integrative flood risk assessment that explicitly incorporates the indirect exposure of urban 

residents, social vulnerability, and potential disruptions to critical infrastructures and essential 

services. 

Recent extreme precipitation events experienced in large urban areas demonstrate the 

urgency of relying on an expanded notion of risk that goes beyond the direct impacts of pluvial 

flooding (e.g. property damages and mortality due to contact with floodwaters). For example, 

New York City (NYC), the most populous and largest megacity in the United States, suffered 

in 2021 three episodes of extreme rainfall within a two-month period from atmospheric 

moisture associated with named tropical cyclones: Elsa (July 8-9), Henri (August 21-22), and 

Ida (September 1-2). Ida caused the death of 56 people in urban areas across the northeastern 

United States (Hanchey et al., 2021), including at least 11 people whose basement apartments 

rapidly flooded in Queens, NY (Wolfe et al., 2021; Zaveri et al., 2021). Storms like Ida reveal 

the vulnerability of critical infrastructure systems. Flooding of subway stations, power outages, 

blocked roadways, and inundated food pantries disrupt the normal functioning of the city and 

expose how even localized flooding can cascade through interconnected systems, 

compounding and amplifying harm (Levenson, 2021; New York City Transit, 2021; NYC 

Department of Health and Mental Hygiene, 2024). Since 2021, NYC has also experienced 
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several significant flooding events, including a widespread flooding event on September 29, 

2023 (NCEI, 2024). 

V.1.2. Environmental (in)justices of the impacts of pluvial flooding and climate adaptation 

Pluvial flooding can have lasting, disproportionate impacts on people and 

infrastructure, especially in low income and minority communities (NYC Mayor’s Office of 

Management and Budget, 2022; Yuan et al., 2024). Adapting to increases in extreme rainfall 

must consider the spatially explicit nature of their impacts and their disproportionate direct and 

indirect effects on vulnerable groups and communities (Tate et al., 2021; Wing et al., 2022). 

Disruptions to critical infrastructures may unleash cascading effects across city systems that 

intensify harm in marginalized neighborhoods, amplifying existing inequities in access to 

critical services and amenities (Anderson et al., 2024; Dargin & Mostafavi, 2020).  

Past and ongoing socio-political processes and segregation patterns shape the 

distribution of disadvantage and prosperity across neighborhoods. Processes such as 

redlining6, disinvestment, blockbusting, and planned shrinkage (Aalbers, 2014) strongly 

influence present-day distributions of hazards, resilience, and service provision (Fishback et 

al., 2024; Hendricks & Van Zandt, 2021; Rothstein, 2017). Redlined areas, for example, show 

correlation with reduced access to green spaces, more impervious surfaces (Hoffman et al., 

2020), and adverse urban health outcomes (Nardone et al., 2020). Consequently, the 

distribution of urban risks†7 holds environmental justice implications that need to be accounted 

for in order to avoid perpetuating existing patterns of distributional injustice through the 

planning and design of interventions. For example, risk-mitigating benefits provided by nature-

based solutions have been reported to show spatial correlations with higher income, whiter 

communities (Herreros-Cantis & McPhearson, 2021; McDonald et al., 2021; Spotswood et al., 

2021). 

                                                
6 By redlining, we refer to the practice by which banks systematically denied the provision of loans and 
mortgages in neighborhoods based on racial composition during the first half of the 20th Century, and 
whose legacies are still visible across several distributional injustices in the present day. 

7 In the latest IPCC report (IPCC, 2022), risk is defined as “the potential for adverse consequences for 
human and ecological systems”, and is composed of hazard, exposure, and vulnerability. Hazard is 
defined as “the potential occurrence of a natural or human-induced physical event or trend that may 
cause loss of life, injury, or other health impacts, as well as damage and loss to property, infrastructure, 
livelihoods, service provision, ecosystems and environmental resources”. Exposure is defined as “the 
presence of people; livelihoods; species or ecosystems; environmental functions, services and 
resources; infrastructure; or economic, social or cultural assets in places and settings that could be 
adversely affected”. Vulnerability is defined as “the propensity or predisposition to be adversely affected 
and encompasses a variety of concepts and elements, including sensitivity or susceptibility to harm and 
lack of capacity to cope and adapt”. 
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V.1.3. Pluvial flood risk mapping in NYC: recent developments and windows of opportunity 

In its latest 2024 report on pluvial flood risk, the New York Panel on Climate Change 

(NPCC) projected increases in the intensity and frequency of extreme precipitation events 

(Braneon et al., 2024; B. Rosenzweig et al., 2024). The report also identified a wide range of 

options to reduce exposure and vulnerability to flooding in NYC including structural (e.g. 

physical infrastructure, nature-based solutions) and non-structural (e.g. education, outreach, 

disaster planning) approaches (B. Rosenzweig et al., 2024). Informing the selection, spatial 

prioritization, and design of adaptation interventions requires insight into where flooding is 

most likely to occur and what systems and populations are most vulnerable (Hemmati et al., 

2022). Rainproof NYC, a recent participatory engagement focused on adapting NYC to the 

impacts of extreme rainfall, identified floodproofing of critical infrastructures by prioritizing the 

most vulnerable neighborhoods as a high priority intervention (NYC Mayor’s Office of Climate 

& Environmental Justice, 2024; Rainproof NYC, 2024). Previous studies in NYC have 

examined coastal flood risk from a mainly demographic perspective (Herreros-Cantis et al., 

2020; Maantay & Maroko, 2009), or taking a partial consideration of critical infrastructures 

(e.g. considering impacts to public transportation) (Faber, 2015). However, to the best of our 

knowledge, no city-wide assessment has taken an integrative approach to pluvial flood risk, 

considering the exposures of a holistic range of critical infrastructures and services in addition 

to demographic attributes of exposure and social vulnerability. 

Mapping pluvial flood risk relies on urban flood models (UFMs), numerical models able 

to represent rainfall/runoff processes over complex urban terrains, surfaces, and drainage 

systems (Ghanbari et al., 2024; B. R. Rosenzweig et al., 2021). UFMs simulate the flow of 

water throughout the urban system, and can be used to assess flood risks under different 

current and projected precipitation scenarios, enabling the evaluation of adaptation 

interventions, and informing short-term emergency preparedness. 

City-wide flood risk mapping based on UFMs poses significant technical and economic 

challenges, such as requiring significant computational resources (Glenis et al., 2013) and 

data gaps due to the poor representation of centuries-old drainage systems (B. R. Rosenzweig 

et al., 2021). Though perhaps every city threatened with extreme rainfall may need access to 

UFM risk projections to prioritize stormwater resilience interventions, few cities and towns 

have the financial and technical resources to provide such resource intensive flood risk data. 

NYC, with a long history of pluvial flooding and water quality challenges linked to its 

combined sewer system, recently completed its first ever citywide extreme rainfall driven flood 

projections. As part of the first NYC Stormwater Resiliency Plan (SRP), urban flood hazard 
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data was released in May 2021 (NYC Mayor’s Office of Resiliency, 2021). Before the release 

of the SRP, the City had already taken measures to increase the management of stormwater 

with a focus on water quality. For example, in an effort to reduce NYC’s combined sewer 

overflows, over 11,000 green infrastructure assets have been implemented since the release 

of the city’s first green infrastructure plan in 2010 (New York City Department of Environmental 

Protection, 2010). The recently published SRP, however, enabled a city-wide modeling effort 

to map pluvial flooding according to two rainfall scenarios: one moderate and one extreme. 

The development of the flood risk maps presented in the SRP was the result of a two-phase 

modelling process approach led by the City’s Department of Environmental Protection (DEP), 

Mayor’s Office of Climate Resilience (now Mayor’s Office of Climate and Environmental 

Justice, MOCEJ), and NYC Emergency Management (NYCEM). As a result, two flooding 

scenarios were first released under the SRP. 

The availability of city-wide pluvial flood hazard data provides an opportunity to expand 

risk assessments beyond population exposure by tracing the potential of pluvial flooding to 

also disrupt critical infrastructures and services. Thus, we use the publicly released hazard 

scenario data to examine potential population and critical infrastructure risks from pluvial 

flooding in NYC as a baseline to provide guidance for prioritizing and targeting initiatives to 

improve resilience to pluvial flooding. 

V.1.4. Research objectives 

The city-wide pluvial flood hazard data released in the SRP fill a previous data gap that 

enables a spatially continuous assessment of the potential direct and indirect impacts of pluvial 

flooding. In this study, we use the SRP data to examine how different projected rainfall 

scenarios may disrupt critical infrastructures and services, and how these disruptions intersect 

with population exposure and social vulnerability. By explicitly linking indirect exposure, 

disruptions to critical infrastructures and services, and social vulnerability at the city scale, this 

study offers a conceptual reframing of urban flood risk and a methodological advance for 

integrated risk assessments capable of guiding urban adaptation interventions. 

Our study focuses on two questions critical for assessing both current and future flood 

risk. 1) What are New York City’s pluvial flood risks – accounting for population exposure, 

social vulnerability, and disruptions to critical infrastructure and services – under moderate 

and extreme precipitation scenarios? We evaluated city-wide risks comparing the moderate 

and the extreme flood hazard scenarios using a series of spatial indicators grouped in 

vulnerability and thematic categories of exposure (e.g., population, transportation 

infrastructure, land use). 2) What hotspot locations show an overlap of exposure and 
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vulnerability in each flood hazard scenario? We identify areas across the city where social 

vulnerability and the exposures of people and critical infrastructures show the highest 

aggregated value, suggesting potential priority locations for a more equitable distribution of 

adaptation interventions and emergency response planning. 

V.2. Materials and Methods 

V.2.1. Spatial unit of analysis 

We aggregate flood risk indicators across NYC’s five boroughs (Manhattan, Queens, 

Brooklyn, Bronx, and Staten Island). Indicators are aggregated at the Community District (CD) 

level as the relevant unit of spatial analysis (Figure SM 5.1.1 In Appendix 5). CDs are NYC-

specific, spatially delimited governance units that play an important role in local planning 

processes (NYC Mayor’s Community Affairs Unit, n.d.). Each CD counts with their own 

representative boards, which advise elected officials on decision-making processes (NYC 

Community Board 6, n.d.). CDs are often considered as reporting units for city planning such 

as in Cool Neighborhoods NYC program (New York City, 2017) and the New York City 

Community Air Survey (NYC Environmental Health, n.d.), as well as multiple city-wide 

research reports (Herreros-Cantis et al., 2020; Pineda-Pinto et al., 2021; Wang et al., 2023). 

Furthermore, CDs are relatively low in number (n = 59) and exclude large uninhabited areas 

such as large parks and cemeteries. CD’s areas range between 3.5 km2 and 55.6 km2, with 

an average of 11.9 km2. Regarding their population, CDs range from 51,297 to 247,354, with 

an average population of 138,499.  

V.2.2. Conceptualizing flood risk 

For both research questions, we assess pluvial flood risk under each hazard scenario 

by applying a risk approach as per the IPCC (IPCC, 2012, 2022), which defines risk as an 

aggregate of hazard, exposure and vulnerability. The hazard attribute is represented through 

the moderate and extreme flood hazard scenario data, released by the city’s Mayor's Office 

of Climate and Environmental Justice through the SRP. Although the data are designed to 

assess pluvial hazards, they incorporate sea level rise projections to reflect how future tidal 

conditions will constrain the city's ability to convey stormwater using gravity-fed drainage 

systems. Consequently, some areas are shown to experience tidal flooding in the hazard 

maps released by the city. The moderate scenario corresponds to a 1-hour, 10-year storm, 

approximately 51 mm (2 inches) and 76 cm (2.5 feet) of sea level rise above a 2000 baseline, 

based on the 90th percentile estimates for 2050 made by the New York City Panel on Climate 

Change (NPCC) (Horton et al., 2015). The extreme scenario corresponds to a 1-hour, 100-
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year storm (with a 1% chance of occurring any given year), approximately 89 mm (3.5 inches) 

and 146 cm (4.8 feet) of sea level rise (NPCC’s estimate for 2080). These maps (Figure SM 

5.1.2 in Appendix 5) represent a landmark first effort by the city to map pluvial flood risk that, 

unlike coastal and riverine flooding, is not mapped and accounted for in the U.S. Federal Risk 

Rating Map (Qiang et al., 2017). 

Flood hazard scenarios generated in the SRP provide two categories of pluvial 

flooding: “nuisance” flooding, more than 101 mm (4 inches) of flooding, which may not be 

walkable but is drivable, and “deep and contiguous” flooding, more than ~305 mm (12 inches) 

of flooding, which may be hazardous and non-drivable. In addition, the maps include sea level 

rise-driven tidal flooding according to the projections considered in each scenario. The primary 

reason for including tidal flooding is included in the hazard maps was to set the boundaries of 

the sewer system’s modeling, as the gravity-based drainage systems of areas flooded by 

projected future tidal levels will be unable to operate. The three flooding categories delivered 

in the SRP’s flood hazard data are each considered capable of impacting people and 

infrastructure. Consequently, we consider all three flooding categories as part of the flooding 

hazard layer, and use them to identify potentially impacted populations and critical 

infrastructure assets and services. We include areas affected by tidal flooding in our pluvial 

flood risk analysis because, under the future conditions modeled, sea level rise leaves 

drainage systems in these locations persistently submerged, preventing them from 

discharging stormwater. As such, these zones face a double jeopardy: they are prone to tidal 

flooding and simultaneously unable to drain, making them integral to any assessment of pluvial 

flood risk impacts, even if the immediate source of water is tidal. 

We combine the SRP’s flood hazard scenarios with spatially explicit datasets to assess 

the two attributes of risk, exposure and vulnerability. Exposure is broken into two components. 

First, we assess the exposure of the population by quantifying the number of people impacted 

by flooding under each scenario. Second, we assess the exposure of critical infrastructure, 

facilities, and services under thematic risk categories (Transportation, Land Use, Public Safety 

and Emergency, Healthcare, Education, and Human Welfare). Each risk attribute was 

assessed by spatially overlapping a set of 33 spatial indicators with each of the two flood 

hazard scenarios. The indicators considered in the study were validated during the early 

stages of the SRP through expert input received from city agency staff responsible for 

resilience and adaptation planning, including key stakeholders from DEP, MOCEJ, and 

NYCEM with additional input from the NYC Department of Health and Mental Health and NYC 

Parks. For a full list of the indicators considered, and their thematic categorizations under each 

risk attribute, see Table SM 5.1.1 in Appendix 5. 
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When assessing vulnerability, we focus on social vulnerability - the vulnerability of the 

populations exposed to flooding - by compiling socioeconomic characteristics that may 

exacerbate the impacts of flooding due to a lower capacity to anticipate, cope with, resist, and 

recover from a flooding event (Cutter et al., 2003; IPCC, 2012; Koks et al., 2015). Social 

vulnerability assessments tend to rely on a series of generally accepted indicators or 

aggregated indices, such as the CDC’s Social Vulnerability Index (Flanagan et al., 2011). 

While these sets of indicators tend to reflect general vulnerability, they may not perform well 

to predict the outcomes of specific types of hazards or events (Cutter et al., 2003; Qiang et 

al., 2017). For example, Rufat et al. (Rufat et al., 2019) evaluated the performance of 

commonly used, publicly available, promoted vulnerability indices to show that they were 

outperformed by hazard specific, weighted models. 

In this assessment we prioritize social vulnerability indicators that have been 

empirically tested to correlate with a higher sensitivity to other types of flooding, such as race, 

age, and income. For example, a study on the outcomes of Hurricane Sandy in NYC found 

that BIPOC households experience longer disruptions of access to food, households with a 

member with a disability or chronic illness experience longer displacement and recovery times 

and greater likelihood of job loss, and that middle and low income home-owners are more 

likely to be financially burdened after a flooding event (Madajewicz, 2020). In a study that 

examined nation-wide outcomes of flooding events, populations within vulnerable ages (below 

5 and above 65 years old) were associated with higher mortality rates, and poverty and 

minorities were associated with property damage (Tellman et al., 2020). A set of income 

indicators was considered in this study in order to capture the different nuances linked to 

financial resilience. The indicators considered were poverty rate, households making less than 

USD$75,000 per year, owner-occupied households spending more than 30% of their income 

on household costs, and renter-occupied households spending more than 30% of their income 

paying rent. Due to their similarity, a Variance Inflation Factor (VIF) analysis was performed 

at the data’s native resolution (Census Block Group) on these indicators to avoid collinearity. 

A VIF cutoff value higher than 5 has been suggested as a conservative approach to limiting 

multicollinearity across variables (Snee, 1973). The maximum value obtained in the VIF 

analysis was 2.60 (Table SM 5.1.2 in Appendix 5), allowing the consideration of the full set 

of indicators identified. 

V.2.3. Data transformation and spatial analysis 

The development of each risk indicator relies on classifying each spatial feature as 

either impacted or not impacted by flooding. We examine exposure through an inclusive, 

conservative approach in order to account for the indirect impacts of pluvial flooding. In 

https://www.zotero.org/google-docs/?cPElek
https://www.zotero.org/google-docs/?JACpSh
https://www.zotero.org/google-docs/?waoqJJ
https://www.zotero.org/google-docs/?waoqJJ
https://www.zotero.org/google-docs/?hpGHOZ
https://www.zotero.org/google-docs/?zFFuFi
https://www.zotero.org/google-docs/?M92FpQ
https://www.zotero.org/google-docs/?piySig
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practice, this approach involves expanding the notion of exposure based on the way each 

indicator is mapped through spatial features of different types (i.e. census blocks, points, tax 

lots). As a first step, the minimum distance between all spatial features considered and 

flooding was measured under each scenario. Features represented by small polygons (sub-

block size, such as tax lots) and points (e.g. service providing facilities, bus stops, and subway 

entrances) were classified as impacted if the minimum distance from the feature to flooding 

was 30m or less. This 30m threshold was defined in order to account for a) the fact that the 

flood hazard maps focus on right-of-way areas, potentially missing private parcels where large 

service providers (e.g. hospitals) are located; b) the local experience that a short distance to 

flooding may not directly impact a property, infrastructure, or service providers, but can still 

limit accessibility or functioning; and, c) sets a buffer around point data as an approximation 

of its potential footprint. Larger spatial features represented as polygons (census blocks, 

census block groups, and roads) were flagged as impacted by flooding if they spatially 

intersected with flooding. Thus, residents were accounted as “exposed” if their census block 

or census block group intersected with flooding, reflecting the potential for indirect impacts to 

daily life regardless of their specific location or floor of residence. Table SM 5.1.3 (Appendix 

5) summarizes the geometry type of the spatial features for each indicator and the criteria 

used to evaluate impact by flooding. 

The entirety of the data pre-processing, analysis and plotting was carried out using the 

programming environment R (v-4.1.3) (109). A GitHub repository holding the codebase of this 

analysis is available at - https://github.com/phcantis/NYC_Flooding_Impact_Hotspots. 

V.2.4. Hotspot classification 

Hotspot maps were generated for each of the three risk attributes assessed: (1) 

population exposure, (2) exposure of critical infrastructure, facilities, and services, and (3) 

social vulnerability). To achieve this, we replicated a previously tested approach for hotspot 

mapping study in NYC using several indicators grouped under different categories (Pineda-

Pinto et al., 2021). The method relies on the linear aggregation of categorically grouped spatial 

indicators ranked in quintile scores, a common practice in risk and vulnerability mapping and 

index development to facilitate the interpretation of the results (Bukvic et al., 2020; Reckien, 

2018). 

First, Community Districts (CDs) were classified into quintile scores (1 to 5) for each 

indicator, where higher scores reflect higher levels of exposure or vulnerability. The quintile 

scores of indicators under each risk category (social vulnerability, transport, healthcare 

https://github.com/phcantis/NYC_Flooding_Impact_Hotspots
https://www.zotero.org/google-docs/?vFK1Rv
https://www.zotero.org/google-docs/?vFK1Rv
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facilities…) (Table SM 5.1.1 in Appendix 5) were summed and rescaled to a 0-1 range to 

generate a Hotspot Score per risk category (Equation 1). 

Equation 1   𝐻𝑆𝑟𝑐  =
1

5⋅𝑁𝑟𝑐
 ×  𝛴(𝑄𝑖 ×  𝑓𝑟𝑒𝑞(𝑄𝑖) 

Where HSrc is the Hotspot Score for a given risk category, Nrc is the total number of 

indicators considered in the given risk category, and freq(Qi) is the number of times in which 

a quintile appears. 

The risk attribute “exposure of critical infrastructure, facilities, and services”, presented 

multiple risk categories (thematic groups of different types of infrastructure) under which 

indicators were grouped. In order to generate a single hotspots map like those generated for 

population exposure and social vulnerability, we performed a second aggregation by summing 

the Hotspot Scores of the risk categories and normalizing the sum to a 0-1 range. This 

intermediate step ensures that each risk category contributes equally to the overall Hotspot 

Score for the risk attribute, regardless of the number of indicators it contains. In addition, the 

approach enables the identification of separate exposure hotspots for different infrastructure 

types. 

V.3. Results 

V.3.1. Citywide flood risk in NYC: Moderate vs Extreme hazard scenarios 

Analyses showed significant risk differences between the two flood hazard scenarios. 

According to the moderate scenario, floodwaters cover a total of 23.5 km2, while in the extreme 

scenario the area flooded increased sharply by 283.3% to 90.1 km2 (Figure 1a, 1b). These 

estimates reflect a definition of exposure that includes indirect impacts that residents of 

flooded census blocks may experience accounting for access limitations, potential utility 

disruptions, and the cascading nature of flooding in dense urban systems. When interpreting 

exposure results for land use, critical infrastructures and services, it is important to note that 

exposure levels vary based on the distance threshold used to assess it (Figure 1c, 1d). The 

use of spatial buffers to assess flood exposure is common in the scientific literature. 

Depending on case-specific factors such as the study’s goals, end-user needs, and resolution, 

distance- based exposure thresholds range from relatively small (<10m) (Bertsch et al., 2022) 

to broader buffers (10-100m or more) (Alexander et al., 2011; Di Salvo et al., 2017; Herreros-

Cantis et al., 2024; Ibitoye et al., 2020; Leta & Adugna, 2023). We report here a distance 

threshold at 30m to account for both direct and nearby indirect impacts. This threshold was 

supported by feedback provided from multiple city agency staff working on flood risk and 

https://www.zotero.org/google-docs/?nAKxi9
https://www.zotero.org/google-docs/?k6rWgn
https://www.zotero.org/google-docs/?k6rWgn
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emergency response who agreed that 30m was a useful threshold to capture the immediate 

range of potential neighborhood impacts on residents. Exposure indicators showed sharp 

increases when comparing the two hazard scenarios, although they already have high values 

in even the moderate scenario. For example, 1.82 million people (22.3% of the city’s total 

population8) live in census blocks that overlap with flooding under the moderate scenario. Yet, 

the population affected by flooding in the extreme scenario rises to 5.65 million people, which 

constitutes 69.2% of the total population. 

Land use exposure indicators show similar differences. For example, the total number 

of residential lots with a basement impacted by flooding jumped from 74,064 to 312,973 

respectively (12.4% and 52.6% of the total lots with a basement) in the moderate and extreme 

scenarios. Industrial tax lots experienced the highest proportional exposure to flooding of all 

lot types, with 21.1% of the city’s total industrial lots exposed to moderate flooding and up to 

62.3% of them exposed to flooding under the extreme scenario. 

Results show disproportionate potential impacts for low income populations with 

40.1% (0.63M) of the city’s total population living below the poverty line exposed to flooding 

under the moderate scenario, and up to 81.5% (1.28M) exposed under the extreme scenario. 

The impact of pluvial flooding on cost burdened households (owner-occupied households that 

spend more than 30% of their income in household costs such as mortgages) is even higher, 

with 48.4% and 90.8% of the city’s burdened households exposed under the two scenarios, 

respectively (0.18M and 0.33M). 21.8% (1.19 million) of the city’s total Black, Indigenous and 

People of Color (BIPOC) population is exposed to moderate flooding, while 68.9% (3.76M) is 

exposed to extreme flooding (Table 1). Compared with New York City as a whole, residents 

exposed to flooding under the moderate scenario show higher levels on some of the selected 

vulnerability indicators. For example, the population of areas exposed to moderate flooding 

had a higher percentage of elderly adults as well as more households with one or more people 

with a disability, and more owner-occupied households burdened by their costs of living. 

The proportions of BIPOC residents, residents below poverty and rent-burdened 

households are lower in the population exposed to the moderate scenario than in the city’s 

total population. Significance testing was applied to datasets obtained from the American 

Community Survey due to their estimates being provided with a margin of error (US Census 

Bureau, n.d.). In every case, statistically significant differences related to the social 

vulnerability of exposed populations across scenarios are relatively small. For example, the 

                                                
8 By the city’s total population, we refer to the total people living in the five boroughs that comprise New 
York City (NYC) – Manhattan, Queens, Brooklyn, Bronx, and Staten Island. 

https://www.zotero.org/google-docs/?NBbF2G
https://www.zotero.org/google-docs/?NBbF2G
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share of cost-burdened households was 37.5% in the moderate scenario’s floodplain vs 35.2% 

citywide, a 2.3- percentage-point difference (Table 1). Under the extreme scenario, the 

population of areas exposed to flooding had a higher resemblance to the city’s total due to it 

representing a much larger proportion of its population. 

 

Figure 1: Exposure comparison between moderate and extreme flooding scenarios. % Total Area 

Flooded (a) refers to the percentage of the city’s total area overlapping with floodwaters. % Total 

Population Impacted (b) refers to population living in census blocks that directly overlapped with 

floodwaters. Small spatial entities such as buildings, tax lots, and point data locating critical services 

were assessed in the study using a 30m threshold to flag potentially impacted entities. To illustrate the 

effect of this distance criteria in the exposure results, buildings (c) and residential tax lots (d) exposures 

were evaluated using different minimum distance thresholds under which a building or tax lot would be 

flagged as exposed. 
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Table 1: Summary statistics showing the impact of flooding in NYC based on the exposure (1) and 

vulnerability (2) indicators considered. Under the exposure indicators, percentages apply to the total 

population of NYC. Under the social vulnerability indicators, percentages are calculated over the total 

exposed population in order to compare the social vulnerability of the exposed population between the 

scenarios and the city’s statistics. Indicators showing letters a, b and c in parenthesis indicate whether 

the difference between values was statistically significant with a 90% confidence level. 

    Moderate 

Scenario 

Extreme 

Scenario 

Total City-wide 

    Absolute % Absolute % Absolute % 

(1) Population 1,826,061 22.3 5,651,313 69.2 8,171,453 100.0 

 Road area (km2) 6.2 6.1 28.2 27.5 102.7 100.0 

 Bus stops 2,163 14.5 7,900 53.1 14,876 100.0 

 Bus routes 1,166 62.2 1,723 91.8 1,876 100.0 

 Subway entrances 216 11.2 921 47.9 1,924 100.0 

 Residential lots affected 

without a basement 

17,277 15.1 52,479 46.0 114,058 100.0 

 Residential lots affected with a 

basement 

74,064 12.4 312,973 52.6 595,104 100.0 

 Mixed Commercial and 

Residential lots 

6,506 11.8 28,455 51.7 55,023 100.0 

 Commercial lots 3,655 17.0 12,843 59.7 21,495 100.0 

 Industrial lots 2,072 21.1 6,124 62.3 9,822 100.0 
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    Moderate 

Scenario 

Extreme 

Scenario 

Total City-wide 

    Absolute % Absolute % Absolute % 

(2) Black, Indigenous, People of 

Color 

1,189,447 65.1 3,755,880 66.5 5,449,864 66,7 

Children population 112,902 6.2 354,262 6.3 517,437 6.3 

Elderly population 227,823 12.5 705,880 12.5 992,749 12.1 

People living below the poverty 

line (a,a,b) 

629,892 18.1 1,280,227 18.3 1,570,010 18.9 

Low income households (HH) 

(a,a,a) 

738,931 57.4 1,517,524 57.8 1,823,451 57.9 

HH with one or more residents 

with a disability (a,b,b) 

294,922 22.9 590,008 22.5 703,443 22.3 

Rent burdened HH (a,b,b) 411,635 50.2 869,653 50.6 1,077,151 50.7 

Costs burdened HH (a,b,c) 175,235 37.5 328,647 36.2 361,969 35.2 

The impact of flooding on the city's critical facilities also differed considerably between 

scenarios (Table 2). Almost every facility category reached an exposure of 30% or more over 

the total facilities in any category under the extreme flooding scenario, with fire services 

reaching the maximum relative impact. 47.5% of all fire stations are identified as potentially 

exposed to flooding under the extreme flood hazard scenario. The total number of facilities 

impacted by flooding under each scenario was especially high for facilities providing day care 

(reaching 1,547 facilities exposed under the extreme scenario), human development services 

(1,115), and K-12 education (1,069) highlighting the potential for widespread service 

disruptions during and immediately after extreme rainfall-driven flood events. 
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Table 2: Summary statistics showing the impact of flooding on NYC’s critical facilities and services. 

  Moderate 

Scenario 

Extreme 

Scenario 
 

Facility Subgroup Absolute % Absolute % City 

Total 

Police Services 3 3.3 31 34.1 91 

Fire Services 26 12.0 103 47.5 217 

Other Safety and Emergency Services 8 12.3 23 35.4 65 

Hospitals and Clinics 77 6.5 381 32.0 1,190 

Residential Healthcare 8 4.6 61 35.3 173 

Mental Health, Health Promotion, and 

Chemical Dependency Services 

72 5.3 552 32.7 1,351 

Other Healthcare Services 9 4.3 71 33.8 210 

Daycare and Pre-Kindergarten 294 7.5 1,547 39.3 3,940 

K12 Education Services 238 6.9 1,069 31.2 3,426 

Colleges or Universities 4 3.1 31 23.7 131 

Proprietary Schools 41 6.7 266 43.3 615 

Human Development Services 266 8.5 1,115 35.7 3,122 

Senior and Disability Services 54 7.7 281 39.9 705 

Housing and Food Services 90 10.3 330 37.7 875 

Child Welfare Services 185 8.8 870 41.3 2,104 

V.3.2. Flood risk hotspots in NYC 

Figure 2 shows the hotspots identified according to each of the three risk attributes 

considered (exposure of population, exposure of critical infrastructure, facilities and services, 

and social vulnerability of the exposed population). Some CDs show consistently high hotspot 
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scores for all risk attributes. Under the moderate hazard scenario, two CDs located in Queens 

- Elmhurst/Corona (CD 404), and Jamaica / Hollis (CD 412) - show hotspot scores of 0.75 or 

higher for the three attributes. Under the extreme scenario, Borough Park (CD 312), in 

Brooklyn, shows a combination of high scores due to the increase in areas flooded in the south 

of Brooklyn and Queens both due to sea level rise and pluvial flooding. 

Under each of the scenarios considered, the two risk attributes linked to exposure 

(population and critical infrastructure, facilities and services), as well as social vulnerability of 

exposed populations show relatively similar distributions, but differ significantly between 

scenarios. While in the moderate hazard scenario population and infrastructure exposure 

hotspots show a relatively scattered distribution across NYC, exposure hotspots in the 

extreme scenario are spatially clustered in the southern coasts of Brooklyn and Queens. Some 

Community Districts (CDs) show high exposure hotspot scores for both scenarios. For 

example, Coney Island (CD 313) in Brooklyn, and The Rockaways (CD 414) and Jamaica / 

Hollis (CD 412) in Queens all have high demographic and infrastructure exposure hotspot 

scores under the two flood hazard scenarios. For a map showing the location of NYC’s CDs, 

see Figure SM 5.1.1 in Appendix 5. 

Social vulnerability hotspots are clustered in two main regions (northern Manhattan 

and Bronx, and central Brooklyn) and do not vary their distribution significantly between hazard 

scenarios. Under the extreme scenario, the vulnerability scores of CDs identified as hotspots 

under the moderate scenario increase further. This increase highlights that the additional 

population affected by extreme flooding makes these CDs even more significant as key pluvial 

flooding hotspots. 
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Figure 2: Hotspot Scores obtained at the CD level for each risk attribute. The result of adding the 

Hotspot Scores for the categories considered under the critical infrastructure, facilities and services 

exposure was normalized to facilitate comparison with the rest of the attributes. Highlighted CDs 

correspond to those pointed at in the text. In blue, CD 404 - Elmhurst/Corona (a) and CD 412 - Jamaica 

Hollis (b) present consistently high hotspot scores for the three risk attributes under the moderate 

scenario. In pink, CD 312 - Borough Park (c) presents consistently high hotspot scores for the three risk 

attributes under the extreme scenario. In yellow, CD 412 – Jamaica Hollis (b), CD 313 – Coney Island 

(d), and 414 – Rockaways (e) present high exposure scores under both scenarios. 
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V.4. Discussion 

Designing adaptation measures that avoid perpetuating the uneven distribution of 

climate risks starts with identifying areas with disproportionate exposure and vulnerability to 

the impacts of extreme weather events (Foster et al., 2024). However, the framing and 

analysis of risk must expand to account for the indirect and cascading impacts that result from 

extreme weather events. Taking New York City as a representative case study of many cities 

around the world facing rising pluvial flood risk, we explicitly integrate population exposure, 

social vulnerability, and disruptions to critical infrastructure and services into a city-wide pluvial 

flood risk assessment. 

Results showed large differences in terms of flooded area and exposed population 

between the moderate and the extreme scenarios9. Under the extreme scenario, the majority 

of NYC's population lives in census blocks that overlap with pluvial flooding, and approximately 

half of the city’s residential units are exposed. This becomes critical if the return periods of 

both scenarios are considered. While the extreme scenario may seem unlikely, some areas 

of NYC already exceeded its precipitation intensity during Ida in 2021 (Ghanbari et al., 2024), 

demonstrating that this “extreme” storm scenario is already part of the present flood 

experience of NYC. The extreme scenario, however, should not be interpreted as an exact 

representation of the Ida storm event, given the spatially homogeneous distribution of rain and 

the tidal levels considered in the model. Consequently, the assumptions and considerations 

present in the model are poised to return higher exposure values than under Ida. However, 

even under the moderate scenario, a considerable proportion of the population and the city’s 

residential lots were considered exposed. These figures do not aim to inflate nor replace 

measurements of direct exposure, which tend to be much smaller - as reported for instance in 

Figures 1c and 1d. Rather, our study illustrates the need for taking indirect exposure into 

account in order to better incorporate the impacts of pluvial flooding on people’s lives, both 

                                                
9 Differences between the two flood hazard scenarios (i.e. moderate vs. extreme), with respect to 

exposure, reflect the different projections for tidal flooding used in each scenario (2050s sea level 
projections are used in the moderate scenario, while 2080s projections are used in the extreme). This 
characteristic should be accounted for when comparing the scenarios, as they should not be taken as 
“two storms with different intensity”. The scenarios, which were approved and selected by the City as 
policy-relevant for guiding adaptation against extreme precipitation (NYC Mayor’s Office of Resiliency, 
2021), aim to account for the future performance of drainage systems under the expected rising sea 
levels. Though alternative scenarios are certainly needed to provide a fuller range of potential impacts 
of future extreme rainfall, this study using the best data available to date for NYC reveals stark city-wide 
flood risk differences between the two urban flood scenarios with strong spatially differentiated risks 
across NYC. 

https://www.zotero.org/google-docs/?Hix0hO
https://www.zotero.org/google-docs/?biuiME
https://www.zotero.org/google-docs/?J9pxSZ
https://www.zotero.org/google-docs/?J9pxSZ
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when directly flooded, but also to examine how residents are threatened even when their 

homes remain dry. 

A key insight for policy makers and planners is to consider the impact of flood 

vulnerability when planning for the present and future housing and critical infrastructure needs 

of the city. Accounting for the exposure of critical infrastructures and services reveals 

additional dimensions of risk that often go unnoticed in population-focused risk assessments 

(Box 1). Non-structural risk mitigation strategies, such as evacuation planning and disaster 

recovery (B. Rosenzweig et al., 2024), must anticipate that public safety facilities may be 

rendered inoperable or operating at reduced capacity if they are themselves exposed to 

flooding.  

 Similarly, widespread exposure of 

educational facilities to flooding under both 

scenarios raises two complementary concerns. 

First, local communities are poised to suffer 

from reduced access to education facilities 

during and after flooding events due to reduced 

accessibility and potential damages that may 

occur to the physical facilities. Second, high 

exposures to education facilities raise critical 

concerns about the impacts that flooding may 

inflict on students and staff if schools fail to 

anticipate and respond to events. For instance, 

failing to cancel services or evacuating in time 

may force service users to risk returning home 

through unsafe means or areas as extreme 

precipitation events occur. Regarding 

healthcare facilities, attention should focus on 

improving the resilience of health services to 

flooding given the strong association shown in 

the literature between disability and chronic illness and vulnerability to flooding along multiple 

dimensions (Madajewicz, 2020). The disruption to services at approximately 30% of health 

care facilities in the extreme scenario suggests critical risks to this highly vulnerable 

population. 

Given the high exposure of residential tax lots with basements, this study provides 

additional evidence for why the decade-long fight to regulate basement apartments in New 

As shown in the results, almost half 
of the city’s fire stations were flagged 
as exposed under the extreme 
scenario, suggesting concern about 
the capacity for emergency response 
during storms. A total of 12 CDs, 
with an aggregated population of 
1.54M people, have 100% of their 
fire stations exposed to extreme 
pluvial flooding. Some of these CDs, 
such as Borough Park (CD 312) in 
Brooklyn, also exhibit high social 
vulnerability. Even under the 
moderate scenario, more than 1 in 
10 fire stations may experience 
disruptions due to pluvial flooding. In 
one of the exposure hotspots for this 
indicator, the Rockaways in Queens 
(CD 414 in Figure SM 5.1.1 in 
Appendix 5), 3 out of 4 fire stations 
are exposed to flooding in the 
moderate scenario (Figure SM 5.1.9 
in Appendix 5). 

Box 1: Impacts of pluvial flooding on public 

safety facilities in NYC. 

https://www.zotero.org/google-docs/?3eioH3
https://www.zotero.org/google-docs/?a3Zkde


P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

158 
 

York City is important for increasing the City's resilience to climate-change impacts. It is 

unclear how effectively the State legislation proposed following Hurricane Ida will address 

pluvial flooding, as it focuses on aspects like carbon monoxide, ventilation, light, and fire 

hazards (NYC Housing Preservation and Development, n.d.), while providing no incentives to 

properly adapt structures against flooding (Whitford, 2023). This study suggests that additional 

efforts should be directed towards creating affordable housing opportunities in safer areas, 

meaning undertaking a comprehensive survey of where and how new housing can be built, 

while reducing existing barriers to social mobility (Morris, 2021). Exposure and vulnerability 

hotspots identified in this study align with high risk areas for other climate hazards. 

Vulnerability hotspots located in the Bronx, northern Manhattan, Central Brooklyn, Coney 

Island and Rockaways coincide with extreme heat vulnerability (Hamstead et al., 2018; 

Madrigano et al., 2015). The distribution of risk hotspots in this study also matches those 

discussed in Depietri et al. (Depietri et al., 2018), which assessed the distribution of hazards 

and vulnerability to extreme heat, coastal flooding and inland (pluvial) flooding based on proxy 

data. CDs located in south Brooklyn and Queens, like Coney Island, the Rockaways and 

others located around Jamaica Bay, are the most exposed to current and future storm surges 

caused by tropical storms (Orton et al., 2019). 

Some of the risk hotspots around Jamaica Bay and the Rockaway Peninsula already 

experience regular tidal flooding with current sea levels (Orton et al., 2019). Under the extreme 

scenario, exposure hotspots are clustered in this region, although specific critical 

infrastructures such as education, healthcare, welfare, and public safety facilities show high 

hotspot scores across the city (Figure 3). 

https://www.zotero.org/google-docs/?Wt4V1L
https://www.zotero.org/google-docs/?cnDfap
https://www.zotero.org/google-docs/?2De9op
https://www.zotero.org/google-docs/?BGAtlB
https://www.zotero.org/google-docs/?BGAtlB
https://www.zotero.org/google-docs/?gsOIVH
https://www.zotero.org/google-docs/?cU99X6
https://www.zotero.org/google-docs/?CF1qru
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Figure 3: Hotspot scores under the extreme scenario for the risk categories of “Critical infrastructure, 

facilities and services”. A similar map for the moderate scenario is available in Figure SM 5.1.3 in 

Appendix 5. Hotspot scores result from aggregating the quintile-ranked indicators under each risk 

category, then re-scaled to a 0-1 scale (see Equation 1 in the Materials and Methods section). For a list 

of indicators included within each category, see Table S1. 
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Beyond NYC, regular tidal flooding is occurring at the same time as the nations' 

infrastructure is antiquated and in dire need of repair (American Society of Civil Engineers, 

2021). Several environmental justice studies pointed out the connections between climate 

exposure, depressed infrastructure and services, race and ethnicity (Baker et al., 2019; 

Gutierrez & LePrevost, 2016; Wilson et al., 2010; Wright, 2011). While President Biden 

Administration's Infrastructure Reduction Act of 2021 includes $211 billion in discretionary 

grants, receiving money will depend on whether state projects factor in racial equity. At the 

same time, only a fraction of the infrastructure bill spending is directed to safety and repairs 

(Kanno-Youngs & Ngo, 2021).  

Vulnerability hotspots identified in this study follow a relatively similar spatial 

distribution to the CDC’s Social Vulnerability Index (SVI) (Figure SM 5.1.19 in Appendix 5). 

This may be explained by the fact that the vulnerability indicators used in this study (see Table 

SM 5.1.1 in Appendix 5) are a subset of those used in the SVI (Flanagan et al., 2011). Direct 

quantitative comparisons are not possible given this study’s focus on the vulnerability of the 

exposed population and the different resolution of the underlying data. However, CDs showing 

a higher hotspot score than their average SVI may hint at a disproportionate exposure of their 

most vulnerable residents. For instance, the CD of Jamaica / Hollis (CD 412) is a hotspot in 

this study, while ranking as a moderately vulnerable area in the SVI. Zooming into the CD 

(Figure SM 5.1.20 in Appendix 5) reveals that most flooding under the moderate scenario 

occurs in the most vulnerable areas of the district.  

The social vulnerability of the exposed populations under each scenario shows no 

significant difference with the overall vulnerability of the City’s total population, meaning that 

the socioeconomic and demographic compositions of the exposed populations match that of 

the City’s overall statistics. This similarity is likely a result of the study’s resolution and the 

large exposure numbers recorded in the analysis. However, these results should not obscure 

that, as shown by the social vulnerability hotspots mapped, populations across NYC that show 

different degrees of social vulnerability can lead to differential capacities to anticipate and 

recover from flooding. Our findings underscore the need to consider compounding 

vulnerabilities in neighborhoods already deprived from essential services and needs. Further 

research should focus on the environmental justice dimensions of pluvial flooding in urban 

areas. Exposure to environmental hazards including extreme heat and lack of access to 

beneficial green spaces has been shown to be unequal across differently vulnerable, urban 

populations in the USA (McDonald et al., 2021; Spotswood et al., 2021), as well as linked to 

historic segregation practices like redlining (Conzelmann et al., 2023; Hoffman et al., 2020). 
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The distributional justice of flooding, on the other hand, has produced ambiguous results due 

to the locational benefits that can cause waterfronts to be populated by wealthier communities 

(Collins et al., 2018). The distribution of wealth along waterfronts is highly uneven. In NYC, 

the combination of low wealth levels and low to middle incomes with a higher proportion of 

homeownership than elsewhere in the city may result in higher vulnerability due to the financial 

impacts of recovery in neighborhoods that face compound risks from pluvial and coastal 

flooding, such as areas around Jamaica Bay and on Staten Island (Madajewicz, 2020). 

The increasing availability of high-resolution pluvial flooding hazard maps, like the SRP 

data used in this paper, are poised to contribute to an improved understanding of the extent 

and causal factors generating environmental injustices related to pluvial flooding. Thus, we 

highlight the need for investments in the quality of existing critical infrastructures and services 

in some historically oppressed and segregated neighborhoods, where exposure to other 

hazards such as heat and air pollution are compounded with social vulnerability (Orfield, 

2005). 

V.4.1. Methodological considerations for future work 

We assessed pluvial flood risk in NYC by expanding traditional risk frameworks to 

account for indirect exposures as well as exposures to critical infrastructures and services. 

Results are based on analysis which highlights spatial entities as “exposed” based on their 

overlap (census blocks and census block groups) and on a 30m distance threshold (tax lots 

and points indicating critical infrastructures and services). While data and computationally 

intensive, the approach presented is flexible and adaptable to specific cases that may require 

more or less inclusive criteria to assess exposure. The spatial analysis was structured so that 

the minimum distance to flooding is measured for every single spatial entity considered. For 

instance, the minimum distance to flooding was measured for NYC’s more than 795K 

residential, commercial, and industrial tax lots. The database developed (available on a 

GitHub repository) presents multiple applications that may be explored in the future, such as 

estimating the direct and indirect economic impacts that result from disruptions to services, 

business activities, and physical damages to properties and businesses. 

This study combines different sources of static data representing the distribution of 

hazards, infrastructure, services, and people. While useful for providing a general overview of 

risk across the study area, there is currently no data on how populations are vertically 

distributed in buildings, which prevents us from comparing risk associated with direct 

inundation hazard (primarily affecting basements and lower floors) to indirect impacts areas 

that are not directly inundated (such as higher floor apartments in a flooded area). In addition, 
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data capturing temporal variations in flood exposure would help detect real-time flood 

dynamics and cascading disruptions in risk hotspots. However, such data are beginning to 

emerge including IoT sensors measuring flood depths, currently being deployed in NYC under 

the FloodNET project (Silverman et al., 2022), crowdsourced data such as complaints 

submitted to 311 (Agonafir et al., 2022), photo reports submitted to platforms like MyCoast 

NYS (https://mycoast.org/NY), and sourced from social media like Twitter (Barker & Macleod, 

2019). 

Future iterations of this work may build upon the study’s results to dive deeper into 

potential environmental justice aspects. For instance, distributional injustices may be 

examined at the intra-CD level to identify local distributional injustice dynamics (Herreros-

Cantis et al., 2020). A network-based assessment of access to critical infrastructures and 

services at the household level may further examine the inequitable impacts of flooding at a 

hyper-local scale. Such an analysis, however, requires transforming publicly available census 

data to a finer resolution (e.g. through dasymetric mapping), a process stemming beyond the 

scope of this study that would introduce severe uncertainties in the data, requiring additional 

validation methods and data. Transdisciplinary approaches, such as focus groups 

discussions, surveys, and co-produced research, may complement data-limited quantitative 

risk assessments by capturing the lived experiences and needs of urban communities. These 

methods would not only fill not only a series of data gaps, but increase the fairness of urban 

adaptation planning processes by incorporating the needs and experiences of the most 

vulnerable (Herreros-Cantis et al., 2024; Muñoz-Erickson et al., 2017). 

Exposure classifications were performed using the highest resolution available from 

official sources (U.S. Census Block and Block Group level for demographics, and parcel level 

for land use). However, we note that interpreting the hotspot maps should be done with an 

understanding of the methods used to aggregate the indicators in each dimension and 

potential uncertainty in underlying data. Low Hotspot Scores do not imply an absence of risk, 

but a lower score compared to other locations in the study area. Hence, the Hotspot Score 

maps should be taken as a high-level summary that can be used to identify areas for potential 

intervention or further inquiries on the drivers of risk at a local level. We provide additional 

results in Supplementary Information (Figures SM 5.1.3 to SM 5.1.18 in Appendix 5) where 

exposure and vulnerability indicators are individually mapped. Different data aggregation and 

data normalization approaches have been observed to produce different results in vulnerability 

mapping exercises (Reckien, 2018; Tate, 2012). In this study, we rely on the most commonly 

used aggregation (linear aggregation) (Bukvic et al., 2020; Moreira et al., 2021a) to aggregate 

quintile-based scores for the indicators grouped under different risk categories. We consider 
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the methods and results presented here a key starting point for future research in collaboration 

with users of such studies, such as public officials from the city government and local Non-

Governmental Agencies. 

The pluvial flooding scenarios used in this analysis represent the first city-wide 

depiction of pluvial flood hazard in NYC. However, some areas and processes are still not 

represented in the model developed in the SRP (NYC Mayor’s Office of Resiliency, 2021). 

Some modeling limitations currently being addressed by the city include the representation of 

drainage infrastructure in parks and large private parcels, groundwater dynamics’ effect on 

the performance of the drainage systems and infiltration capacity of pervious surfaces, and 

the simulation of spatially heterogeneous precipitation events (B. Rosenzweig et al., 2024). In 

addition, further model validation may be required to improve the accuracy of the hazard maps. 

As per the SRP’s report, models were validated and calibrated based on sewer monitoring 

data reported in NYC’s Long-Term Control Plan (LTCP). Most calibration events, however, 

had low magnitudes compared to the modeled storms (5-year storms or less). Novel data 

sources may further support future model validation under more extreme events. 

New hazard layers depicting pluvial and compound flooding events are expected to be 

developed as the modeling capacity improves. Nevertheless, generating new hazard 

scenarios involves significant computational and data demands (B. R. Rosenzweig et al., 

2021; van den Bout et al., 2023), limiting the number of scenarios likely to be released and 

updated over time. Thus, the approach presented in this study adds significant value by 

offering a flexible, scalable framework that can be readily reapplied to new scenarios as they 

become available, allowing NYC to monitor evolving risks and strategically invest in resilience 

over time. 

Socioeconomic data were collected prioritizing the most recently updated sources. 

However, 2010 was selected for the Decennial Census due to a lack of full access to the data 

at the time of the study and concerns over the validity of the 2020 Decennial Census data due 

to potential demographic misrepresentations caused by the COVID-19 pandemic and the 

implementation of differential privacy methods in the 2020 Census, which injected noise into 

tabulated data to preserve privacy and has raised concerns over its impacts on research 

(Kenny et al., 2021; Petti & Flaxman, 2020; Santos-Lozada et al., 2020). 
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Chapter VI: Discussion 

This PhD dissertation contributes to the field of urban climate change adaptation 

planning by exploring co-production approaches for generating climate risk knowledge. 

Throughout the four chapters that comprise this dissertation, I have engaged with and 

advanced the capacity of risk assessments to navigate the three key challenges of justice, 

complexity, and usability (Table 1, Table 2), narrowing the gap between science-driven 

climate risk analysis and climate adaptation planning. In this chapter, I summarize the key 

contributions to each of the three challenges. 
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Table 1: Chapter contributions to advancing climate adaptation planning via risk-knowledge co-

production by tackling either of the three challenges identified in this dissertation. The label “Advances” 

indicates that the chapter makes a clear contribution to tackling the challenge; “Engages” indicates that 

the chapter addresses the challenge, but does not explicitly reshape it by providing a novel solution; 

“Bridge” indicates that the case study did not engage with the challenge, but a pathway for future work 

is identified. 

Chapter Justice Complexity Usability 

II Advances: Inclusion of 
neglected actors on the 
assessment of climate 
risks as a pathway to 
empower place-based 
advocacy for just climate 
adaptation planning. 

End-product was 
envisioned as a support 
tool for climate adaptation 
planning to incorporate a 
distributional justice lens. 

Bridge: Different domains 
of vulnerability are 
considered, but systemic 
interactions are not. Noted 
tensions between 
interpretability and the 
complexity of risk 
assessments call for 
longer-term, sustained co-
production cycles that 
allow for deeper systemic 
assessments. 

Advances: The co-
production process 
included an initial scoping 
phase in which the end-
product was envisioned 
together. Input from 
community organizations 
and state-level officials 
informed the functionalities 
necessary to support 
advocacy organizations. 

III Engages: End-product 
was envisioned as a 
support tool for climate 
adaptation planning to 
incorporate a distributional 
justice lens. 

Bridge: Noted tensions 
between interpretability 
and the complexity of risk 
assessments call for 
longer-term, sustained co-
production cycles that 
allow for deeper systemic 
assessments. 

Advances: Structured co-
reflection on the 
institutional usability 
benefits and trade-offs 
triggered by taking a co-
production approach to 
developing a policy-
relevant tool. 

IV Engages: Visualizes and 
identifies which framings 
may be missing and/or 
over-weighted, linking 
pluralism to problem 
definition. Future iterations 
need to further incorporate 
alternative knowledge 
systems. 

Advances: Linking FCM-
based mental models to 
social-ecological-
technological systems 
enables an analysis of 
individual problem 
framings as 
representations of 
interconnected systems.  

Engages: Critically 
reflecting on the diversity 
of perspectives present in 
a co-production space 
highlights potential 
pathways for increasing 
the legitimacy and 
credibility of knowledge by 
integrating missing 
perspectives. 

V Advances: Expanding risk 
assessments to 
incorporate indirect 
exposures through 
disruption of critical 
infrastructures and 
services reveals newly 
visible burdens to 
vulnerable communities, 
unveiling potential 
distributional injustices. 

Advances: Experimental 
operationalization of 
indirect, cascading 
pathways at the city scale. 

Bridge: Follow-up co-
production cycles are 
needed for the integration 
of such an analytical 
prototype into future 
climate services and policy 
relevant tools. In addition, 
ongoing engagement at 
the city level will be crucial 
to further incorporate lived 
experiences by local 
communities. 
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Table 2: Key outputs and conclusions elicited under each case study.  

Chapter Key outputs 

II - Problem definition and narrowing down the objectives took most time, signaling how 

co-production cycles need to account for the allocation of time to relationship building 

and agenda setting. 

- Involving NGOs in the process adjusted the output to their needs (e.g., adding zip 

codes to ease interpretation of maps). 

- Ensuring the interpretability of the outputs was key to guarantee their relevance for 

end-users. 

- Interaction between domain experts and data scientists improved the salience of the 

output (e.g., healthcare practitioners guided the selection and processing of health 

data). 

III - The principles that structure co-production processes (flexibility, collaboration, and 

inclusiveness) and their products (timeliness, decision-driven, and process-based) 

contribute to increasing the salience, credibility, and legitimacy of risk knowledge. 

- Trade-offs arise across co-production principles (e.g., timely and decision-driven 

products may affect inclusiveness and flexibility). 

- Antecedent interactions in the science-policy interface at a local level were key 

enablers to process-related principles (inclusiveness, collaboration, and flexibility).  

- Co-production is most effective when approached as a cycle of cycles, where 

periods in-between specific cycles (i.e., single scoped and budgeted projects) also 

play a key role e.g. by maintaining relationships and exploring new research goals. As 

part of this extended approach to co-production, monitoring, evaluation, reporting and 

learning (MERL) protocols become especially important in order to inform future 

iterations and support the balancing of trade-offs that are inherent to co-production 

cycles. 

IV - Ecological knowledge remains siloed in New York City (NYC) by being almost 

exclusively present within specialized stakeholders. 

- Inter-domain connections (SETS connections between different domains) are under-

represented in the sample, pointing at a need to facilitate interdisciplinary knowledge 

exchanges that support complex problem definitions. 

- Taking knowledge diversity for granted in collaborative spaces risks perpetuating 

technocratic biases and dominating narratives, while obscuring knowledge gaps. 

V - Accounting for disruptions to critical infrastructures and services provides additional 

insights into the exposure of vulnerable neighborhoods under pluvial flooding 

scenarios. 

- Additional interaction with local decision makers and potential end-users are needed 

in order to integrate and adapt the study’s scope into local city planning. 
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VI.1. Incorporating Systemic Interdependencies In Climate Risk Assessments 

To Tackle Urban Complexities 

In order to avoid partial and/or biased representations of climate risk knowledge, 

climate adaptation planning faces the challenge of approaching cities as complex, 

interdependent social-ecological-technological systems (SETS) (Brelsford et al., 2024; 

McPhearson et al., 2016).  

As an example of systemic interdependencies, accounting for the cascading impacts 

of extreme weather events is likely to reveal cumulative effects that would otherwise go 

unnoticed when risk assessments are limited to direct exposures (Anderson et al., 2024). In 

this dissertation (Chapter V), I operationalized a city-scale, spatial approach to cascading 

impacts by mapping potential critical infrastructure and essential services disruptions under 

different pluvial flooding scenarios. Accounting for the exposures of critical infrastructures and 

services revealed additional dimensions of risk that non-structural risk mitigation strategies, 

such as evacuation planning and disaster recovery, must anticipate. For instance, I identified 

public safety facilities that may be rendered inoperable or operating at reduced capacity if they 

are themselves exposed to flooding. Similarly, widespread exposure of educational facilities 

to flooding under both scenarios raises complementary concerns related to potential 

disruptions to education access (e.g., due to damages or inaccessibility) and to potential 

consequences of failure to anticipate and respond to events (e.g., by not cancelling services 

and/or evacuating in time). While the study presented in Chapter V responds to specific gaps 

and knowledge needs voiced by local actors, the methods developed hold potential for 

refinement and should be treated as experimental. For instance, the role of accessibility of 

critical infrastructures and essential services should be further operationalized by exploring 

the application of network analyses that can integrate and differentiate cases in which a critical 

infrastructure is either inoperative or inaccessible.  

Building on the view of cities as entangled SETS, this dissertation also tackles 

complexity not as a need for better data and models, but as an epistemological challenge 

embedded in the problem framing that drives climate adaptation planning. Using fuzzy 

cognitive mapping (FCM) within a SETS lens, this dissertation (Chapter IV) advances SETS 

research by capturing stakeholder perceptions of the interconnected structure and behavior 

of urban systems, complementing previous SETS-based research that focused on mapping 

social, ecological, and technological components separately (Chang et al., 2021). The 

methodology developed proves to be capable of explicitly pointing at the SETS components 

and couplings that drive the understanding of specific climate risks, supporting institutions in 

https://www.zotero.org/google-docs/?Kp2nnV
https://www.zotero.org/google-docs/?Kp2nnV
https://www.zotero.org/google-docs/?eMo7Lh
https://www.zotero.org/google-docs/?9V2gDR


P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

174 
 

making sense of their position within the SETS they seek to manage (M. V. Chester et al., 

2023). For instance, the study carried out in New York City (NYC) revealed how ecological 

knowledge is highly siloed within field-experts such as members of the City’s Department of 

Parks and Recreation and landscape ecologists. Consequently, ecological factors tend to play 

a minor role in the framing of the city’s adaptation to extreme precipitation. In addition, 

interactions between different SET domains tend to be under-considered, supporting 

arguments for expanding inter- and transdisciplinary exchanges that closely target the 

identified inter-domain knowledge gaps. The proposed approach to assessing knowledge 

diversity is especially relevant for co-production spaces, where the identification of knowledge 

gaps and dominating narratives is key for setting research agendas and for identifying actors 

whose perspectives need inclusion.  

VI.2. Incorporating Justice Dimensions Into Climate Risk Knowledge 

In its aim for mitigating climate risks, climate change adaptation planning must take 

environmental justice dimensions into account during the generation of climate risk 

knowledge.  

First, climate adaptation planning must account for the uneven spatial distributions of 

hazard, exposure, and vulnerability, which drive the disproportionate impacts of extreme 

weather events on low-income, under-resourced, and racialized urban communities (Levy & 

Patz, 2015; Otto et al., 2017; Reckien et al., 2017; Yang et al., 2021). In the co-production 

processes presented, distributional justice was at the core of the knowledge generation goals 

by identifying priority areas with high exposure and high vulnerability. Both co-production 

processes produced tangible consequences beyond their single co-production cycle, elevating 

the distributional justice lens across public policy, advocacy, and professional spaces (see a 

description of use cases under the usability section of this discussion - VI.3. Co-producing 

usable risk knowledge). 

In order to elevate distributional justice considerations, indirect exposures and 

cascading impacts derived from disruptions to critical infrastructure and essential services 

must be incorporated into climate risk assessments (Anderson et al., 2024; Hammond et al., 

2015; Hendricks & Van Zandt, 2021). As demonstrated in Chapter V, incorporating critical 

infrastructures and essential services to spatially explicit pluvial flood risk assessments reveals 

systemic risks faced by local communities subject to experiencing cascading impacts that 

stem beyond the flooding of their homes. While experimental, this work carves a path for 

further inquiry in which the distributional injustices of cumulative, cascading impacts are 

explicitly accounted for in climate adaptation planning. 

https://www.zotero.org/google-docs/?qASV00
https://www.zotero.org/google-docs/?qASV00
https://www.zotero.org/google-docs/?ReFGaY
https://www.zotero.org/google-docs/?ReFGaY
https://www.zotero.org/google-docs/?9uGTSP
https://www.zotero.org/google-docs/?9uGTSP
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Second, the generation of climate risk knowledge must incorporate procedural and 

recognitional justice dimensions in order to ensure that climate adaptation planning accounts 

for the disproportionate impacts experienced by vulnerable groups and communities (Chu & 

Cannon, 2021; Klein et al., 2018; Walker, 2009). Unless the voices of vulnerable groups are 

welcomed to participate in the generation of climate risk knowledge, adaptation planning risks 

overlooking their experiences and needs (Ramsey et al., 2019). The co-production process 

presented in Chapter II, which involved multiple place-based environmental justice 

organizations, constitutes an example of knowledge co-production aiming at the 

empowerment of marginalized voices calling for just adaptation (Chambers et al., 2021). The 

co-production process, which spanned from the scoping phases of the project as well as the 

development of a data visualization tool, provided local actors with additional capacities for 

their advocacy work. The co-production process concluded with one of the environmental 

justice organizations involved, becoming the steward of the data and its visualization tool. In 

doing so, the study shows how accounting for collective research scoping and for data 

stewardship at the process’ completion may support the tackling of epistemic injustices linked 

to the isolation of stakeholders lacking access to tools and/or knowledge (Bilotta et al., 2015; 

Overpeck et al., 2011; Preston et al., 2011). The case study presented in this dissertation was 

recently highlighted as a rare example of a tool designed for community data sovereignty 

(Nizamani et al., 2026), anchoring the study’s advances in linking knowledge co-production 

for climate change adaptation to epistemic justice (Castán Broto et al., 2022). 

In addition to the co-produced process presented in Chapter II, the knowledge diversity 

assessment presented in Chapter IV provides the grounds for future iterations that may further 

explore the integration of multiple ways of knowing (Castán Broto et al., 2022). In the 

application presented, the approach focused on assessing the diversity of problematizations 

held within diverse professional knowledge systems. While the inclusion of bottom-up 

knowledge systems was partly limited by a relatively low success in the recruitment of civic 

organizations, the results allow for diagnosing epistemic diversity based on how differently 

participants perceive a complex urban system. Such insights on the diversity of knowledge 

held within a co-production space are critical to identify knowledge gaps and recurrent biases 

adaptation planning requiring complementary perspectives. The inclusion of broad actors in 

adaptation planning is hence pivotal not only from a theoretical justice perspective, but directly 

decreases the danger of maladaptation. 

https://www.zotero.org/google-docs/?G2bSsv
https://www.zotero.org/google-docs/?G2bSsv
https://www.zotero.org/google-docs/?wEUN40
https://www.zotero.org/google-docs/?aCucdr
https://www.zotero.org/google-docs/?ScqjnX
https://www.zotero.org/google-docs/?ScqjnX
https://www.zotero.org/google-docs/?baINJG
https://www.zotero.org/google-docs/?3otUPR
https://www.zotero.org/google-docs/?hwvxCR
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VI.3. Co-Producing Usable Risk Knowledge 

Climate risk knowledge can only support climate adaptation planning if it is usable. 

Throughout this dissertation, I argue for inter- and transdisciplinary co-production approaches 

to ensure the credibility, salience, and legitimacy of risk knowledge.  

In Milwaukee (Chapter II), I showed how co-production of risk knowledge advances 

credibility through the identification of key knowledge gaps and recruiting additional 

participants to fill them. For instance, partnering with local healthcare practitioners ensured 

that the selection and treatment of health vulnerability indicators was methodologically sound. 

Salience is advanced by incorporating the very early stages of the project, such as the scoping 

of the research goals and outputs, into the co-production process itself. Consequently, initial 

phases of the project required the investment of a vast amount of time and resources in order 

to align expectations and the capabilities of the team. In addition, the team seeked external 

feedback and validation from additional official and advocacy actors to ensure the 

interpretability of the products developed, identifying key levers of improvement that benefited 

the functionalities of the story map (e.g., visualizing indicators independently or adding zip 

codes to facilitate the user’s navigation). Legitimacy is advanced by involving actors whose 

voices are commonly neglected in climate adaptation planning processes, leaving their 

concerns for a just prioritization and design of interventions unheard.  

Evidence of uptake continues to emerge within and beyond the actors that participated 

in the co-production of Milwaukee’s Flood-Health Vulnerability Assessment (Chapter II), which 

remains stewarded by the environmental justice organization that co-led its co-production 

process. The project’s outputs have become a frequent tool utilized by local media covering 

the city’s climate risks and justice consequences (J. Chester, 2023; Looby, 2022; Schulte & 

Looby, 2023a, 2023b). Healthcare practitioners that participated in the process have 

repeatedly reported their continued use of the tool in educational settings to link healthcare, 

climate risks, and justice. Healthcare practitioners also explained how their participation in the 

process enabled them to better communicate with patients about the links between climate 

change, flooding, and health. At the time of writing this discussion, the tool was additionally 

featured in communications by local government agencies such as the Wisconsin Department 

of Natural Resources’ newsletter (Wisconsin Department of Natural Resources, 2023) and 

team meetings held by the local Regional Planning Commission (Shedivy & Herrick, 2024). 

More recently, follow-up studies linking health, flooding, and justice in Milwaukee echoed the 

inspiration drawn from the co-produced tool (Gutierrez, 2025; McCormack et al., 2025).  

https://www.zotero.org/google-docs/?W30U2o
https://www.zotero.org/google-docs/?W30U2o
https://www.zotero.org/google-docs/?EX88H4
https://www.zotero.org/google-docs/?t00Cns
https://www.zotero.org/google-docs/?7EdsGb


P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

177 
 

Regarding the New York City Flood Vulnerability Index (NYC FVI) (Chapter III), the co-

produced product remains an institutionalized tool that provides city agencies with a 

standardized approach to assessing the distributional consequences of their policies and 

interventions. Credibility is closely tied to the process’ flexibility and collaborative approach, 

through which conceptual and methodological decisions were tested and compared 

collectively. All methodological decisions considered were transparently included in the 

project’s report (McPhearson et al., 2024). By involving diverse city agencies, the tool aligned 

with real operational needs, enhancing salience and legitimacy. These were further reinforced 

by the NYC FVI’s inclusion in the flood-risk chapter of the New York Panel on Climate Change 

(NPCC) (Rosenzweig et al., 2024), to which I contributed along with multiple co-producers. 

The use cases triggered from the co-production approaches presented are useful to 

illustrate the impacts that these processes have had in their local contexts across multiple 

levels such as policy, advocacy, and communication. However, additional evidence on how 

transdisciplinarity supports “better” climate change adaptation planning is needed (Olazabal 

et al., 2025). Furthermore, climate services co-production has been pointed out for not 

engaging with co-production theory with enough depth, risking reproducing previous mistakes 

already documented in other fields (Vincent et al., 2018). To tackle this gap, I led a joint co-

reflection in which researchers and policy makers that participated in the co-production of the 

New York Flood Vulnerability Index identified how specific attributes of co-production 

processes (flexibility, collaboration, and inclusiveness) and products (timeliness, process-

based, decision-driven) had benefited the development of the NYC FVI (Chapter III). Thus, 

the approach presented tackles the need for empirically linking risk knowledge co-production 

to usability. Nevertheless, recognizing the need for further evidence of use (including beyond 

co-production participants), the co-reflection exercise included the need for explicitly designing 

monitoring, evaluation, reporting, and learning (MERL) into risk knowledge co-production 

cycles as a key conclusion. 

Finally, a tension is identified between the experimental nature of Chapter V and the 

usability of the knowledge generated. As an experimental study, it should be acknowledged 

as an output that does not result from a co-production cycle. On the other hand, the study is 

informed by a local context of previous participatory and co-production processes pointing at 

the need for floodproofing of critical infrastructures by prioritizing the most vulnerable 

neighborhoods (NYC Mayor’s Office of Climate & Environmental Justice, 2024; Rainproof 

NYC, 2024). Follow-up engagements with local government agencies and civic organizations 

would enable collective evaluations for adapting the study’s credibility, salience, and 

legitimacy.  

https://www.zotero.org/google-docs/?kkd8Of
https://www.zotero.org/google-docs/?h0emWW
https://www.zotero.org/google-docs/?shHpAa
https://www.zotero.org/google-docs/?shHpAa
https://www.zotero.org/google-docs/?uRJwzW
https://www.zotero.org/google-docs/?WBp0BD
https://www.zotero.org/google-docs/?WBp0BD
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VI.4. Cross-Cutting Trade-Offs: Climate Risk Knowledge Co-Production As A 

Multi-Stage Process 

From designing and co-leading knowledge co-production cycles, to diagnosing 

knowledge diversity and testing new frames for mapping flood risk, this dissertation explores 

the role that risk knowledge co-production can play in supporting climate change adaptation. 

In addition to the advances related to justice, complexity, and usability, several cross-cutting 

trade-offs have been identified, which should be taken into account when designing future co-

production spaces for informing climate adaptation planning. Taken together, the cases 

position the co-production of risk knowledge as a multi-stage endeavor where trade-offs are 

inherent but governable by enabling critical reflection, sustained learning, and for multiple 

framings of co-production to coexist (Bremer et al., 2019; Bremer & Meisch, 2017; Chambers 

et al., 2021).  

First, a potential tension between usability and complexity can be extrapolated from 

the two co-production exercises presented in Chapters II and III. During both co-production 

exercises, ensuring the interpretability of the outputs drove the design of the methods and the 

communication of the final products. For instance, both processes led to the production of 

separate exposure and vulnerability datasets in order to help the user differentiate areas with 

high exposure from areas with high vulnerability. In the case of Milwaukee, the team opted to 

discard the generation of an aggregated risk index, due to concerns about the interpretability 

of a lumped index’s value. Instead, the team chose to deliver separate layers for each of the 

indicators considered (which can be visualized in the story map). In the case of the NYC FVI, 

city agency stakeholders rejected the integration of indirect proxies of complex urban 

processes such as gentrification in order to guarantee the tool’s interpretability. This 

preference for simplicity-driven interpretability raises a challenging question about how to 

tackle complex interdependencies during risk knowledge co-production processes. As shown 

in Chapter IV, relationships across social, ecological, and technological domains are less 

present in the framings held by researchers and policy makers in NYC. In addition, 

stakeholders who participated in the knowledge elicitation exercises for Chapter IV pointed at 

several inter-domain knowledge gaps in need of further research, recognizing the need for 

increasing inter- and transdisciplinary efforts to generate climate risk knowledge and designing 

effective adaptation interventions (Figure 1). Consequently, the need for complexity-aware 

climate adaptation is evident. Tackling these interdependencies while ensuring the usability of 

the knowledge, however, requires focused co-production processes where complexity is 

approached in small steps while being part of a broader integrated scope. 

https://www.zotero.org/google-docs/?TZqG1b
https://www.zotero.org/google-docs/?TZqG1b
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Figure 1: Example of knowledge gaps reported by stakeholders who participated in the FCM-driven 

interviews developed in Chapter IV.  

Second, tensions between salience and legitimacy may arise in risk knowledge co-

production processes. For instance, the development of the NYC FVI was highly driven by its 

scoped end-use. The NYC FVI was envisioned as an institutionalized planning tool for city 

agencies. In addition, it was planned for a timely release in alignment with the city’s NPCC 

reports. While the process included explicit efforts to advance the process’s inclusivity and 

flexibility, the final scope implied a series of filters that unavoidably drove the exercise: 

recruiting a variety of city agency stakeholders was prioritized over external participants and 

civic organizations, and aspects open to exploration and experimentation were constrained by 

the project’s budgeted timeline. Similar tensions have been previously diagnosed in co-

production processes focused on producing knowledge and solving pre-defined problems 

(e.g., risks of reinforcing dominant views of problems and solutions, limiting the potential of 

reframing perspectives, and the possibility of clashes between fixed budgeted knowledge 

generation goals and emergent opportunities) (Chambers et al., 2021). Framing risk-

knowledge co-production as a cyclical process, this dissertation assumes that trade-offs are 

inherent as they cannot be eliminated, only made explicit and managed deliberately during 

and between cycles by critically comparing case studies and designing MERL protocols into 

co-production processes and products. For instance, diagnosing recurrent narratives and 

knowledge gaps based on the diversity of problem framings (Chapter IV) and reflecting on the 

over/under representation of different knowledge systems (Feagan et al., 2019) would enrich 

https://www.zotero.org/google-docs/?gaPU9v
https://www.zotero.org/google-docs/?skf5rU
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the continuous generation of risk knowledge by iteratively aligning research priorities and 

participation with the planning decisions and justice stakes at hand. 

VI.5. Contributions To Parallel Research And Related Outputs 

The research presented in this dissertation was developed in close collaboration and 

exchange with a diversity of inter- and transdisciplinary teams. As a result, I have also been 

able to interact with the research led by colleagues working in parallel to me. These 

collaborations enabled my contribution to a set of publications that reflect the impact of my 

PhD research beyond my own dissertation. These contributions corroborate the three pillars 

of complexity, justice, and usability that guided this dissertation. In addition, they demonstrate 

external uptake of the advances made throughout this dissertation regarding knowledge co-

production and SETS scholarship. Below, I briefly describe them and contextualize their 

connections to the work developed during my PhD research.  

1) I contributed to two critical reflections about transdisciplinarity and knowledge co-

production in the form of opinion pieces: 

- In “A plea for caring spaces in transformative climate research” (Albert-Fonseca 

et al., 2025), we argue for increasing the legitimacy of co-production efforts by 

centering them around caring practices rooted in the principles of humility and 

honesty, commitment, embraced uncertainty, epistemic caring, and optimism. 

As part of epistemic caring, we elevate knowledge systems visualization 

through practices like those presented in Chapter IV of this dissertation in order 

to guide critical self-reflection in co-production spaces.  

- In “Transdisciplinarity in climate change adaptation: An agenda for evidence 

generation” (Olazabal et al., 2025), we point at the need for designing co-

production processes in ways that seek to compile evidence of the benefits that 

transdisciplinarity brings into climate change adaptation. The development of 

this opinion piece heavily influenced the approaches taken to jointly co-reflect 

on the development of the NYC FVI in Chapter III, as well as the identification 

of a need for better integrating MERL protocols in the design of co-production 

processes. In addition, the piece also captures the need for seeing adaptation 

as a relational process beyond single project outcomes, as well as the need for 

embracing knowledge pluralism. 

2) I contributed to the project report that included the release of the New York City Flood 

Vulnerability Index, among other tasks of the Climate Vulnerability, Impact, and 

https://www.zotero.org/google-docs/?wCGrM3
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Adaptation (VIA) Analysis (McPhearson et al., 2024). In addition, I consulted and 

contributed to the chapter focused on flood risks that was included in the fourth report 

of the New York City Panel on Climate Change (Rosenzweig et al., 2024). 

3) In “New York City 2100: Environmental justice implications of future scenarios for 

addressing extreme heat” (Dutta et al., 2025), long-term Nature-based solutions (NbS) 

scenarios co-produced with multiple NYC government agencies were evaluated by 

modeling their heat and flood mitigation benefits relative to business-as-usual. The 

assessments revealed spatially uneven gains that under-served communities of color. 

Through my contribution to this work, I supported the development of anticipatory 

spatial justice assessments for co-produced adaptation decisions. Consequently, this 

work further reinforces the usability and justice pillars of this dissertation by stress-

testing co-produced futures in order to identify potential maladaptive or inequitable 

outcomes in adaptation planning. 

4) In collaboration with ICTA-UAB’s researchers, I contributed to the work led by S. 

Khromova focused on advancing risk, vulnerability, and NbS assessments with a 

SETS lens (Khromova et al., 2025; Khromova et al. in review; Khromova et al., in 

review). Khromova’s advances in SETS-based risk and vulnerability assessments 

have taken place in parallel to the SETS-based knowledge diversity assessments 

developed in this dissertation, to which they also contributed. This collaboration 

allowed us to relate spatially explicit, operational SETS metrics with the epistemic 

challenges related to making sense of entangled SETS. Together, both processes 

advanced complexity-aware approaches to urban climate change adaptation.  

VI.6. Implications For Research And Practice 

Based on the outcomes produced in this dissertation, the following recommendations for 

researchers and practitioners seeking to co-produce risk knowledge are elicited:  

1) Design monitoring and learning into co-production processes: While it is widely 

accepted that co-production approaches may improve the generation of risk 

knowledge for climate change adaptation, demonstrating their real impact requires that 

MERL protocols are explicitly built into co-production cycles. Scoping for the evaluation 

of both the processes and the products stemming from each cycle would provide the 

evidence needed to justify and better design future transdisciplinary research 

(Olazabal et al., 2025; Porter & Clark, 2023). In addition, implementing MERL would 

support co-producers by making explicit the trade-offs between the co-production 

https://www.zotero.org/google-docs/?T0vmmi
https://www.zotero.org/google-docs/?9DN9wr
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https://www.zotero.org/google-docs/?ftQR2r
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principles that drive climate services (Vincent et al., 2018) and the usability attributes 

of scientific knowledge (Cash et al., 2002, 2003). Recognizing such trade-offs is 

essential for transferring lessons between consecutive co-production cycles through 

iterative learning (Lewis et al., 2025). 

2) Pursue stable co-production landscapes beyond single cycles or projects: The 

dynamics, complexities, and uncertainties inherent to urban climate risks make it 

impossible to cover the totality of risk knowledge in a single co-production cycle. 

Consequently, co-production would be best approached as a “cycle of cycles” where 

process-related outcomes (trust, relationships, and shared understandings) are valued 

and maintained alongside tangible products (Steynor et al., 2020). This stance requires 

sustained institutional support so that practitioners are able to invest time even 

between budgeted projects. In practice, stable co-production requires nurturing 

relationships through collaborative “boundary spaces” (e.g., standing knowledge 

exchange forums and participatory task forces) that keep engagement, learning, and 

problem framing alive across cycles. 

3) Reflect critically on the epistemic gaps and biases steering problem framings: 

Assumptions on the benefits brought by epistemic diversities to risk knowledge co-

production require diagnosing and managing the diversity of understandings present 

in an inter- and transdisciplinary team. This recommendation applies to potential 

biases in the knowledge held by the team (e.g., SETS-based problematizations of the 

challenge at hand). Knowledge elicitation and visualization methods such as FCM and 

Causal Loop Diagrams may be employed as a mirror to surface dominant narratives, 

knowledge gaps, and open questions lying at the intersection of SET domains. In 

addition, reflecting on epistemic gaps also requires designing risk knowledge co-

production for the involvement of commonly neglected knowledge systems. As per 

Feagan et al. (2019), alternative (as opposed to professional) and informal (as 

opposed to formal) knowledge systems tend to be underrepresented in urban 

resilience research and decision-making processes. Involving underrepresented 

actors in the production of and access to risk knowledge is critical from an 

environmental and epistemic justice perspective (Castán Broto et al., 2022). 

4) Consider stewardship and ownership of climate services: Usable risk knowledge 

risks remaining unused if end-users are not deliberately involved in the co-production 

process from the scoping phase (Lemos et al., 2012; Porter & Clark, 2023). In addition 

to identifying key use-cases and the types of decision to support, the case studies 

presented in this dissertation suggest that uptake may increase when the co-produced 

https://www.zotero.org/google-docs/?eAqoPr
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https://www.zotero.org/google-docs/?xdG12k
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tools and datasets are governed by their end-users. In this sense, co-production should 

explicitly plan for post-project ownership arrangements (e.g., hosting, maintenance, 

updates, and permissions) as part of usability. 

5) Co-produce interpretable risk knowledge: The usability of risk knowledge is closely 

tied to how interpretable it is. Guaranteeing the interpretability of risk knowledge may 

require seeking external feedback from potential end-users, closely documenting 

methodological choices and assumptions, and balancing the complexity of the outputs 

with their capacity to convey useful, nuanced information (e.g., producing tiered 

outputs instead of single lumped indices in order to help users understand the drivers 

of risk separately). 

VI.7. Limitations And Frontiers For Future Work: 

The general aim of this dissertation was to advance the co-production of climate risk 

knowledge as a pathway to support climate adaptation planning under three persistent 

challenges: justice, complexity, and usability. To tackle this goal, my contributions are 

grounded in four empirical, place-based case studies. Consequently, this dissertation’s 

limitations are those typical of case-based transdisciplinary research. The limitations 

summarized in this section aim to clarify the boundaries under which the reported lessons hold 

and to suggest avenues for future work that would strengthen the transferability of the 

evidence and methods presented. 

1) Scope and transferability: The empirical basis of this dissertation focuses on 

two cities in the United States of America (thus, contextualized in the Global 

North), and diverse typologies of a single hazard (flooding). While the 

challenges to the production of risk knowledge (complexity, justice, usability) 

may be generalizable across hazards and contexts, the case studies presented 

are shaped by their institutional, governance, data, and participation contexts. 

Together, the cases presented offer a contrasting view of co-production under 

two complementary governance conditions (advocacy-oriented civic 

partnerships and institutionalized agency decision support). As a result, the 

dissertation contributes transferable principles that may require context-

specific translation. 

2) Evidence of impacts of co-production: This dissertation derives lessons 

elicited from the risk knowledge co-production exercises presented. However, 

the main approach to eliciting lessons is through the joint co-reflection with 
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fellow co-producers that participated in the two processes. While the 

approaches taken serve to provide signals of uptake and perceptions by co-

producers, longer-term longitudinal MERL processes needed to trace the 

impacts of the processes and the tools developed. A key pending question is 

the impact of the co-produced tools to adjacent stakeholders (i.e., stakeholders 

who did not participate in the co-production processes, but that may identify as 

potential end-users). As recommended throughout this dissertation’s 

discussion, systematic MERL protocols are needed to fully grasp the impacts 

that risk knowledge co-production may have under different settings. 

3) Diversity of knowledge systems engaged: Recruitment limitations during the 

knowledge diversity study (Chapter IV) should be taken into account when 

interpreting the results. Bottom-up knowledge systems (e.g. civic organizations 

and communities) were ultimately not included in the study due to challenges 

in engaging with civic groups in an over-researched city. As reported in the 

chapter’s discussion, pursuing the inclusion of alternative and informal 

knowledge systems (i.e., indigenous and local knowledge) in future iterations 

is critical to test the capacity of the approaches presented to support epistemic 

pluralism and justice-oriented co-production processes (Castán Broto et al., 

2022; Feagan et al., 2019). 

4) Systemic approaches to cascading risks: Exposure analyses capable of 

accounting for indirect impacts are critical to incorporate distributional injustices 

that remain unnoticed during spatial assessments. While the experimental 

analysis provided in Chapter V contributes to complexity-aware risk framing, it 

remains an initial operationalization rather than a full representation of 

cascading failures. Future research should explore the integration of spatial 

exposure analyses with complex-systems modeling approaches (Coletta et al., 

2021, 2025) to co-produce risk knowledge and evaluate adaptation 

interventions. In the case of NYC, the mental models elicited in Chapter IV hold 

the potential for guiding future indirect exposure assessments.  

5) Positionality in risk knowledge co-production: Throughout this dissertation, 

I advocate for leveraging co-production approaches to enrich the applicability 

and legitimacy of risk knowledge. In addition to the challenges that I used to 

justify this dissertation, power dynamics and positionality are a key dimension 

of knowledge co-production. For instance, the two knowledge co-production 

processes presented (Chapters II and III) were subject to different power 

https://www.zotero.org/google-docs/?2hLxtj
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dynamics potentially rooted in their different funding arrangements (Arnott et 

al., 2020). In addition, while the co-production case developed in Milwaukee 

(Chapter II) is framed as an empowering process for local advocacy 

organizations, there is not enough evidence to claim an increase in the agency 

of participating organizations in local decision-making processes. Similar 

tensions have been observed in processes forced to navigate contradictions 

between supporting communities to adapt to climate change and tackling the 

systemic issues that cause climate change or contribute to their vulnerability 

(Chambers et al., 2021). Consequently, the contributions of this dissertation to 

co-producing risk knowledge should be taken as signals of how co-production 

can improve the production and legitimacy of risk knowledge under specific 

governance and funding arrangements, rather than as proof of institutional 

empowerment or policy change. Future research should explore how risk 

knowledge co-production can reckon and govern its own power dynamics. By 

suggesting the integration of MERL protocols into sustained co-production 

arrangements, I call for transparently considering how the influence of different 

actors in climate adaptation planning may change or remain limited by 

persistent power structures.  
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Supplementary Material 2.1: Indicators Considered in Milwaukee’s Regional 

and Local Green Infrastructure Plans 

Table SM 2.1.1: Indicators considered in Milwaukee’s 2013 Regional Green Infrastructure Plan and the 

city’s 2019 Green Infrastructure Plan.  

Indicator Regional Green 

Infrastructure Plan 

Green 

Infrastructure Plan 

Vacant land * * 

Non-Brownfields  * 

Areas Without Tree Canopy  * 

Parks * * 

Impervious Surface  * 

Redevelopment Areas *  

Improvement Districts / Community 

Development Block Grant Areas 

 * 

Areas with Existing Green Infrastructure 

Strategies 

*  

Potential Stream Corridor Rehabilitation 

locations 

*  

High Inflow Areas to the Deep Tunnel * * 

Potential Drainage Problem Areas * * 

Potential High Sewer Inflow and Infiltration 

Areas 

* * 

Known Stormwater Issue Areas (e.g. Sewer 

Backups) 

* * 

High Pollutant Loading Areas * * 

Depth to Bedrock  * 
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Indicator Regional Green 

Infrastructure Plan 

Green 

Infrastructure Plan 

Depth to Groundwater  * 

City-Owned Properties  * 

Milwaukee Public Libraries and Schools  * 

Schools  * 

Parking Lots  * 

Selective Sewer Separation Opportunities  * 

Slopes  * 
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Supplementary Material 2.2: Pluvial Flooding Hazard Mapping 

In this section, we explain the methodology for mapping Milwaukee’s pluvial flooding 

hazard in detail. This mapping exercise relied on modeling the distribution of surface runoff 

during a 100-year, 1-hour precipitation event. A 100-year storm is also defined as one with a 

1% chance of occurring in any given year. We used the modeling tool City Catchment Analysis 

Tool (CityCAT) to carry out a 2-Dimensional (2D) simulation of surface runoff and to map the 

maximum flood depths reached across the study area. In this study, we consider pluvial 

flooding to occur in areas where the maximum flood depth is 10cm (4 inches) or more. We 

draw from experiences in stormwater resiliency assessments such as the NYC Stormwater 

Resiliency Plan (NYC Mayor’s Office of Resiliency, 2021) to consider this flood depth, which 

is considered capable of causing disruptions such as limiting street walkability, slowing down 

traffic, and causing damages in households. 

CityCAT was developed specifically for urban areas (Glenis et al., 2018), as it is 

conceived to account for the impact that buildings and green areas have on surface runoff. 

Buildings are accounted for by rerouting runoff, while infiltration and roughness are computed 

in green areas. Due to the large extension of the city of Milwaukee, the resolution of the 

modeling simulation was limited to 10m to reduce computational requirements. This resolution 

forbids the inclusion of buildings in the model, as they would cause water blockages in 

locations where the gap between buildings is lower than the model’s resolution (Glenis et al., 

2018; Neal et al., 2009). Hence, buildings were excluded from the simulation. 

The model requires three key inputs for which data is publicly available, being 

topography, previous areas, and precipitation. First, a digital elevation model (DEM) 

representing the area’s topography is used to compute the circulation and accumulation of 

surface runoff across the study area. In this study, we used a DEM developed by the United 

States Geological Survey (USGS) at a resolution of 1 arc-sec (30m, approximately) (USGS, 

2021). The data downloaded was resampled to a resolution of 10m using bilinear interpolation, 

which is the method recommended for continuous topographic data (Maune, 2007). Second, 

the model computes runoff infiltration and the slowing down due to higher roughness in areas 

with pervious land cover. In this study, we represent pervious areas through the Meter-Scale 

Urban Land Cover (MULC) data developed by the Environmental Protection Agency (EPA) for 

Milwaukee (Pilant et al., 2020). The dataset’s native resolution of 1x1m was resampled to 

match the 10m resolution of the DEM using the nearest neighbor method. The model 

computes different infiltration rates depending on the texture of the soil, which heavily 

influences its efficiency at infiltrating water. Green areas were assigned different soil textures 
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by overlaying them with data from the Soil Survey Geographic Database (SSURGO), which 

was accessed and spatially processed following the guidelines laid by the US Army Corps of 

Engineers (LaHatte and Pradhan, 2016). The default roughness coefficients suggested by 

Glenis et al. (2018) for pervious and impervious areas were used (0.035 and 0.02, 

respectively). Third, a storm’s hyetograph is introduced for the model to compute the evolution 

of precipitation intensity over the course of the event. Here, we used NOAA’s Atlas 14 (NOAA, 

n.d.) to develop a design storm fitting the statistical distribution of precipitation during the event 

considered (Figure 2.2.1). The design storm was developed using the alternating block 

method (Chow et al., 1988). This methodology assumes that the storms’ intensity peak occurs 

in the center of the storm (half of the storm’s total duration), with the subsequent most intense 

precipitation blocks clustered around it. 

Data inaccessibility and limited computational capacities required excluding 

Milwaukee’s drainage systems, a common situation in urban flood models (Rosenzweig et al., 

2020). We consider a high intensity, low duration storm, under the assumption that the 

drainage systems will be at least temporarily unable to process the stormwater generated. 

However, the combination of an extreme precipitation event with the exclusion of drainage 

systems implies that the pluvial flood hazard layer likely overestimates flooding across the 

studied area. 
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Figure SM 2.2.1: Storm hyetograph for a 100-year, 1-hour storm in Milwaukee. The bars show the 

amount of precipitation per 5-minutes interval. 
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Supplementary Material 2.3: Zip Codes Identified as Flooding Exposure and 

Vulnerability Hotspots in Milwaukee. 

Table SM 2.3.1: Zip codes in Milwaukee that intersect with one or more types of hotspot. Zip codes and 

census tracts have different boundaries, due to which any given zip code will intersect with more than 

one census tract. To account for this, for each zip code, every different hotspot type is listed. 

Zip Code Types of Hotspots 

53224 Exposure 

53223 Exposure 

53225 Exposure 

53218 Exposure 

53209 Exposure; vulnerability 

53216 Exposure; vulnerability 

53206 Exposure and vulnerability; vulnerability 

53212 Exposure and vulnerability; exposure; vulnerability 

53210 Exposure and vulnerability; exposure; vulnerability 

53208 Exposure and vulnerability; vulnerability 

53205 Exposure and vulnerability; exposure; vulnerability 

53233 Exposure; vulnerability 

53203 Exposure; vulnerability 

53202 Exposure 

53204 Exposure and vulnerability; exposure; vulnerability 

53214 Exposure; vulnerability 

53215 Exposure and vulnerability; vulnerability 

53219 Exposure 

53221 Exposure 

53207 Exposure 
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Supplementary Material 2.4: Comparison Between a Quartile-Based Approach 

and a Hotspots Analysis to Identify Priority Areas for Intervention. 

In this section, we compare the distribution of the priority areas identified during the 

co-production approach with a hotspot’s analysis. A classification of priority areas based on 

the top quartile (top 25%) was selected to identify areas in need of being prioritized due to 

their high exposure and/or vulnerability. This approach was selected mainly for its simplicity 

and interpretability. In addition, the study aimed to identify city-wide priority locations 

regardless of the spatial autocorrelation of the two indices considered. Nevertheless, 

understanding the clustered distribution of exposure and vulnerability may provide 

complementary insights to the co-produced risk assessment. Clusters of exposure and/or 

vulnerability may reveal clustered census tracts where risk is significantly higher than in the 

neighboring tracts. The identification of clustered tracts may be useful to prioritize interventions 

that can span across several contiguous tracts. 

We conducted a hotspots analysis for the vulnerability and exposure indices by 

computing the local Gi* statistic. Gi* belongs to a family of statistics developed by Getis & Ord 

(Getis & Ord, 1992; Ord & Getis, 1995) to identify local clusters of spatial dependence that 

may be overlooked when using global statistics. The Gi* statistic calculates a z-score and p-

value for each feature in a spatial dataset by comparing their value with neighboring features. 

Statistically significant z-scores and p-values identify features with values higher or lower than 

the global sample, and that are surrounded by other features with equally high or low values 

(Environmental Systems Research Institute (ESRI), n.d.). Here, we conducted the hotspots 

analysis using the spdep and sfdep libraries (Bicand et al., 2024; Parry & Locke, 2024) in the 

R programming environment (R Core Team, 2022). The spdep library contains the functions 

necessary to compute the Gi* statistic, while sfdep was developed as a wrapper for spdep in 

order to maintain compatibility after the transition from sp to sf spatial data structures in R. 

Figure SM 2.4.1. shows the vulnerability and exposure hotspots mapped by calculating 

the Gi* statistic for each index. Both the vulnerability and exposure indices show high value 

clusters in central Milwaukee. However, while the vulnerability hotspots are grouped in two 

clusters in central-north and central-south Milwaukee, the flood exposure hotspots appear 

mainly in the northern part of the city’s center. While the distributions of vulnerability hotspots 

and priority areas are relatively similar (Figure SM 2.4.2.), the same comparison for flooding 

exposure shows significant differences (Figure SM 2.4.3.). While exposure priority areas are 

scattered across the city of Milwaukee, hotspots are clustered in the city’s northern central 

area with the exception of a few census tracts in the southern part of the city center. This 
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difference in the exposure assessment is influential in the final result of the assessment, in 

which the priority areas are overlaid to identify areas of high exposure and high vulnerability. 

When using the hotspots analysis approach, vulnerability and exposure hotspots co-occur in 

a larger region, mainly in the city’s northern central area (Figure SM 2.4.4.). Both approaches 

match in the identification in a smaller hotspot / priority area in the southern part of the city 

center, and a few census tracts (9) consistently identified as hotspot and priority areas for both 

vulnerability and exposure are identified (Figure SM 2.4.4.c). 

The results shown provide complementary insights on the distribution of flood risk in 

Milwaukee, but do not invalidate the results obtained in the co-produced analysis. Census 

tracts with high exposure and vulnerability levels may still require prioritization even if they do 

not belong to a spatially explicit cluster. Ultimately, different types of risk mitigation 

interventions may benefit from each analysis type differently. 

  

Figure SM 2.4.1: Hotspots analysis for the vulnerability (a) and exposure (b) indices developed during 

the co-production process. 
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Figure SM 2.4.2: comparison between the vulnerability hotspots identified during the computation of 

the Gi* statistic (a) and the priority areas identified using the top-quartile threshold (b). 
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Figure SM 2.4.3: comparison between the exposure hotspots identified during the computation of the 

Gi* statistic (a) and the priority areas identified using the top-quartile threshold (b). 

  

Figure SM 2.4.4: comparison between the overlay of hotspots (a) and priority areas (b). Figure (c) 

shows the census tracts identified as a hotspot of both vulnerability and exposure, as well as a priority 

area for the two indices. 
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Supplementary Material 3.1: Co-reflection Questionnaire Shared with NYC FVI 

Co-Producers 

The questionnaire used to compile the reflections of co-producers that participated in 

the development of the NYC FVI and provided input to this co-reflection was structured in 4 

sections. All questions are open-ended for participants to provide as much information as 

possible. 

Section 1/4 introduces the purpose of the questionnaire to contributors: 

The NYC FVI co-production: collecting authorial inputs 

We (the NYC FVI research team) are very excited to be moving this scientific 
publication forward.  

The aim of this publication is to present the NYC FVI as a case of creating usable, 
policy-relevant risk information through a co-production process that involved an 
interdisciplinary team of city staff and researchers. In this short questionnaire (~25'), we would 
like to collect your insights to showcase and evaluate the process of developing the FVI as 
well as relevant recent outcomes. This questionnaire aims to organize your inputs in the 
paper's results and discussion sections while taking as little time from you as possible. 

To report on the NYC FVI in a scientifically sound manner, we are relying on a 
framework that lists the basic essential characteristics that co-produced climate adaptation 
tools should have. As per this framework, co-produced climate adaptation tools should be 
evaluated attending to both the product and the collaborative process that led to its 
development.  

The questionnaire consists of three main sections:  

1. Reflecting about the co-production process through which the NYC FVI was 
generated 

2. Reflecting about the final product and its characteristics  
3. Collecting your lessons learned, emerging use-cases, and final reflections on 

how the project set-up enhanced the NYC FVI usability and validity for the city's 
policies. 

Please, answer from your own vantage point, even if you joined or left the project mid-
way. Provide as much information as possible so we can build a complex and interesting story 
to readers (avoid yes/no answers as much as possible). 

Might you have any questions regarding the questionnaire, do not hesitate to reach us. 
If you would rather fill in the questionnaire during a call with us, happy to find a time to do so. 

Deadline: We kindly ask that you complete the questionnaire no later than October 
3rd, 2025. 

 

https://www.sciencedirect.com/science/article/pii/S2405880718300712#f0005
https://www.sciencedirect.com/science/article/pii/S2405880718300712#f0005
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Attributions: You will not be directly quoted as a respondent to a specific question. 
As a co-author, your inputs to this form will be included in the main text. Thus, the form's main 
use is to systematically collect your thoughts, which you will have a chance to review before 
submission. 
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Section 2/4 presents questions related to the co-production process: 

 

BLOCK 1/3: THE CO-PRODUCTION PROCESS 

The process of co-producing climate risk information may be informed through 3 principles: 
collaboration, flexibility, and inclusivity. 

By "Process", we refer to the different stages in which we worked together, from scoping the 
NYC FVI to all decisions made collectively, such as selecting indicators, to gathering/checking 
data, building and testing the index, releasing it, planning updates, disseminating it... When 
answering questions on the co-production process, you may consider two broad time-scales: 

1. The NYC FVI development and its phases (scoping, bringing participants together, 
literature review, planning research steps, outputs and dissemination, data selection 
and collection, final publication, dissemination…) 

2. Zooming out into the time before and after the NYC development - for instance, 
previous interactions across the science-policy-society that led to the NYC FVI, and 
post-development processes enabled by the FVI, including capacity building, training, 
new policies and research inquiries. 

1.1. Collaboration 

Co-producing climate adaptation tools requires sustaining collaborative relationships and 
partnerships across sectors over time. Collaboration is useful to tackle potential divides 
between researchers and city-practitioners (e.g. different ways of working, sets of knowledge, 
and understanding the problem or the solutions needed), as well as the disciplinary differences 
across participants (e.g. people working in different fields). 

Q - What collaboration practices helped the FVI move forward during 
development (e.g., having clear roles, regular check-ins, decision log…)? 
How did they help? 

Q - According to your experience producing the NYC FVI, how did existing 
relationships help the team work together during development of the NYC 
FVI? (for example, having previously nurtured networks and relationships 
through ICAT, NPCC, and the Climate Knowledge Exchange initiative, 
among others). 

Q - Do you consider that the NYC FVI development contributed to 
strengthening some of these collaboration-driven relationships? If so, how 
did the FVI development benefit these relationships? 

Q - What aspects of the process do you think we should change next time to 
make collaborations easier? (e.g. navigating approaches to a problem that 
may be more or less technical) 

1.2. Flexibility 

In co-production, it may be necessary to change the course of the process mid-way due to the 
identification of new needs and/or limitations to the original project envisioned. By “flexibility” 
we mean how easily the team adjusted aspects like goals, methods, timelines, or product 
dissemination plans when new needs or constraints appeared. 
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Q - According to your experience producing the NYC FVI, were there 
situations that required shifting from the original plans of how the final product 
would be developed and/or look? (e.g. adjusting scope, index design, 
scenarios, switching from a single index to a separate exposure-vulnerability 
mapping…). Did the way in which the FVI development was set up facilitate 
the incorporation of these changes? (e.g. iterative feedback sessions, 
comparing different approaches to build the index…). 

Q - What aspects do you think should be considered in future iterations to 
make the process more adaptable to identified needs / limitations? 

1.3. Inclusivity 

Including diverse disciplines and people enriches co-production processes in many 
ways (e.g. understanding complex issues, increasing usability of final product… 
etc). 

In this FVI development cycle, we focused on co-producing the tool with City 
officials (mainly agencies who would use and maintain the tool). This was a 
deliberate first step to align methods, data, and responsibilities. We’d like your 
reflections on what worked within this scope, and how inclusivity could expand in 
future cycles. 

Q - According to your experience, how did the FVI development benefit from 
including a multi-disciplinary team of researchers, city officials, and advisors? 
(e.g. guiding choice of indicators, selecting hazard layers…). 

Q - Were there knowledge holders that you think would have been good to 
have during the process? Which ones? Do you know why they were not 
present during this iteration? Or how it would have been possible to have 
them? (e.g. specific NYC offices, representatives of local communities, 
specialists on particular topics…). 

Q - Are there any practical changes that could make future iterations of the 
NYC FVI more inclusive? 

 

Section 3/4 presents questions related to the co-production’s product: 

BLOCK 2/3: THE FINAL PRODUCT 

Co-production outputs benefit from the following 3 characteristics: being decision-driven, 
being process-based, and being timely. 

2.1. Decision-Driven 

By “decision-driven”, we refer to the NYC FVI’s capacity to address identified needs - in our 
case, informing real climate adaptation decisions.  

Q - From the early stages, the NYC FVI was scoped as a decision-support 
tool, in order to guide flood risk management decisions. How did having this 
goal from the start guide the design of the index to ensure its usability? (e.g. 
concrete design choices tied to a specific use-case, indicator selection, 
thresholds, resolution…). 
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Q - Are there concrete cases in which the NYC FVI has already been applied 
to support decisions in your practice / that of other colleagues? If so - 
explain who has used it for what. 

Q - Are there other future cases in which the NYC FVI will support decision-
making processes? Which ones? If the NYC FVI may need to be updated or 
adapted for future uses, explain how. 

Q - Have there been other cases in which the NYC FVI was not able to serve 
its purpose? If so, why? 

2.2. Process Based 

By process-based, we refer to the idea that co-produced tools are more than the product itself 
- but also the process through which users and producers engage to develop, test, and refine 
it. At the same time, such a process supports long-term relationships between collaborators. 
Thus, the FVI may be more than a static map: it is tied to ongoing relationships, clear roles, 
and routines for feedback, revision, and use. 

Q - Before the FVI, were there previous interactions or processes that called 
for the development of the NYC FVI? You may step back and reflect on 
earlier factors like NPCC outputs or prior adaptation plans / reports pointing 
at a need for the FVI. Focus on the actions, rather than on the relationships 
- relevant for section 2.1. Collaboration 

Q - From your perspective, what makes the FVI a living tool rather than a 
one-off product? e.g. Are there ongoing routines or relationships that keep 
the FVI alive through training meetings, dissemination and awareness raising 
aiming to expand the set of users, revision cycles to evaluate the usefulness 
or impact of the NYC FVI, data stewardship…? 

Q - Since (or before) release, has user feedback led to any changes in the 
FVI or the ways it is disseminated within NYC government offices and/or the 
broader public? If yes, what changed and how was it decided? If not yet, 
what plans exist to capture and act on feedback? Are there other updates 
planned for future FVI iterations? 

2.3. Timeliness 

By “timeliness,” we mean that the NYC FVI became available in time to support decisions 
being made - thus adapting to the timeline of other ongoing processes. It may also refer to the 
timeliness with which data is updated, and whether that is a fitting regime for its purpose. 

Q - Were there ongoing processes or decisions that benefitted from the NYC 
FVI’s release? Did the FVI arrive in time to influence them? If yes, which 
processes were these, and how did the FVI support them? if not, would it 
have needed to be ready earlier? 

Section 4/4 offers participants to provide additional inputs related to their experience 
participating in the process: 

Finally, we would like to capture any additional observations you may have about the co-
production process and final product. 
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Supplementary Material 3.2: NYC FVI Indicators and Hazard Scenarios 

Selected 

Table SM 3.2.1: Susceptibility to harm and capacity to recover indicators selected based on the 

literature review and the inputs provided by Interagency Collaborators and the advisory team. Indicators 

highlighted in red were omitted due to high multicollinearity values based on their Variance Inflation 

Factor (VIF) and/or high correlations with other indicators. Indicators labelled with “(A)” were sourced 

from the 2020 US Decennial Census (Census Tract Level). Indicators labelled with “(B)” were sourced 

from the 2016-2020 US American Community Survey (ACS) (Census Tract Level). Source: VIA Report 

(McPhearson, Towers, et al., 2024). 

Indicator 
VIF before removal 
of discarded 
variables 

VIF after removal 
of discarded 
variables 

% Population self-reported as Black, 
Indigenous, Person Of Color (BIPOC) (A) 

2.20 2.16 

% Population in vulnerable age - elderly (+60 
years old) (A) 

2.53 2.44 

% Population in vulnerable age - infant (0-5 
years old) (A) 

1.72 1.59 

% Population with a disability (B) 1.7 1.63 

% People above 5 years old living in Language 
Isolation (speaks English “not well” or “not at 
all”) (B) 

1.88 1.80 

% Elder adults living alone (B) 2.01 1.98 

% People without health insurance (B) 1.81 1.81 

% HH with HH income below 75K (B) 6.72 5.01 

% owner occupied homes (B) 2.96 2.63 

Per capita income (B) 6.85 2.73 

Median Income (*) (B) 9.43 - 

% Population living below 2x the federal 
poverty line (*) (B) 

5.54 - 

% owned HH with expenses higher than 30% 
HH income (B) 

1.19 1.19 

% rented HH with rent costs higher than 30% 
HH income (B) 

1.54 1.52 
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Table SM 3.2.2: Summary of flooding scenarios considered to assess exposure across NYC. Source: 

VIA Report (McPhearson, Towers, et al., 2024). 

Scenario Name Hazard Layer and Source 

Storm Surge - Current FEMA’s Special Flood Hazard Area - 2015 Preliminary Release 
(FEMA, n.d.) 

Storm Surge - 2050s FEMA’s Special Flood Hazard Area with sea level estimates for the 
2050s, high estimate scenario (Patrick et al., 2015) 

Storm Surge - 2080s FEMA’s Special Flood Hazard Area with sea level estimates for the 
2080s, high estimate scenario (Patrick et al., 2015) 

Tidal Flooding - Current Main Higher High Water (mhhw) estimates for the 2020s, high estimate 
scenario (Horton et al., 2015) 

Tidal Flooding - 2050s Main Higher High Water (mhhw) estimates for the 2050s, high estimate 
scenario (Horton et al., 2015) 

Tidal Flooding - 2080s Main Higher High Water (mhhw) estimates for the 2080s, high estimate 
scenario (Horton et al., 2015) 
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Supplementary Material 4.1: Interview Protocol 

Date   Interviewee ID # 
 

Interviewer   Note Taker 
 

Audio Recording (Y/N)   NPCC / ICAT member? 
 

Informed Consent Signed (Y/N)   

 

1. Recruitment via email template:  

Dear XXXX, 

My name is XXXX, and I am reaching out regarding a research project on urban 

adaptation to extreme precipitation. 

I am planning to conduct individual interviews as part of a project to better 

understand how extreme rain affects New York City. Given your role and 

professional experience navigating the impacts of extreme precipitation in NYC, 

I would greatly value incorporating your insights into the analysis. The goal is to 

learn from your experience and insights about the problems caused by heavy 

rain, what causes or exacerbates those issues, and any solutions you think might 

work. The interviews are designed as a systems-mapping exercise that will 

enable the integration of multiple knowledge sources. Here is a project 1-pager 

for your reference  

Would you be willing to take part in an interview? If so, I would highly appreciate 

it if you could suggest a tentative date and time during the month of February 

when you would be available for an in-person interview in NYC. The 

interview/exercise is expected to last 60-75 minutes. Might you accept to carry 

out this interview, I will follow up with you to confirm the interview’s schedule and 

to provide an informed consent form outlining the ethical and data protection 

considerations involved in the project.  

Thank you in advance for your time and consideration 

Kind regards, 

  

https://docs.google.com/document/d/1R-ixdTRSAGBnuMY4GrNKCwaEkgkwTGiy/edit?usp=sharing&ouid=113523881048440519165&rtpof=true&sd=true
https://docs.google.com/document/d/1R-ixdTRSAGBnuMY4GrNKCwaEkgkwTGiy/edit?usp=sharing&ouid=113523881048440519165&rtpof=true&sd=true
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2. Interview 

2.1. Introduction to interview: motivation and goals 

Extreme Precipitation (EP) can impact New York City in many ways. Both the impacts and the 

factors that influence their magnitude are highly interconnected, forming cascading effects and 

feedback loops.  

This study seeks to identify and connect three elements: 

a) The different direct and indirect impacts that stem from EP in New York City. 

b) The way in which drivers of change and pressures exacerbate the impacts of EP in 

NYC. 

c) The different kinds of adaptation measures that may be introduced to moderate the 

Impacts and their moderating factors. 

- Start requesting permission to record / start recording 

- Present intention of learning as much as possible from the interviewee about the 

connections between impacts, their drivers, and their possible solutions. Explain the 

intention of building an FCM based on their answers in order to facilitate integration 

of knowledge and perspectives. 
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Provide an example FCM non-related to the topic: 
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2.2. Interview questions and FCM exercise 

KNOWLEDGE ELICITATION 

GOAL 

INTERVIEW QUESTION 

Anchor interviewee's knowledge to their 

professional context 

Set conversation’s frame on aspects 

relevant to extreme precipitation both 

before, during, and after one or more 

events 

Q1. What is your role and your organization’s role in 

dealing with the impacts of extreme precipitation and in 

adapting NYC to extreme precipitation? 

Q1.1 Could you briefly describe how EP impacts NYC, 

and what trends, developments, or pressures may be 

exacerbating them? 

Identify the impacts caused by EP and 

their cascading relationships 

Q2.1. According to your knowledge and experience, what 

are the impacts caused by extreme precipitation in the 

short and long term in NYC? 

Q2.2. Are these or other impacts connected? You may 

consider cascading impacts, and indirect ones (e.g. those 

in which direct contact with floodwaters may not be 

necessary) 

Drivers, ongoing trends, and causes that 

may enable or exacerbate the pointed 

impacts (adding them as nodes to the 

causal network) 

Q3.1. Given the impacts mentioned, are there specific 

characteristics or circumstances that may increase their 

likelihood or intensity?  

Q.3.2. Are there any trends, changes, practices, or 

developments whose pressures exacerbate the 

characteristics or impacts considered?  

Q3.3. What do you believe are the main underlying 

causes or drivers contributing to these processes? 

Responses Q4. Looking at this system map, what solutions could be 

implemented to reduce the impacts of extreme 

precipitation in NYC? 
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KNOWLEDGE ELICITATION 

GOAL 

INTERVIEW QUESTION 

Weight of relationships [Assign a “high” or “medium” weight to each relationship 

drawn on the map] 

Closure of interview 

  

Snowballing interviewee sample 

Q6. Take a moment to reflect on the model you have 

drawn. Could you summarize the key aspects that your 

MM represents? 

Q7. Is there anything that we did not cover today that you 

think it is important for me to know? 

Q8. Is there somebody else in your organization or 

outside of it that you think we should interview? 

 

Post interview 

Once the FCM has been digitized, send it for the interviewee’s validation and solving any 

pending matters. 
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Supplementary Material 4.2: FCM data treatment and homogenization workbench 

Table SM 4.2.1: Homogenization and SET classification workbench. Orange cells indicate nodes that were homogenized into a single term. Blue cells indicate 

nodes that were divided into two or more concepts. Green cells indicate nodes that required the sign of relationships to be changed after homogenization. 

VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

biodiversity E int_01 biodiversity biodiversity 

biological oxygen demand E int_01 biological oxygen demand biological oxygen demand 

climate change E int_01 climate change climate change 

drinking water reservoir quality E int_01 drinking water quality drinking water quality 

potable water supply E int_01 drinking water supply drinking water supply 

accumulated precipitation volume E int_01 accumulated precipitation volume extreme precipitation 

precipitation event duration E int_01 precipitation event duration extreme precipitation 

areal extent of event E int_01 areal extent of precipitation events extreme precipitation 

precipitation rate E int_01 precipitation intensity extreme precipitation 

flooding E int_01 flooding flooding 

surface detention green infrastructure E int_01 surface detention green infrastructure green infrastructure for stormwater management 



P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

224 
 

VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

ice / snow E int_01 ice and snow ice and snow 

soil infiltration E int_01 infiltration infiltration 

mold E int_01 mold mold 

nutrients load E int_01 nutrients load nutrients load 

release of pathogens E int_01 pathogens release into the environment pathogens release into the environment 

antecedent events E int_01 recent previous precipitation events recent previous precipitation events 

soil effective porosity E int_01 soil porosity soil porosity 

water storage in soil E int_01 soil storage capacity soil storage capacity 

car accidents S int_01 car accidents car accidents 

displacement S int_01 displacement displacement 

electrocution S int_01 electrocution electrocution 

exposure to pathogens / toxics S int_01 exposure to pathogens and toxics exposure to pathogens and toxics 

drownings S int_01 fatalities fatalities 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

co2 emissions mitigation S int_01 mitigate greenhouse gases emissions mitigate greenhouse gases emissions 

odors S int_01 odors odors 

needs for cleaning S int_01 post-event cleaning needs post-event cleaning needs 

stress S int_01 stress psychological impacts 

disease S int_01 disease public health 

swimmability in water bodies S int_01 swimmability in water bodies recreation spaces available 

fishability in water bodies S int_01 fishability in water bodies recreation spaces available 

rescues S int_01 rescues rescues 

poor maintenance of sewer infrastructure S int_01 stormwater infrastructure maintenance stormwater infrastructure maintenance 

lack of street cleaning S int_01 street cleaning street cleaning 

CSO T int_01 combined sewer overflows combined sewer overflows 

damages to sewer systems T int_01 damages to drainage infrastructure damages to drainage infrastructure 

transportation and transit disruption T int_01 disrupted mobility systems disrupted mobility systems 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

poor quality of infrastructure T int_01 drainage infrastructure quality drainage infrastructure quality 

energy demand for water treatment T int_01 energy demand for water treatment energy demand for water treatment 

underground gray sw measures T int_01 underground gray infrastructure interventions gray infrastructure interventions 

surface detention gray measures T int_01 surface detention gray infrastructure interventions gray infrastructure interventions 

under designed infrastructure T int_01 obsolete drainage infrastructure design obsolete drainage infrastructure design 

utilities damaged (electricity, boilers) T int_01 physical damages to building utilities physical damages to building utilities 

structural damages to properties T int_01 physical damages to private property physical damages to private property 

damages to personal possessions in homes T int_01 physical damages to private property physical damages to private property 

parked car damages T int_01 damages to parked cars physical damages to private property 

subterranean infrastructure flooding T int_01 physical damages to public infrastructure physical damages to public infrastructure 

basement flooding T int_01 basement flooding residential flooding (incl. basements) 

roof leaks T int_01 roof leaks roof leaks 

safe-to-flood floodways planning (inexistent 

currently) T int_01 safe-to-flood infrastructure safe-to-flood infrastructure 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

SW storage in surface / volumes T int_01 stormwater storage infrastructure stormwater storage capacity 

ecosystem health E int_02 ecological degradation ecological degradation 

elevation E int_02 elevation elevation 

precipitation intensity E int_02 precipitation intensity extreme precipitation 

green infrastructure E int_02 green infrastructure green infrastructure for stormwater management 

sea level E int_02 sea level rise sea level rise 

surface debris E int_02 surface debris surface debris 

tidal / storm surge E int_02 tide level tide level 

 E int_02 storm surges storm surges 

tributary area size E int_02 tributary area size tributary area size 

fatalities S int_02 fatalities fatalities 

leadership shift towards clear share of 

responsibilities S int_02 leadership shift towards coordination of responsibilities 

leadership shift towards coordination of 

responsibilities 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

paradigm shift towards creating spaces for 

water (including considering retreat) S int_02 paradigm shifts towards giving space to water paradigm shifts towards giving space to water 

commuting ability S int_02 personal mobility personal mobility 

need for cleanup S int_02 post-event cleaning needs post-event cleaning needs 

private financial costs S int_02 private economic losses private economic losses 

health S int_02 public health public health 

public education S int_02 public education public outreach and education 

recreational access to water S int_02 recreational spaces available recreational spaces available 

risk mapping / research and knowledge 

generation S int_02 research and knowledge generation research and knowledge generation 

infrastructure maintenance S int_02 stormwater infrastructure maintenance stormwater infrastructure maintenance 

clogged catch basins T int_02 clogged surface inlets clogged surface inlets 

clogged underground sewer systems T int_02 clogged underground sewer systems clogged underground sewer systems 

cloudburst infrastructure T int_02 cloudburst infrastructure cloudburst infrastructure 



P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

229 
 

VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

CSO T int_02 combined sewer overflows combined sewer overflows 

sewer upgrades T int_02 gray infrastructure upgrades gray infrastructure interventions 

imperviousness T int_02 imperviousness imperviousness 

pipe sizes T int_02 obsolete drainage infrastructure design obsolete drainage infrastructure design 

overwhelmed sewers T int_02 overwhelmed sewer systems overwhelmed sewer systems 

basement flooding T int_02 basement flooding residential flooding (incl. basements) 

Living with water as a paradigm change 

towards safe-to-fail infrastructure 

(redundancy in systems, alternative options) T int_02 safe-to-flood infrastructure safe-to-flood infrastructure 

sewer backups T int_02 sewer backups sewer backups 

sewer system's drainage capacity T int_02 sewer systems drainage capacity sewer systems drainage capacity 

drainage slope T int_02 sewer system's slope sewer system's slope 

street flooding T int_02 street flooding street flooding 

flood proofing (block water from entering) T int_02 structural flood-proofing structural flood-proofing 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

subway flooding T int_02 subway flooding subway flooding 

right of way / spread green infrastructure E int_03 right-of-way green infrastructure green infrastructure for stormwater management 

groundwater table level E int_03 groundwater levels groundwater levels 

stormwater absorption E int_03 infiltration infiltration 

localized heat E int_03 urban heat island urban heat island 

displacement S int_03 displacement displacement 

city government economic losses S int_03 economic losses by public administration economic losses by public administration 

enforce basement apartment prohibition S int_03 enforced basement apartments prohibition enforced basement apartments prohibition 

fatalities S int_03 fatalities fatalities 

rezoning for resiliency S int_03 flood resilient rezoning flood resilient rezoning 

hourly waged workers S int_03 hourly waged workers hourly waged workers 

housing affordability S int_03 housing affordability housing affordability 

housing availability S int_03 housing availability housing availability 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

rent controlled housing S int_03 rent controlled apartments increase affordable housing 

inequity S int_03 inequity inequity 

legalize basement apartments S int_03 legalize basement apartments legalize basement apartments 

tax revenue losses S int_03 lost tax revenue lost tax revenue 

mobility / commuting capacity S int_03 personal mobility personal mobility 

prioritize most vulnerable populations in 

adaptation S int_03 prioritize most vulnerable populations in adaptation 

prioritize most vulnerable populations in 

adaptation 

individual economic losses S int_03 private economic losses private economic losses 

health / mental health S int_03 psychological impacts psychological impacts 

 S int_03 public health public health 

risk awareness outreach S int_03 public outreach public outreach and education 

maintenance (garbage, drain inlets 

unclogging) S int_03 stormwater infrastructure maintenance stormwater infrastructure maintenance 

speculative real estate market S int_03 urban development pressures urban development pressures 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

cloudburst hubs T int_03 cloudburst infrastructure cloudburst infrastructure 

subway shutdown T int_03 disrupted mobility systems disrupted mobility systems 

storage tanks T int_03 gray infrastructure upgrades gray infrastructure interventions 

alert systems (short term) T int_03 notification and forecast systems notification and forecast systems 

property loss T int_03 physical damages to private property physical damages to private property 

underground infrastructure (subways, 

piping, electrical...) T int_03 presence of underground infrastructure presence of underground infrastructure 

basement flooding T int_03 basement flooding residential flooding (incl. basements) 

sewage backups T int_03 sewer backups sewer backups 

stormwater storage T int_03 stormwater storage capacity stormwater storage capacity 

basement apartments T int_03 unregulated basement apartments unregulated basement apartments 

mold E int_04 mold mold 

access to notifications and short-term 

information S int_04 access to time-sensitive information access to time-sensitive information 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

capacity to recover S int_04 capacity to recover capacity to recover 

cars trapped (e.g. flooded underpasses) S int_04 car accidents car accidents 

disability S int_04 disability disability 

long-term displacement S int_04 displacement displacement 

economic recovery assistance S int_04 economic recovery assistance economic recovery assistance 

respondent’s capacity to reach / respond S int_04 emergency response capacity emergency response capacity 

external asylum seekers (e.g. migration 

crisis) S int_04 external asylum seekers 

external (unrelated to precipitation) asylum 

seekers 

fatalities / life safety threats S int_04 fatalities fatalities 

unhoused / unhousable seekers S int_04 unhoused asylum / shelter seekers homelessness 

shortage of affordable housing S int_04 housing affordability housing affordability 

immigrant status S int_04 immigrant status immigrant status 

language isolation S int_04 language isolation language isolation 

personal mobility to services S int_04 personal mobility personal mobility 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

economic well-being S int_04 private economic losses private economic losses 

mental health S int_04 psychological impacts psychological impacts 

public health issues (asthma, respiratory 

illness) S int_04 public health public health 

risk mitigation planning (soft e.g. education / 

outreach) S int_04 public education and outreach public outreach and education 

lost work / school time S int_04 time loss time taken away from work and childcare 

subway delays / disruptions T int_04 disrupted mobility systems disrupted mobility systems 

damages to personal belongings T int_04 physical damages to private property physical damages to private property 

structural damages T int_04 physical damages to private property physical damages to private property 

power outages T int_04 power outages power outages 

basement / residential flooding T int_04 residential flooding (incl. basements) residential flooding (incl. basements) 

sewer backups T int_04 sewer backups sewer backups 

street flooding T int_04 street flooding street flooding 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

risk mitigation planning (structural) T int_04 structural flood-proofing structural flood-proofing 

supply chains disrupted T int_04 supply chain disruptions supply chain disruptions 

illegal basement apartments T int_04 unregulated basement apartments unregulated basement apartments 

extreme precipitation E int_05 extreme precipitation extreme precipitation 

groundwater levels E int_05 groundwater levels groundwater levels 

mold growth E int_05 mold mold 

flooding of natural streams (canals, rivers, 

bodies of water) E int_05 natural stream flooding natural stream flooding 

affordable housing S int_05 affordable housing affordable housing 

flooded vehicles in transit (fire, smoke) S int_05 car accidents car accidents 

smoke inhalation fatalities S int_05 fatalities fatalities 

drowning S int_05 fatalities fatalities 

homelessness S int_05 homelessness homelessness 

affordable housing shortage S int_05 housing affordability housing affordability 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

inventorized basement apartments S int_05 inventorized basement apartments inventorized basement apartments 

basement apartments legalization S int_05 legalize basement apartments legalize basement apartments 

mental health impacts S int_05 psychological impacts psychological impacts 

respiratory health impacts S int_05 public health public health 

regulated basement housing S int_05 regulated basement housing regulated basement housing 

building evacuability (egress) T int_05 building evacuability building evacuability 

CSO T int_05 combined sewer overflows combined sewer overflows 

impervious surfaces T int_05 imperviousness imperviousness 

lot specific flashy conditions (e.g. driveways, 

curb cuts) T int_05 lot-specific hydrography flashiness lot-specific hydrography flashiness 

notifications and forecast services T int_05 notification and forecast systems notification and forecast systems 

property damages T int_05 physical damages to private property physical damages to private property 

indoor flooding T int_05 residential flooding residential flooding (incl. basements) 

outdoor property flooding T int_05 residential flooding residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

sewers drainage capacity T int_05 sewer systems drainage capacity sewer systems drainage capacity 

streets flooding T int_05 street flooding street flooding 

subgrade homes T int_05 unregulated basement apartments unregulated basement apartments 

wildlife populations E int_06 biodiversity biodiversity 

Ecological restoration (of salt marshes / 

freshwater wetlands) E int_06 ecological restoration ecological restoration 

erosion E int_06 erosion erosion 

extreme precipitation E int_06 extreme precipitation extreme precipitation 

freshwater wetland degradation E int_06 freshwater wetland degradation freshwater wetland degradation 

green infrastructure E int_06 green infrastructure green infrastructure for stormwater management 

habitat degradation E int_06 habitat degradation habitat degradation 

mobilization of street pollutants E int_06 mobilization of street pollutants mobilization of street pollutants 

nitrogen in water E int_06 nutrients load nutrients load 

pollution leaks into parks (incl. trash) E int_06 pollution leaks into parks (incl. trash) pollution leaks into parks (incl. trash) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

proximity to salt marshes E int_06 proximity to salt marshes proximity to salt marshes 

salt marshes destabilization E int_06 salt marsh destabilization salt marsh destabilization 

sea level rise E int_06 sea level rise sea level rise 

sediment loads E int_06 sediments sediments 

stormwater volume E int_06 stormwater stormwater 

streams incision E int_06 stream incision stream incision 

tides E int_06 tide level tide level 

water quality in bodies E int_06 water quality water quality 

hydrology flashiness E int_06 watershed-level hydrology flashiness watershed-level hydrology flashiness 

budgetary cuts S int_06 budget cuts budget cuts 

budget S int_06 parks maintenance funding budget cuts 

post-pandemic federal funding stopped S int_06 post-pandemic budget cuts budget cuts 

clean water act incompliance S int_06 clean water act incompliance clean water act incompliance 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

on-site sw management requirements for 

new urban development S int_06 drainage legislation updates drainage legislation updates 

fertilizers in private lawns / golf parks S int_06 fertilizers use fertilizers use 

capacity to evacuate S int_06 neighborhood evacuability neighborhood evacuability 

commuting capacity S int_06 personal mobility personal mobility 

pressure on public land as SW holder S int_06 pressure on public land for stormwater solutions pressure on public land for stormwater solutions 

recreation opportunities in parkland S int_06 recreational spaces available recreational spaces available 

maintenance S int_06 stormwater infrastructure maintenance stormwater infrastructure maintenance 

urban development pressures S int_06 urban development pressures urban development pressures 

combined sewer overflow T int_06 combined sewer overflows combined sewer overflows 

infrastructure failures in parkland T int_06 damages to drainage infrastructure damages to drainage infrastructure 

repairs / need for new construction T int_06 damages to drainage infrastructure damages to drainage infrastructure 

stormwater release into streams T int_06 direct drainage of untreated stormwater direct drainage of untreated stormwater 

bus route disruptions T int_06 bus route disruptions disrupted mobility systems 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

imperviousness T int_06 imperviousness imperviousness 

road flooding T int_06 street flooding street flooding 

precipitation intensity E int_07 precipitation intensity extreme precipitation 

flooding E int_07 flooding flooding 

competing policy priorities (e.g. housing 

demands, funding shortage) S int_07 competing policy priorities competing policy priorities 

financial burden to city S int_07 economic losses by public administration economic losses by public administration 

injury / fatalities S int_07 fatalities fatalities 

 S int_07 injury injury 

housing affordability S int_07 housing affordability housing affordability 

inequity S int_07 inequity inequity 

social media / news coverage and 

amplification S int_07 media coverage and amplification media coverage and amplification 

political will to engage in adaptation S int_07 political will to adapt political will to adapt 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

private financial burdens S int_07 private economic losses private economic losses 

psychological damages to residents S int_07 psychological impacts psychological impacts 

short-term flooding education and outreach S int_07 public outreach and education public outreach and education 

investment in research S int_07 research and knowledge generation research and knowledge generation 

risk awareness S int_07 risk awareness risk awareness 

long term infrastructure planning and 

upgrades T int_07 gray infrastructure upgrades gray infrastructure interventions 

short-term pipe / infrastructure-based 

adaptation T int_07 gray infrastructure upgrades gray infrastructure interventions 

antiquated infrastructure (outdated 

dimensioning criteria) T int_07 obsolete drainage infrastructure design obsolete drainage infrastructure design 

overwhelmed sewer systems T int_07 overwhelmed sewer systems overwhelmed sewer systems 

damages to buildings (res / comm) T int_07 physical damages to private property physical damages to private property 

damages to infrastructure T int_07 physical damages to public infrastructure physical damages to public infrastructure 

basement apartment flooding T int_07 basement flooding residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

basement occupation T int_07 unregulated basement apartments unregulated basement apartments 

wildlife species diversity E int_10 biodiversity biodiversity 

NYC carbon storage capacity E int_10 carbon storage capacity carbon storage capacity 

erosion E int_10 erosion erosion 

precipitation intensity E int_10 precipitation intensity extreme precipitation 

flooding E int_10 flooding flooding 

freshwater wetlands degradation E int_10 freshwater wetland degradation freshwater wetland degradation 

green infrastructure E int_10 green infrastructure green infrastructure for stormwater management 

mobilization of street pollutants E int_10 mobilization of street pollutants mobilization of street pollutants 

nutrient runoff E int_10 nutrients load nutrients load 

salt marshes degradation E int_10 salt marsh destabilization salt marsh destabilization 

sea level rise E int_10 sea level rise sea level rise 

runoff E int_10 stormwater stormwater 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

tree mortality E int_10 tree mortality tree falls / mortality 

urban heat island E int_10 urban heat island urban heat island 

forest health in parkland E int_10 forest health in parkland vegetation health in parkland 

moisture in air E int_10 water holding capacity in atmosphere water holding capacity in atmosphere 

water quality E int_10 water quality water quality 

funding for parks department S int_10 parks maintenance funding budget cuts 

fatalities S int_10 fatalities fatalities 

resilient zoning policies S int_10 flood resilient rezoning flood resilient rezoning 

green areas maintenance S int_10 green areas maintenance green areas maintenance 

increase funding for parks S int_10 increase funding for parks department increase funding for parks department 

hazards exposure during cleanups S int_10 injury injury 

public land privatization S int_10 land privatization land privatization 

land use regulations enabling basements in 

low-elevation areas S int_10 

land-use regulations enabling basements in low-

elevation areas 

land-use regulations enabling basements in low-

elevation areas 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

Floodwatch / FloodNET community 

organization for information sharing S int_10 community-based knowledge sharing neighborhood self-organization 

re-envisioning and reclaiming right of way 

roads / parking spaces (NPCC futures 

chapter) S int_10 

paradigm shifts towards reclaiming space from private 

cars 

paradigm shifts towards reclaiming space from 

private cars 

private economic loss S int_10 private economic losses private economic losses 

stress S int_10 psychological impacts psychological impacts 

health S int_10 public health public health 

volunteer engagement + stewardship S int_10 volunteering and stewardship volunteering and stewardship 

imperviousness T int_10 imperviousness imperviousness 

flooded basements T int_10 basement flooding residential flooding (incl. basements) 

urban development T int_10 urbanization urbanization 

parks / green infrastructure E int_12 green infrastructure green infrastructure for stormwater management 

stream filling E int_12 stream filling stream filling 

access to disaster relief S int_12 access to economic recovery assistance access to economic recovery assistance 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

ageing population S int_12 ageing population ageing population 

permanent / temporary housing loss S int_12 displacement displacement 

permanent / temporary housing loss S int_12 homelessness homelessness 

homeownership S int_12 homeownership homeownership 

irregular migration status S int_12 immigrant status immigrant status 

affordable housing S int_12 affordable housing increase affordable housing 

federal structures biasing advantaged 

groups S int_12 federal structures biasing advantaged groups inequity 

linguistic isolation S int_12 language isolation language isolation 

commuting ability S int_12 personal mobility personal mobility 

poverty S int_12 poverty poverty 

livelihood S int_12 quality of life quality of life 

race (black) S int_12 race (black) race (black) 

resistance to react / act S int_12 resistance to react resistance to react 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

social vulnerability S int_12 social vulnerability social vulnerability 

urban growth beyond NYC boundaries S int_12 steer urban growth beyond NYC steer urban growth beyond NYC 

residential flooding (incl. basement) T int_12 residential flooding (incl. basements) residential flooding (incl. basements) 

floodable spaces / volumes T int_12 safe-to-flood infrastructure safe-to-flood infrastructure 

housing structural adequacy (incl exposure 

in floodplain) T int_12 structural adequacy of housing structural adequacy of housing 

subway flooding T int_12 subway flooding subway flooding 

climate change E int_13 climate change climate change 

extreme precipitation E int_13 extreme precipitation extreme precipitation 

flooded parks E int_13 flooding in parks flooding in parks 

GI retrofits E int_13 green infrastructure retrofits green infrastructure for stormwater management 

direct experience of extreme events S int_13 direct experience of extreme events direct experience of extreme events 

economic losses by local businesses S int_13 economic losses by local businesses economic losses by local businesses 

loss of life S int_13 fatalities fatalities 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

regulations limiting development in flood 

prone areas S int_13 regulate urban planning on floodable areas flood resilient rezoning 

demand for affordable housing S int_13 housing affordability housing affordability 

investments in drainage infrastructures 

(gray) S int_13 investments on drainage infrastructure renewal investments on drainage infrastructure renewal 

tax base S int_13 local tax base lost tax revenue 

media coverage / social media S int_13 media coverage and amplification media coverage and amplification 

political will to legislate / activate adaptation 

policies S int_13 political will to adapt political will to adapt 

residential population S int_13 population density population density 

move car to higher ground S int_13 pre-events preparations (household level) pre-events preparations (household level) 

private spending (e.g. repairs, bigger cars / 

bigger tires, pump sumps) S int_13 private economic losses private economic losses 

private housing relocation S int_13 private housing relocation private housing relocation 

personal wealth / assets S int_13 private wealth private wealth 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

memory based fears S int_13 memory based fear psychological impacts 

Trauma / psychological impacts / fear / 

cautiousness S int_13 psychological impacts psychological impacts 

reduced workers in CBD retail S int_13 reduced retail traffic reduced retail traffic 

missed social encounters S int_13 missed social encounters social isolation 

social ties S int_13 social ties social ties 

time loss S int_13 time loss time taken away from work and childcare 

commute disruptions (delays) S int_13 travel disruptions travel disruptions 

reduced willingness to travel S int_13 willingness to travel willingness to travel 

work absenteeism work absenteeism 

(lateness, absence, missed meeting) S int_13 work absenteeism work absenteeism 

CSOs T int_13 combined sewer overflows combined sewer overflows 

flooded buildings T int_13 flooding in buildings flooding in buildings 

burning of fossil fuels T int_13 fossil fuels usage fossil fuels usage 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

notification / forecast systems T int_13 notification and forecast systems notification and forecast systems 

ageing infrastructure T int_13 obsolete drainage infrastructure design obsolete drainage infrastructure design 

sewer systems overwhelmed T int_13 overwhelmed sewer systems overwhelmed sewer systems 

private property damages T int_13 physical damages to private property physical damages to private property 

infrastructure damages T int_13 physical damages to public infrastructure physical damages to public infrastructure 

consumption of raw materials T int_13 raw materials usage raw materials usage 

alternative energies development / 

consumption T int_13 renewable energies renewable energies 

basement apartment flooding T int_13 residential flooding (incl. basements) residential flooding (incl. basements) 

flooded streets T int_13 street flooding street flooding 

unregulated basement apartments T int_13 unregulated basement apartments unregulated basement apartments 

housing development T int_13 urbanization urbanization 

bluebelt / daylighting E int_15 bluebelts bluebelts 

 E int_15 daylighting daylighting 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

precipitation intensity E int_15 extreme precipitation extreme precipitation 

flooding E int_15 flooding flooding 

green infrastructure E int_15 green infrastructure green infrastructure for stormwater management 

mobilization of street pollutants E int_15 mobilization of street pollutants mobilization of street pollutants 

mold E int_15 mold mold 

paved waterways & bodies E int_15 stream filling stream filling 

water quality E int_15 water quality water quality 

displacement S int_15 displacement displacement 

emergency services responsiveness S int_15 emergency response capacity emergency response capacity 

drowning S int_15 fatalities fatalities 

physical injury S int_15 injury injury 

resistance to insure S int_15 insurers resist to insure insurers resist to insure 

people's mobility capacity S int_15 personal mobility personal mobility 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

pre-event preparations S int_15 pre-events preparations (household level) pre-events preparations (household level) 

economic burden to residents S int_15 private economic losses private economic losses 

long term health impacts S int_15 public health public health 

communication / outreach / learning S int_15 public outreach and education public outreach and education 

flood risk mapping / modelling - based data 

assistance S int_15 research and knowledge generation research and knowledge generation 

cloudburst infrastructure T int_15 cloudburst infrastructure cloudburst infrastructure 

combined sewer overflows T int_15 combined sewer overflows combined sewer overflows 

mobility disruptions T int_15 disrupted mobility systems disrupted mobility systems 

increase drainage capacity T int_15 gray infrastructure upgrades gray infrastructure interventions 

imperviousness T int_15 imperviousness imperviousness 

submerged hazards T int_15 submerged hazards injury 

large scale engineered solutions (ACE - HATS 

/ Seawalls) T int_15 

large scale regional engineering solutions (sea-walls, ace-

hats) 

large scale regional engineering solutions (sea-

walls, ace-hats) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

real-time data streams T int_15 notification and forecast systems notification and forecast systems 

undersized sewage systems T int_15 obsolete drainage infrastructure design obsolete drainage infrastructure design 

damages to household / property T int_15 physical damages to private property physical damages to private property 

building sensitivity to flooding (materials) T int_15 structural adequacy of housing structural adequacy of housing 

building retrofitting T int_15 building retrofitting structural flood-proofing 

evapotranspiration E int_16 evapotranspiration evapotranspiration 

storms frequency E int_16 storms frequency extreme precipitation 

storms intensity E int_16 storms intensity extreme precipitation 

precipitation intensity E int_16 precipitation intensity extreme precipitation 

flooding E int_16 flooding flooding 

heat E int_16 global atmospheric heat global atmospheric heat 

green roofs E int_16 green roofs green infrastructure for stormwater management 

bioswales E int_16 bioswales green infrastructure for stormwater management 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

ecosystem modification (greening, 

permeable pavements) E int_16 urban greening green infrastructure for stormwater management 

CO2 emissions E int_16 greenhouse gases emissions greenhouse gases emissions 

water table levels E int_16 groundwater levels groundwater levels 

infiltration E int_16 infiltration infiltration 

sea level rise E int_16 sea level rise sea level rise 

sea water intrusion E int_16 seawater intrusion seawater intrusion 

soil storage capacity E int_16 soil storage capacity soil storage capacity 

runoff E int_16 stormwater stormwater 

woody vegetation E int_16 woody vegetation vegetation health in parkland 

water holding capacity E int_16 water holding capacity in atmosphere water holding capacity 

death / injury S int_16 fatalities fatalities 

 S int_16 injury injury 

human centric technocratic value systems S int_16 human-centric value systems human-centric value systems 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

land private property / tenure S int_16 land privatization land privatization 

population density S int_16 population density population density 

imperviousness T int_16 imperviousness imperviousness 

damage to property T int_16 physical damages to private property physical damages to private property 

placement of property and people on 

floodplain T int_16 urban development on floodplains urban development on floodplains 

 S int_16 population density population density 

ecosystem substitution with infrastructure T int_16 urbanization urbanization 

air quality E int_18 air quality air quality 

increase pervious surfaces E int_18 urban greening green infrastructure for stormwater management 

mold E int_18 mold mold 

access to medical equipment S int_18 access to medical equipment access to medical equipment 

access to risk preparedness / recovery 

information S int_18 access to time-sensitive information access to time-sensitive information 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

lack of public investment S int_18 budget cuts budget cuts 

disability S int_18 disability disability 

displacement S int_18 displacement displacement 

emergency responsiveness S int_18 emergency response capacity emergency response capacity 

enforce large landlord’s investment 

responsibilities S int_18 enforce responsibilities of large landlords enforce responsibilities of large landlords 

fatalities S int_18 fatalities fatalities 

food loss S int_18 food loss food loss 

knowledge sharing S int_18 community-based knowledge sharing neighborhood self-organization 

poverty S int_18 poverty poverty 

private financial strains S int_18 private economic losses private economic losses 

psychological impacts S int_18 psychological impacts psychological impacts 

climate / weather anxiety S int_18 climate anxiety psychological impacts 

health impacts (asthma, long term illness) S int_18 public health public health 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

regulate basement apartments S int_18 regulate basement housing regulated basement housing 

support smaller landlords in building 

maintenance / investment S int_18 support smaller landlords in building maintenance support smaller landlords in building maintenance 

travel disruptions S int_18 travel disruptions travel disruptions 

subway disruptions T int_18 disrupted mobility systems disrupted mobility systems 

disruptions to special mobility services T int_18 

disrupted special mobility systems (e.g. for people with a 

disability) disrupted mobility systems 

elevator shutdown T int_18 elevator shutdown elevator shutdown 

imperviousness T int_18 imperviousness imperviousness 

loss of heating / running water T int_18 loss of heating / running water loss of heating / running water 

city notification alerts T int_18 notification and forecast systems notification and forecast systems 

building mechanical equipment failure T int_18 physical damages to building utilities physical damages to building utilities 

property damages T int_18 physical damages to private property physical damages to private property 

power outages T int_18 power outages power outages 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

basement / ground floor flooding T int_18 residential flooding (incl. basements) residential flooding (incl. basements) 

roof leaks / flooding T int_18 roof leaks roof leaks 

street flooding T int_18 street flooding street flooding 

housing quality T int_18 structural adequacy of housing structural adequacy of housing 

move equipment to higher levels T int_18 move equipment to higher levels structural flood-proofing 

temporary mobile boilers T int_18 temporary mobile boilers temporary mobile boilers 

damages to ecosystems E int_19 ecological degradation ecological degradation 

extreme precipitation E int_19 extreme precipitation extreme precipitation 

green infrastructure E int_19 green infrastructure green infrastructure for stormwater management 

ability to sell household S int_19 ability to sell household ability to sell household 

access to bare necessities (basic needs / food 

/ clothes / shelter) S int_19 access to bare necessities access to bare necessities 

access to childcare S int_19 access to childcare access to childcare 

access to healthcare S int_19 access to healthcare access to healthcare 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

access to home insurance S int_19 access to home insurance access to home insurance 

cars abandonment S int_19 car accidents car accidents 

car ownership S int_19 car ownership car ownership 

capacity to manage city issues S int_19 administration's capacity to manage the city city services disruptions 

infrastructure recovery costs S int_19 economic losses by public administration economic losses by public administration 

response timeliness S int_19 emergency response capacity emergency response capacity 

fatalities S int_19 fatalities fatalities 

government led adaptation S int_19 government-led adaptation government-led adaptation 

home value S int_19 home value home value 

homeownership S int_19 homeownership homeownership 

increase budget for adaptation S int_19 increase funding for adaptation increase funding for adaptation 

need for childcare S int_19 need for childcare need for childcare 

neighborhood organization / mutual aid S int_19 neighborhood self-organization neighborhood self-organization 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

access to mass transit S int_19 access to mass transit personal mobility 

private mobility S int_19 personal mobility personal mobility 

willingness to invest in adaptation (time, 

money, resources) S int_19 political will to adapt political will to adapt 

costs to homeowners S int_19 private economic losses private economic losses 

household wealth S int_19 private wealth private wealth 

stress S int_19 psychological impacts psychological impacts 

health / quality of life S int_19 public health public health 

 S int_19 quality of life quality of life 

regulate flood risk disclosure S int_19 regulate flood risk disclosure regulate flood risk disclosure 

research funding S int_19 research and knowledge generation research and knowledge generation 

data (monitoring of responses / hazard 

mapping) S int_19 research and knowledge generation research and knowledge generation 

risk awareness by buyers S int_19 risk awareness risk awareness 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

social services (food pantry, shelter) S int_19 social services social services 

work / school days lost S int_19 time loss time taken away from work and childcare 

job loss / switch S int_19 unemployment unemployment 

voting for adaptation S int_19 voting for adaptation voting for adaptation 

communication systems T int_19 notification and forecast systems notification and forecast systems 

property loss T int_19 physical damages to private property physical damages to private property 

infrastructure degradation T int_19 physical damages to public infrastructure physical damages to public infrastructure 

flooding in basements T int_19 basement flooding residential flooding (incl. basements) 

road inundation T int_19 street flooding street flooding 

housing stock quality T int_19 structural adequacy of housing structural adequacy of housing 

infrastructure upgrades T int_19 structural flood-proofing structural flood-proofing 

subway inundation T int_19 subway flooding subway flooding 

car / tire replacement T int_19 vehicle upgrades vehicle upgrades 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

extreme precipitation E int_21 extreme precipitation extreme precipitation 

greening / green infrastructure E int_21 green infrastructure green infrastructure for stormwater management 

groundwater levels E int_21 groundwater levels groundwater levels 

mold E int_21 mold mold 

sea levels E int_21 sea level rise sea level rise 

ability to receive deliveries S int_21 ability to receive deliveries access to bare necessities 

access to care S int_21 access to healthcare access to healthcare 

City Government Agency Capacity (funding / 

staffing) S int_21 city services disruptions city services disruptions 

city services capacity S int_21 city services disruptions city services disruptions 

exposure to contaminated water S int_21 exposure to pathogens and toxics exposure to pathogens and toxics 

overcrowded households S int_21 household overcrowding household overcrowding 

population density S int_21 population density population density 

stress / anxiety S int_21 psychological impacts psychological impacts 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

public health issues S int_21 public health public health 

school days lost S int_21 time loss time taken away from work and childcare 

commuting delay / loss S int_21 travel disruptions travel disruptions 

real estate market pressures + private 

property rights S int_21 urban development pressures urban development pressures 

catch basins clogged T int_21 clogged inlets clogged inlets 

combined sewer overflow T int_21 combined sewer overflows combined sewer overflows 

domestic waste water T int_21 domestic wastewater volume domestic wastewater volume 

engineered storage / capture interventions T int_21 gray infrastructure upgrades gray infrastructure interventions 

pumping T int_21 groundwater pumping groundwater pumping 

impervious surfaces T int_21 imperviousness imperviousness 

antiquated infrastructure T int_21 obsolete drainage infrastructure design obsolete drainage infrastructure design 

property damage T int_21 physical damages to private property physical damages to private property 

flooding basement / homes T int_21 residential flooding (incl. basements) residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

sewer backups T int_21 sewer backups sewer backups 

Piping systems / WWTP capacity to convey T int_21 sewer systems drainage capacity sewer systems drainage capacity 

street flooding T int_21 street flooding street flooding 

housing development T int_21 urbanization urbanization 

extreme precipitation E int_24 extreme precipitation extreme precipitation 

groundwater levels E int_24 groundwater levels groundwater levels 

mudslides E int_24 landslides landslides 

mold E int_24 mold mold 

access to childcare S int_24 access to childcare access to childcare 

access to food S int_24 access to food access to food 

access to medication / healthcare S int_24 access to healthcare access to healthcare 

economic losses S int_24 economic losses by public administration economic losses by public administration 

economic productivity S int_24 economic productivity economic productivity 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

exposure to raw sewage S int_24 exposure to pathogens and toxics exposure to pathogens and toxics 

standards and codes S int_24 flood resiliency standards and codes flood resiliency standards and codes 

zoning for retreat S int_24 zoning for managed retreat flood resilient rezoning 

food gets spoiled S int_24 food loss food loss 

housing affordability S int_24 housing affordability housing affordability 

capital S int_24 increase funding for adaptation increase funding for adaptation 

media / social media coverage S int_24 media coverage and amplification media coverage and amplification 

private economic losses (community - 

individual) S int_24 private economic losses private economic losses 

managed retreat (buyouts) S int_24 private housing relocation private housing relocation 

professional organizations S int_24 professional organizations and associations professional organizations and associations 

health S int_24 public health public health 

Real State Value (of remaining housing) S int_24 real estate value of non-relocated housing real estate value of non-relocated housing 

responsibility legislation for developers S int_24 responsibility legislation for developers responsibility legislation for developers 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

awareness S int_24 risk awareness risk awareness 

time loss S int_24 time loss time taken away from work and childcare 

commuting delays / disruptions S int_24 travel disruptions travel disruptions 

development driven rezoning S int_24 rezoning for urban development urban development pressures 

development pressure by developers S int_24 urban development pressures urban development pressures 

alternative energy sources (e.g. car) T int_24 alternative private energy sources alternative private energy sources 

combined sewers T int_24 combined sewer systems combined sewer systems 

flooding in food distribution hubs T int_24 flooding in food distribution hubs flooding in food distribution hubs 

flooding in schools T int_24 flooding in schools flooding in schools 

flooding in transportation maintenance hubs T int_24 flooding in transportation maintenance hubs flooding in transportation maintenance hubs 

pumping water out of soil T int_24 groundwater pumping groundwater pumping 

power outages T int_24 power outages power outages 

basement flooding T int_24 basement flooding residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

conduit capacity T int_24 sewer systems drainage capacity sewer systems drainage capacity 

flooding in subways / trains / bus lines T int_24 subway flooding subway flooding 

 T int_24 disrupted mobility systems disrupted mobility systems 

 T int_24 railroad flooding railroad flooding 

communication delay / disruption (WIFI, 

phone) T int_24 telecommunications disruptions telecommunications disruptions 

development on floodable areas T int_24 urban development on floodplains urban development on floodplains 

biodiversity E int_26 biodiversity biodiversity 

bluebelts E int_26 bluebelts bluebelts 

precipitation intensity E int_26 precipitation intensity extreme precipitation 

park flooding E int_26 flooding in parks flooding in parks 

retention ponds E int_26 retention ponds green infrastructure for stormwater management 

waterbody overflows E int_26 natural stream flooding natural stream flooding 

tree planting E int_26 private tree planting private tree planting 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

ground saturation E int_26 soil water saturation soil water saturation 

tree falls E int_26 tree falls tree falls / mortality 

urban heat island E int_26 urban heat island urban heat island 

water storage in parkland E int_26 water storage in parkland water storage in parkland 

wind E int_26 wind wind 

animosity against street trees S int_26 animosity against street trees animosity against street trees 

parks PR deteriorates S int_26 deteriorated perceptions on parks deteriorated perceptions on parks 

pressure on public parkland S int_26 pressure on public land for stormwater solutions pressure on public land for stormwater solutions 

leisure space and other uses S int_26 recreational spaces available recreational spaces available 

need for reparations (tree removal) S int_26 tree removal operations tree removal operations 

property damage T int_26 physical damages to private property physical damages to private property 

road flooding T int_26 street flooding street flooding 

subway flooding T int_26 subway flooding subway flooding 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

green space restoration needs E int_27 ecological degradation ecological degradation 

erosion of green spaces E int_27 erosion erosion 

constructed wetlands E int_27 constructed wetlands green infrastructure for stormwater management 

detention basins E int_27 detention basins green infrastructure for stormwater management 

right-of-way green infrastructure E int_27 right-of-way green infrastructure green infrastructure for stormwater management 

green infrastructure performance E int_27 green infrastructure performance green infrastructure performance 

existing green infrastructure retrofits E int_27 green infrastructure retrofits green infrastructure retrofits 

sediments E int_27 sediments sediments 

stormwater E int_27 stormwater stormwater 

vegetation loss E int_27 vegetation loss vegetation health in parkland 

water quality E int_27 water quality water quality 

budgetary cuts S int_27 budget cuts budget cuts 

updated stormwater requirements in 

legislation S int_27 drainage legislation updates drainage legislation updates 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

2022 stormwater unified rule for new 

development S int_27 2022 stormwater unified rule for new development drainage legislation updates 

public costs S int_27 economic losses by public administration economic losses by public administration 

fatalities S int_27 fatalities fatalities 

capital funding for GI projects S int_27 funding for green infrastructure solutions increase funding for adaptation 

funding availability for parks maintenance S int_27 parks maintenance funding increase funding for parks department 

pressure on public lands S int_27 pressure on public land for stormwater solutions pressure on public land for stormwater solutions 

recreation space availability S int_27 recreation spaces available recreation spaces available 

scalability information S int_27 scalability information research and knowledge generation 

stormwater infrastructure maintenance in 

parks S int_27 stormwater infrastructure maintenance stormwater infrastructure maintenance 

clogged inlets T int_27 clogged inlets clogged inlets 

cloudburst pilot projects T int_27 cloudburst infrastructure cloudburst infrastructure 

combined sewer overflows T int_27 combined sewer overflows combined sewer overflows 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

direct drainage (ms4) T int_27 direct drainage of untreated stormwater direct drainage of untreated stormwater 

lack of proper drainage infrastructure in 

urban development T int_27 obsolete drainage infrastructure design obsolete drainage infrastructure design 

damages to private housing T int_27 physical damages to private property physical damages to private property 

damages to critical infrastructures T int_27 physical damages to public infrastructure physical damages to public infrastructure 

release / mobilization of contaminated 

water E int_33 mobilization of street pollutants mobilization of street pollutants 

mold E int_33 mold mold 

access to schools S int_33 access to childcare access to childcare 

access to food S int_33 access to food access to food 

access to healthcare S int_33 access to healthcare access to healthcare 

speed of neighborhood recovery S int_33 speed of neighborhood recovery capacity to recover 

financial burden to public finances S int_33 economic losses by public administration economic losses by public administration 

fatalities / injury / health effects S int_33 fatalities fatalities 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

 S int_33 injury injury 

 S int_33 public health public health 

financial burden to businesses S int_33 financial burden to businesses financial burden to businesses 

food deserts S int_33 food deserts food deserts 

personal mobility capacity S int_33 personal mobility personal mobility 

financial burden to residents S int_33 private economic losses private economic losses 

time spent closed S int_33 time spent closed by businesses time spent closed by businesses 

time demands for recovery S int_33 time taken away from work and childcare time taken away from work and childcare 

access to work / employment S int_33 access to employment unemployment 

healthcare points flooding T int_33 healthcare points flooding healthcare points flooding 

damages to businesses (incl. stock) T int_33 physical damages to businesses physical damages to businesses 

damages to homes T int_33 physical damages to private property physical damages to private property 

basement flooding T int_33 basement flooding residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

street flooding T int_33 street flooding street flooding 

subway flooding T int_33 subway flooding subway flooding 

supply chain disruptions T int_33 supply chain disruptions supply chain disruptions 

precipitation intensity E int_34 precipitation intensity extreme precipitation 

GI / NBS (green roofs in bus depots) E int_34 green infrastructure green infrastructure for stormwater management 

hill slopes E int_34 hill slopes hill slopes 

landslides E int_34 landslides landslides 

coordination with public agencies / private 

property owners S int_34 leadership shift towards coordination of responsibilities 

leadership shift towards coordination of 

responsibilities 

interagency coordination S int_34 leadership shift towards coordination of responsibilities 

leadership shift towards coordination of 

responsibilities 

user access to bus line S int_34 personal mobility personal mobility 

population density S int_34 population density population density 

catch basin maintenance S int_34 stormwater infrastructure maintenance stormwater infrastructure maintenance 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

street cleaning S int_34 street cleaning street cleaning 

clogged catch basins T int_34 clogged inlets clogged inlets 

combined sewers T int_34 combined sewer systems combined sewer systems 

trains slowed down / disrupted T int_34 disrupted mobility systems disrupted mobility systems 

buses rerouted T int_34 disrupted mobility systems disrupted mobility systems 

train hubs flooding T int_34 flooding in transportation maintenance hubs flooding in transportation maintenance hubs 

retention walls development and 

maintenance T int_34 hill retention walls hill retention walls 

imperviousness T int_34 imperviousness imperviousness 

outdated drainage design criteria T int_34 obsolete drainage infrastructure design obsolete drainage infrastructure design 

ballast washouts T int_34 ballast washouts physical damages to public infrastructure 

cracks / collapse of installations in subways T int_34 physical damages to public infrastructure physical damages to public infrastructure 

pumping water to main sewers T int_34 pump subway flooding to main sewers pump subway flooding to main sewers 

railroad flooding T int_34 railroad flooding railroad flooding 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

drainage capacity of stormwater systems T int_34 sewer systems drainage capacity sewer systems drainage capacity 

street flooding T int_34 street flooding street flooding 

street vent covering T int_34 street vent covering street vent covering 

raise steps in subway station entries T int_34 raise steps in subway station entries structural flood-proofing 

subway flooding T int_34 subway flooding subway flooding 

trash / debris T int_34 surface debris surface debris 

precipitation intensity E int_35 precipitation intensity extreme precipitation 

mold E int_35 mold mold 

bacterial release E int_35 pathogens release into the environment pathogens release into the environment 

access to healthcare services / support S int_35 access to healthcare access to healthcare 

recovery capacity S int_35 capacity to recover capacity to recover 

disability S int_35 disability disability 

enforce basement apartment prohibitions S int_35 enforced basement apartments prohibition enforced basement apartments prohibition 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

exposure to chemicals / bacteria / lead S int_35 exposure to pathogens and toxics exposure to pathogens and toxics 

drowning S int_35 fatalities fatalities 

fear of exploitation / intimidation S int_35 fear of exploitation and intimidation fear of exploitation and intimidation 

affordable housing shortage S int_35 housing affordability housing affordability 

immigrant status S int_35 immigrant status immigrant status 

physical hazards (cuts, injury) S int_35 injury injury 

language cogniscent services S int_35 language cogniscent services language cogniscent services 

language isolation S int_35 language isolation language isolation 

personal mobility S int_35 personal mobility personal mobility 

reconstruction work S int_35 post-event cleaning needs post-event cleaning needs 

income S int_35 private economic losses private wealth 

mental health S int_35 psychological impacts psychological impacts 

report damages to authorities S int_35 reporting of damages to authorities reporting of damages to authorities 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

sense of security S int_35 sense of security sense of security 

social isolation S int_35 social isolation social isolation 

access to community network S int_35 social ties social isolation 

lost work / school hours S int_35 time loss time taken away from work and childcare 

universal healthcare S int_35 universal healthcare universal healthcare 

wealth restrictions (under disability support) S int_35 wealth restrictions on people under disability support 

wealth restrictions on people under disability 

support 

combined sewer overflow T int_35 combined sewer overflows combined sewer overflows 

train shutdowns T int_35 disrupted mobility systems disrupted mobility systems 

electrical fires T int_35 electrical fires electrical fires 

elevator shutdowns T int_35 elevator shutdown elevator shutdown 

property damage / loss T int_35 physical damages to private property physical damages to private property 

power outages T int_35 power outages power outages 

basement flooding T int_35 basement flooding residential flooding (incl. basements) 
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VARIABLE SET INT HOMOGENEISATION Stage 1 (terminology) HOMOGENEISATION Stage 2 (scale) 

roof leaks T int_35 roof leaks roof leaks 

street flooding T int_35 street flooding street flooding 

housing quality T int_35 structural adequacy of housing structural adequacy of housing 

building refurbishment / retrofitting T int_35 building retrofitting structural flood-proofing 

telecommunications operations T int_35 telecommunications disruptions telecommunications disruptions 

illegal basement apartments T int_35 unregulated basement apartments unregulated basement apartments 
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Supplementary Material 4.3: Individual SET Coupling Diagrams 

NOTE: In order to maintain the anonymity of participants throughout the entire research 

project, interviews were coded with a number from the moment in which a potential interviewee 

was contacted. Hence, interviews were coded even if the contacted stakeholder denied an 

interview or did not reply. For this reason, graphs are coded in non-sequential numbers that 

go beyond 20. 
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Supplementary Material 4.4: Individual SET Coupling Diagrams 

NOTE: In order to maintain the anonymity of participants throughout the entire research project, interviews were coded with a number from the 

moment in which a potential interviewee was contacted. Hence, interviews were coded even if the contacted stakeholder denied an interview or 

did not reply. For this reason, graphs are coded in non-sequential numbers that go beyond 20. 

Table SM 4.4.1: Jaccard Similarity Coefficient matrix. Higher values imply a higher similarity in the nodes (components) of two given mental models.  
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Table SM 4.4.2: Jaccard Similarity Coefficient matrix for social nodes. Higher values imply a higher similarity in the nodes (components) categorized as social 

of two given mental models. A value of 0 means that there was zero similarity (no co-occurring nodes) between two mental models. 
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Table SM 4.4.3: Jaccard Similarity Coefficient matrix for ecological nodes. Higher values imply a higher similarity in the nodes (components) categorized as 

ecological of two given mental models.  
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Table SM 4.4.4: Jaccard Similarity Coefficient matrix for technological nodes. Higher values imply a higher similarity in the nodes (components) categorized as 

technological of two given mental models.  
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Supplementary Material 4.5: Edge-Based Jaccard Similarity Coefficient Computation 

NOTE: In order to maintain the anonymity of participants throughout the entire research project, interviews were coded with a number from the 

moment in which a potential interviewee was contacted. Hence, interviews were coded even if the contacted stakeholder denied an interview or 

did not reply. For this reason, rows are coded in non-sequential numbers that go beyond 20. 

Table SM 4.5.1: Jaccard Similarity Coefficient matrix for homogenized relationships. Higher values imply a higher similarity in the specific relationships 

(connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships co-occurring) 

between two mental models. 
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Table SM 4.5.2: Jaccard Similarity Coefficient matrix for homogenized social-to-social relationships. Higher values imply a higher similarity in the specific 

relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships 

co-occurring) between two mental models. 
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Table SM 4.5.3: Jaccard Similarity Coefficient matrix for homogenized social-to-ecological relationships. Higher values imply a higher similarity in the specific 

relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships 

co-occurring) between two mental models. 
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Table SM 4.5.4: Jaccard Similarity Coefficient matrix for homogenized social-to-technological relationships. Higher values imply a higher similarity in the specific 

relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships 

co-occurring) between two mental models. 
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Table SM 4.5.5: Jaccard Similarity Coefficient matrix for homogenized ecological-to-social relationships. Higher values imply a higher similarity in the specific 

relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships 

co-occurring) between two mental models. 
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Table SM 4.5.6: Jaccard Similarity Coefficient matrix for homogenized ecological-to-ecological relationships. Higher values imply a higher similarity in the 

specific relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no 

relationships co-occurring) between two mental models. 
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Table SM 4.5.7: Jaccard Similarity Coefficient matrix for homogenized ecological-to-technological relationships. Higher values imply a higher similarity in the 

specific relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no 

relationships co-occurring) between two mental models. 

  



P. Herreros Cantis | Co-producing Climate Risk Knowledge for Urban Adaptation and Resilience 

 

307 
 

Table SM 4.5.8: Jaccard Similarity Coefficient matrix for homogenized technological-to-social relationships. Higher values imply a higher similarity in the specific 

relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no relationships 

co-occurring) between two mental models. 
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Table SM 4.5.9: Jaccard Similarity Coefficient matrix for homogenized technological-to-ecological relationships. Higher values imply a higher similarity in the 

specific relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no 

relationships co-occurring) between two mental models. 
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Table SM 4.5.10: Jaccard Similarity Coefficient matrix for homogenized technological-to-technological relationships. Higher values imply a higher similarity in 

the specific relationships (connections between two homogenized variables) of two given mental models. A value of 0 means that there was zero similarity (no 

relationships co-occurring) between two mental models. 
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Supplementary Material 5.1: Supplementary Figures and Tables 

 

Figure SM 5.1.1: Map of New York City (NYC)’s Community Districts. Each CD counts with a unique 

identifying code. The first digit of the code reflects the borough in which the CD is located (1: Manhattan, 

2: Bronx, 3: Brooklyn, 4: Queens, 5: Staten Island).  
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Figure SM 5.1.2: Stormwater scenarios released within New York City’s (NYC) Stormwater Resiliency 

Plan. Close-up views show the Canarsie neighborhood (Community District 318) in the Bronx for a 

closer comparison between both scenarios.  
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Figure SM 5.1.3: Hotspot scores under the moderate scenario for the risk categories of “Critical 

infrastructure, facilities and services”. Hotspot scores result from aggregating the quintile-ranked 

indicators under each risk category, then re-scaled to a 0-1 scale (see Equation 1 in the Materials and 

Methods section). For a list of indicators included within each category, see Table S1.   
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Figure SM 5.1.4: Quintile scores under the moderate scenario for the indicators under the risk category 

“Land use”. Quintile scores result from ranking indicators, where higher values imply a higher exposure 

value than those in lower ranks. For a list of indicators included within each category, see Table S1.  
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Figure SM 5.1.5: Quintile scores under the moderate scenario for the indicators under the risk category 

“Transportation infrastructure”. Quintile scores result from ranking indicators, where higher values imply 

a higher exposure value than those in lower ranks. For a list of indicators included within each category, 

see Table S1.  
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Figure SM 5.1.6: Quintile scores under the moderate scenario for the indicators under the risk category 

“Human welfare service facilities”. Quintile scores result from ranking indicators, where higher values 

imply a higher exposure value than those in lower ranks. For a list of indicators included within each 

category, see Table S1.  
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Figure SM 5.1.7: Quintile scores under the moderate scenario for indicators under the risk category 

“Healthcare facilities”. Quintile scores result from ranking indicators, where higher values imply a higher 

exposure value than those in lower ranks. For a list of indicators included within each category, see 

Table S1.  
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Figure SM 5.1.8: Quintile scores under the moderate scenario for risk indicators under the risk category 

“Education facilities”. Quintile scores result from ranking indicators, where higher values imply a higher 

exposure value than those in lower ranks. For a list of indicators included within each category, see 

Table S1.  
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Figure SM 5.1.9: Quintile scores under the moderate scenario for the indicators under the risk category 

“Public safety and emergency facilities”. Quintile scores result from ranking indicators, where higher 

values imply a higher exposure value than those in lower ranks. For a list of indicators included within 

each category, see Table S1.  
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Figure SM 5.1.10: Quintile scores under the moderate scenario for the indicators under the risk 

category “Social vulnerability of the exposed population”. Quintile scores result from ranking indicators, 

where higher values imply a higher exposure value than those in lower ranks. For a list of indicators 

included within each category, see Table S1.  
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Figure SM 5.1.11: Hotspot scores under the extreme scenario for the risk categories of “Critical 

infrastructure, facilities and services”. Hotspot scores result from aggregating the quintile-ranked 

indicators under each risk category, then re-scaled to a 0-1 scale (see Equation 1 in the Materials and 

Methods section). For a list of indicators included within each category, see Table S1.  
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Figure SM 5.1.12: Quintile scores under the extreme scenario for the indicators under the risk category 

“Land use”. Quintile scores result from ranking indicators, where higher values imply a higher exposure 

value than those in lower ranks. For a list of indicators included within each category, see Table S1.  
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Figure SM 5.1.13: Quintile scores under the extreme scenario for the indicators under the risk category 

“Transportation infrastructure”. Quintile scores result from ranking indicators, where higher values imply 

a higher exposure value than those in lower ranks. For a list of indicators included within each category, 

see Table S1.  
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Figure SM 5.1.14: Quintile scores under the extreme scenario for the indicators under the risk category 

“Human welfare service facilities”. Quintile scores result from ranking indicators, where higher values 

imply a higher exposure value than those in lower ranks. For a list of indicators included within each 

category, see Table S1.  
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Figure SM 5.1.15: Quintile scores under the extreme scenario for indicators under the risk category 

“Healthcare facilities”. Quintile scores result from ranking indicators, where higher values imply a higher 

exposure value than those in lower ranks. For a list of indicators included within each category, see 

Table S1.  
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Figure SM 5.1.16: Quintile scores under the extreme scenario for indicators under the risk category 

“Education facilities”. Quintile scores result from ranking indicators, where higher values imply a higher 

exposure value than those in lower ranks. For a list of indicators included within each category, see 

Table S1.  
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Figure SM 5.1.17: Quintile scores under the extreme scenario for indicators under the risk category 

“Public safety facilities”. Quintile scores result from ranking indicators, where higher values imply a 

higher exposure value than those in lower ranks. For a list of indicators included within each category, 

see Table S1.  
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Figure SM 5.1.18: Quintile scores under the extreme scenario for the indicators under the risk category 

“Social vulnerability of the exposed population”. Quintile scores result from ranking indicators, where 

higher values imply a higher exposure value than those in lower ranks. For a list of indicators included 

within each category, see Table S1.  
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Figure SM 5.1.19: CDC’s Social Vulnerability Index for the year 2022 at the Census Tract level (a) and 

Community District Level (b). SVI values at the Community District Level were computed performing an 

areal-weighted average of the Census Tract SVI. Breaks between legend groupings depict quintiles.  
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Figure SM 5.1.20: Moderate flooding scenario in Hollis / Jamaica (CD 412). 
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Table SM 5.1.1: Indicators used to identify risk hotspots for the risk attributes (1) population exposure, (2) exposure of critical infrastructure, facilities, and 

services, and (3) social vulnerability. Exposure indicators refer to the percentage of a given feature (e.g. population) total value at the CD level that is impacted 

by flooding according to a given flood hazard scenario (e.g. % of the CD’s total population impacted by flooding). Under Social Vulnerability, indicators refer to 

the vulnerability of the exposed population under each scenario (e.g. % of the population exposed to flooding that is below the poverty line). 

Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

(1) Population % Population Decennial Census 2010 - 

Census Blocks Level 

  

(2) Transportation 

infrastructure 

% Road area NYC Street Centerline 

data 

Roads categorized as highway, bridge, tunnel, ramp, and ferry route 

were excluded from the analysis since the flood hazard simulations 

developed by the SRP did not compute flooding in them due to a) a 

lack of data about their drainage systems, b) the topography data 

being unable to represent tunnels and bridges, and c) ferry routes not 

overlaying with land terrain. 

Sourced line geometries were transformed into polygons by buffering 

them to their indicated extent in the dataset’s attributes (field 

“st_width”). 

% Bus stops Donnelly & Clark, 2020   
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

% Bus routes Donnelly & Clark, 2020   

% Subway entrances Metropolitan 

Transportation Authority 

(MTA) 

  

(2) Land Use % Residential lots 

affected without a 

basement 

MapPLUTO 20v3 (2020) NYC tax lots were filtered by land use classifications 1-One & Two 

Family Buildings, 2-Multi-Family Walk-Up Buildings , and 3-Multi-

Family Elevator Buildings. Lots with a basement were excluded to 

avoid overlap with the indicator “residential lots with a below grade 

basement”. 

% Residential lots 

with a basement 

MapPLUTO 20v3 (2020) NYC tax lots were filtered by land use classifications 1-One & Two 

Family Buildings, 2-Multi-Family Walk-Up Buildings , and 3-Multi-

Family Elevator Buildings. Residential lots were then filtered by 

number of residential units keeping those with 1, 2 or 3 units since 

basement information is only provided for such units. Finally, lots with 

a partial or full basement were selected. 

% Mixed Commercial 

and Residential Lots 

MapPLUTO 20v3 (2020) NYC tax lots were filtered by land use classification 4-Mixed 

Residential & Commercial Buildings. 
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

% Commercial Lots MapPLUTO 20v3 (2020) NYC tax lots were filtered by land use classification 5-Commercial & 

Office Buildings. 

% Industrial Lots MapPLUTO 20v3 (2020) NYC tax lots were filtered by land use classification 6-Industrial & 

Manufacturing Buildings. 

(2) Public safety 

and 

emergency 

facilities 

% Police Services NYC Facilities Database The Facilities Database was filtered by subgroup classification "Police 

Services". 

% Fire Services NYC Facilities Database The Facilities Database was filtered by subgroup classification "Fire 

Services". 

% Other Safety and 

Emergency 

Management 

Services 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "Other 

Public Safety” and “Other Emergency Services”. 

(2) Healthcare 

facilities 

% Hospitals and 

Clinics 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Hospitals and Clinics”. 
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

 

% Residential 

healthcare 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Residential Healthcare”. 

 

% Mental health and 

chemical dependency 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Mental Health”, “Chemical Dependency”, and “Health Promotion and 

Disease Prevention”. 

 

% Other healthcare 

facilities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "Other 

Healthcare”. 

(2) Education 

facilities 

% Pre-K / Daycare 

education facilities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "DOE 

Universal Pre-Kindergarten”, “Day Care”, “Preschools for Students 

with disabilities”, and “Dual Child Care and Universal Pre-K". 

  

% K-12 education 

facilities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "Public 

K-12 Schools”, “Charter K-12 Schools”, “Non-Public K-12 Schools”, 

“Public and Private Special Education Schools”, “GED and Alternative 

High School Equivalency”. 
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

% Colleges or 

universities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Colleges or Universities”. 

% Proprietary 

education centers 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Proprietary Schools”. 

(2) Human 

welfare service 

facilities 

% Human 

development services 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Community Centers and Community School Programs”, "Financial 

Assistance and Social Services", 

“Workforce Development”, “Legal and Intervention Services”, "Youth 

Centers, Literacy Programs, and Job Training Services”. 

 

% Senior and 

disability facilities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "Senior 

Services” and "Programs for People with Disabilities". 

 

% Housing and food 

services 

NYC Facilities Database The Facilities Database was filtered by subgroup classification 

"Permanent Supportive SRO Housing”, “Non-residential Housing and 

Homeless Services”, and “Soup Kitchens and Food Pantries”. 
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

 

% Child services and 

welfare facilities 

NYC Facilities Database The Facilities Database was filtered by subgroup classification "Foster 

Care Services and Residential Care”, and “Child Nutrition”. 

(3) Social 

Vulnerability 

% Black, Indigenous, 

People of Color 

(BIPOC) 

Decennial Census 2010 - 

Census Blocks Level 

Population counts for census respondents with a self-reported race 

other than “Non-Hispanic, White) were aggregated. 

 

% Young children Decennial Census 2010 - 

Census Blocks Level 

Population counts for residents aged less than 5 years old were 

aggregated. 

 

% Elderly Decennial Census 2010 - 

Census Blocks Level 

Population counts for residents aged higher than 65 years old were 

aggregated. 

 

% Below the Poverty 

Line 

American Community 

Survey 2014-2018 - 

Census Block Groups 

Level 
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Risk 

attribute 

Risk 

category 
Indicator Source(s) Source data pre-process / pre-filtering 

 

% Households with 

one or more people 

with a disability 

American Community 

Survey 2014-2018 - 

Census Block Groups 

Level 

  

 

% Households 

making 75K USD per 

year or less 

American Community 

Survey 2014-2018 - 

Census Block Groups 

Level 

  

 

% Owner-occupied 

households that spent 

30% or more of their 

annual income in 

housing costs 

American Community 

Survey 2014-2018 - 

Census Block Groups 

Level 

  

 

% Renter-occupied 

households that spent 

30% or more of their 

annual income in rent 

American Community 

Survey 2014-2018 - 

Census Block Groups 

Level   
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Table SM 5.1.2: Variance Inflation Factor (VIF) analysis of income-related indicators to check for collinearity. VIF values higher than 5 indicate significantly high 

collinearity between a given variable and the rest. 

Indicator Variance Inflation Factor (VIF) 

% Population living below the poverty line 1.911027 

% Population with income lower than USD$75,000/year 2.565003 

% Homeowner population cost-burdened 1.058717 

% Renter population rent-burdened 1.600357 
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Table SM 5.1.3: Geometry types for the spatial features representing the data for each indicator within the risk attributes (1) population exposure, (2) exposure 

of critical infrastructure, facilities, and services, and (3) social vulnerability. The criteria used for marking each feature as impacted by flooding is indicated. 

Risk category Indicator Geometry type 
Criteria for feature 

being impacted 

(1) Population % Population Polygon (Census Block) Intersection 

(2) Transportation 

infrastructure 

% Road area Polygon (Road Width) Intersection 

% Bus stops Point Distance to flooding < 30m 

% Bus routes Line Intersection 

% Subway entrances Point Distance to flooding < 30m 

(2) Land Use % Residential lots affected without a full basement Polygon (tax lot) Distance to flooding < 30m 

% Residential lots with a full basement Polygon (tax lot) Distance to flooding < 30m 

% Mixed Commercial and Residential Lots Polygon (tax lot) Distance to flooding < 30m 

% Commercial Lots Polygon (tax lot) Distance to flooding < 30m 

% Industrial Lots Polygon (tax lot) Distance to flooding < 30m 
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Risk category Indicator Geometry type 
Criteria for feature 

being impacted 

(2) Public safety 

and emergency 

facilities 

% Police Services Point Distance to flooding < 30m 

% Fire Services Point Distance to flooding < 30m 

% Other Safety and Emergency Management Services Point Distance to flooding < 30m 

(2) Healthcare 

facilities 

% Hospitals and Clinics Point Distance to flooding < 30m 

% Residential healthcare Point Distance to flooding < 30m 

% Mental health and chemical dependency Point Distance to flooding < 30m 

% Other healthcare facilities Point Distance to flooding < 30m 

(2) Education 

facilities 

% Pre-K / Daycare education facilities Point Distance to flooding < 30m 

% K-12 education facilities Point Distance to flooding < 30m 

% Colleges or universities Point Distance to flooding < 30m 

% Proprietary education centers Point Distance to flooding < 30m 
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Risk category Indicator Geometry type 
Criteria for feature 

being impacted 

(2) Human 

welfare service 

facilities 

% Human development services Point Distance to flooding < 30m 

% Senior and disability facilities Point Distance to flooding < 30m 

% Housing and food services Point Distance to flooding < 30m 

% Child services and welfare facilities Point Distance to flooding < 30m 

(3) Social 

Vulnerability 

% Black, Indigenous, People of Color (BIPOC) Polygon (Census Block) Intersection 

% Children population Polygon (Census Block) Intersection 

% Elderly population Polygon (Census Block) Intersection 

% Poverty Polygon (Census Block Group) Intersection 

% Households with one or more people with a disability Polygon (Census Block Group) Intersection 

% Households making 75K USD per year or less Polygon (Census Block Group) Intersection 

% Owner-occupied households that spent 30% or more of their Polygon (Census Block Group) Intersection 
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Risk category Indicator Geometry type 
Criteria for feature 

being impacted 

annual income in housing costs 

% Renter-occupied households that spent 30% or more of their 

annual income in rent 

Polygon (Census Block Group) Intersection 
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