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Abstract

:

Sea level rise (SLR) will exert pressures on assets with social value, including things such as infrastructure and habitats, in the coastal zone. Assessing and ranking the vulnerability of those assets can provide insights that support planning and projects that can reduce those vulnerabilities. In this study, we develop a quantitative, data-drive framework for calculating a sea level rise vulnerability score, using publicly available spatial data, for 111,239 parcels in Puget Sound, Washington State, USA. Notably, our approach incorporates an assessment of coastal erosion, as well as coastal flooding, in an evaluation of the exposure of each parcel, and impacts to habitats are quantified alongside impacts to existing infrastructure. The results suggest that sea level rise vulnerability in Puget Sound is widely distributed, but the overall distribution of scores is heavily skewed, suggesting that adaptation actions directed at a relatively small number of parcels could yield significant reductions in vulnerability. The results are also coupled with a concurrently developed social vulnerability index, which provides additional insight regarding those people and places that may be predisposed to adverse impacts from SLR-related hazards. We find that the proposed approach offers advantages in terms of advancing equitable SLR-related risk reduction, but also that the results should be carefully interpreted considering embedded assumptions and data limitations.
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1. Introduction


Sea level is rising at a globally averaged rate of approximately 1 foot/century (3 mm/yr), but with regional variations [1]. Regional sea level projections for Washington State [2], on the west coast of the United States (U.S.), suggest that accelerated rates of sea level rise are expected. Sea level rise exacerbates and worsens the impacts of existing coastal hazards, leading to increases in coastal flooding frequency and magnitude [3], accelerated coastal erosion [4], and saltwater intrusion into groundwater [5]. These hazards enhance risks to infrastructure, ecosystems, and cultural values, and ultimately can compromise community well-being [6]. The identification and prioritization of sea level rise vulnerabilities can help to direct attention or resources to places, people, or assets along the coast where impacts associated with sea level rise are likely to be greatest [7]. Approaches to reduce vulnerabilities can forestall future impacts and reduce overall adaptation costs, and integrating insights derived from the assessment of vulnerability into planning processes can help to build overall climate resilience in coastal areas [8].



The concept of identifying, prioritizing, and addressing vulnerabilities is applied in many fields, including emergency management [9], food distribution markets [10], and cybersecurity defense [11], as a means for efficiently reducing risk. The concept has been advanced to support climate adaptation planning [12], in which vulnerability is conceptualized as a function of three components: (1) exposure, or the presence of people, assets, and ecosystems in places where they can be adversely affected by hazards; (2) sensitivity, or the degree to which a system, population, or resource might be affected by the hazard; and (3) adaptive capacity, which characterizes the ability of a person, asset, or system to adjust to a hazard or cope with change. The assessment of vulnerability in climate adaptation settings often involves characterizing one or more of these three components of vulnerability for assets of concern. Assessments of vulnerability to sea level rise, for example, can focus on classes of coastal assets such as shorelines [13], coastal ecosystems [14,15], transportation infrastructure [16], and vulnerable human populations [17], or can be multi-faceted and consider a variety of assets important to a community [18].



The approach used for evaluating vulnerability components, and ranking or quantifying vulnerability itself, can also vary across a spectrum ranging from qualitative [19] to semi-quantitative [20] or quantitative [18]. Each approach can leverage the input of stakeholders or local experts, though the type of feedback solicited from stakeholders varies in each approach. The results of vulnerability assessments may therefore enjoy the credibility and buy-in associated with participatory planning [21,22], but are often limited in scope, either spatially or in terms of the types of assets or values that can be considered, simply because of the limitation on the number of perspectives that can be feasibly considered in workshop settings. In some instances, sea level rise vulnerability has been assessed semi-qualitatively at larger scales (i.e., for entire nations [23]) by leveraging expert elicitation and written survey results.



Quantitative, or data-driven, frameworks for the assessment of vulnerability that support climate adaptation are becoming more common [24]. These quantitative approaches offer several advantages over more qualitative approaches: They can be easily replicated and updated, and they are not limited by the reach of the expertise of the convened working group [25]. Quantitative approaches and frameworks for the assessment of sea level rise vulnerability also facilitate the consideration of very narrowly defined impact pathways associated with sea level rise driven hazards. Wang and Marsooli [26], for example, examined human safety vulnerabilities to storms as the sea level rises by coupling hydrodynamic model outputs with models defining how humans physically cope in potentially dangerous overland flows.



Quantitative approaches, though, are limited by the availability of data appropriate for the assets under consideration, or the scale at which the results of the assessment may be applied. The Coastal Vulnerability Index (CVI), for example, is one of the earliest quantitative vulnerability frameworks for sea level rise [27] and ranks the exposure of shorelines to erosion or flooding. The CVI has proven to be useful for managing coasts [28] but is limited in that it does not consider the distribution of infrastructure, critical habitats, or people in the coastal landscape. The results of the CVI, therefore, need to be further interpreted to determine where coastal changes co-occur with assets of value [23]. Data resolution can also limit the application of data-driven assessments of vulnerability to sea level rise. Fleming et al. [18], for example, implemented a powerful multi-hazard GIS-based assessment evaluating the climate vulnerability of areas in Los Angeles County, CA. Their framework relies to a large degree on data compiled for the U.S. Census and is therefore limited in resolution to census block groups, which may represent many thousands of people across many hundreds of square kilometers.



In 2018, the U.S. Environmental Protection Agency’s (EPA) Puget Sound National Estuary Program funded a project selected from the Puget Sound Action Agenda, titled “Prioritizing Sea Level Rise Exposure and Habitat Sensitivity Across Puget Sound” [29], to develop a sea level rise vulnerability analysis to support restoration and land-use planning in Puget Sound, Washington (Figure 1). This project will be referred to in this manuscript as “the project” or “the study”.



The objectives of the project included:




	
Develop a data-driven framework, implementable in GIS and easily updateable as new data become available, for calculating an index of sea level rise vulnerability across a large spatial area (Puget Sound, Washington State).



	
Incorporate multiple hazards (erosion and flooding) into the assessment of sea level rise exposure.



	
Assess the sensitivity of the built and natural environment and include both in an overall evaluation of vulnerability.



	
Calculate results at scales appropriate for coastal decision-making. In the case of this project, a unique vulnerability index was calculated for every parcel within a sea level rise risk zone identified for Puget Sound (Figure 1).



	
Integrate measures of social vulnerability into an overall assessment of sea level rise vulnerability.








In this paper, we contribute to the literature on approaches for assessing sea level rise vulnerability by summarizing the methodology developed for this project and its results (for more detail, see Coastal Geologic Services et al. [30]). Puget Sound is also a geographically and geomorphologically diverse landscape, with low-lying deltas, steep bluff-backed shorelines, and agricultural, industrial, residential, and natural shoreline uses (Figure 1). Studies like this one, which attempt to evaluate vulnerability across a geographically diverse landscape, are rare. We also analyze elements of the quantitative methodology employed in the project to better understand the implications of the quantitative models employed.




2. Materials and Methods


2.1. Engagement and User-Community Input


A project advisory group of nine individuals provided feedback and advice during the development and implementation of this sea level rise vulnerability study. Members were recruited based on their expertise in habitat assessment and restoration, spatial analysis, and coastal policy in Puget Sound, and represented a cross-section of federal and state agencies, local governments, and engaged citizens. The advisory group was engaged approximately monthly via email and phone during the project and provided input on the selection of data and scoring and weighting approaches as they were developed. Additionally, three remote workshops were organized during the study to discuss methodology, determine data inputs, and present results.




2.2. Data Selection Criteria


Three data selection criteria enhanced the credibility and repeatability of the results: Included datasets needed to be (1) publicly available, (2) less than 10-years old and/or obtained from authoritative sources, and (3) regional in spatial scale with spatial bounds that included our entire study area. This final criterion acknowledged that the project lacked the capacity to assemble datasets that might be available for parts of Puget Sound, but unavailable in a consistent format for the entire region. Most counties in Puget Sound, for example, collect data on the type and condition of septic systems in their respective geographies. Those data, though, are not complete nor compiled into a single, regionally consistent database, and our project budget did not provide the capacity to collect and merge those datasets.



The study area for the project was developed by applying the data selection criteria described above to the selection of a digital elevation model [31], and then clipping a publicly available parcel database for Washington State [32] to the boundaries of the selected elevation dataset. The parcel layer was further refined by removing any parcels for which all parts of the parcel were more than 200 feet from the shoreline [33] and the minimum elevation on the parcel was greater than 30 feet relative to the North American Vertical Datum of 1988 (NAVD88). The intention of this refinement was to exclude parcels from the analysis that will not be feasibly impacted by sea level rise by 2100. Importantly, though, this refinement step was designed to include in the analysis parcels in Puget Sound that are at high elevation but close to the shoreline (for example, on coastal bluffs), and may be subject to impacts associated with erosion exacerbated by sea level rise.



Finally, the parcel database was manually trimmed to exclude areas that were represented as hydro-connected to marine waters in the elevation dataset but contained significant flow control structures. In the case of Puget Sound, this led to the exclusion of Lake Washington and Lake Union near Seattle, which are hydraulically disconnected from Puget Sound by a set of locks.




2.3. Vulnerability Framework


The overall framework for the quantitative estimation of vulnerability used in this project can be simply written as Vulnerability = Exposure + Sensitivity, modified from the approach described in the U.S. Climate Resilience Toolkit’s “Steps to Resilience” [12]. This framework was applied to “assets,” and for this project, the central “asset” was coastal and near-coastal parcels in Puget Sound that may be exposed to coastal flooding or erosion by 2100. The project framework lends itself to a three-phase project approach to include an exposure assessment phase, a sensitivity assessment phase, and a vulnerability assessment phase. Each is described in the sections below.




2.4. Exposure Assessment


Two hazards were accounted for in this exposure assessment: coastal flooding driven by tides, storm surges, and rising sea level, and coastal erosion. The coastal flooding exposure index was quantified by summing the percentage of each parcel under each of five inundation layers representing five different inundation scenarios (Table 1). Each inundation layer was constructed using spatially varying relative sea level projections for Washington State for the RCP8.5 emissions scenario [2] added to a 20-year return frequency, extreme coastal water level scenario for Puget Sound [34].



The coastal erosion potential index evaluated the relative likelihood of erosion occurring on a given parcel and was calculated for every parcel with a marine shoreline, using an approach modified from Coastal Geologic Services et al. [35]. While the application of a physically based predictive erosion model would be preferred, no such model exists for the study area. Coastal erosion potential was evaluated based on a multiplicative combination (Table 2) of a shoreline type [35] ranking and the 1st percentile of significant wave height based on modelled historic waves [36], normalized to a range of 0–5. The coastal erosion potential index for parcels without a marine shoreline was zero.



Both the coastal flooding index and the coastal erosion potential index were summed to calculate the exposure score for each parcel (Figure 2). The resulting exposure score has a range of 0–10.




2.5. Sensitivity Assessment


Two separate sensitivity indices were evaluated: infrastructure sensitivity and habitat sensitivity (Figure 2). An infrastructure sensitivity index relatively ranks the potential impacts of flooding and erosion on buildings, roads, and critical infrastructure on or near a parcel. A habitat sensitivity index provides a quantitative assessment of the potential for existing coastal habitats to migrate on the parcel as sea level rises. These are described in more detail below.



2.5.1. Infrastructure Sensitivity Index


The infrastructure sensitivity index was derived from three index components: a “parcel infrastructure” component to relatively rank parcels based on the configuration of buildings on each parcel, an “accessibility reduction” component to characterize if transportation paths into and out of the parcel are compromised by flooding, and an “agricultural lands” component to represent possible negative effects of inundation or groundwater-flooding on existing agricultural lands.



The parcel infrastructure component for the infrastructure sensitivity index was based on mapped building footprints [37]. Building footprints were modified for this analysis in three ways:




	(1)

	
In some instances, building footprints slightly overlapped parcel boundaries, and these small overlaps were assumed to be an artifact of the process by which building footprints were derived from aerial photography. Building footprints that overlapped parcel boundaries were clipped to the boundaries of parcels.




	(2)

	
To remove any small residuals of clipped buildings from the step above, as well as very small structures, any building footprint with an area of <18.6 m2 (200 ft2) was removed from the building footprint database.




	(3)

	
Critical infrastructure data [38], served as a series of points, was manually related to the building footprint layer, such that individual building footprints could be identified as schools, emergency response facilities, public transportation facilities, or other facilities associated with critical community services.









The parcel infrastructure component was calculated by summing the percentage of building area in each parcel inundated to a depth of >0.15 m (0.5 ft) under each of the five inundation scenarios (Table 1), with a 10% addition (scaled using input from the advisory group) to the score for buildings categorized as critical infrastructure. The resulting values were normalized to a range of 0–3. An inundation depth threshold was applied in this analysis step to reflect the relatively greater damage to roads and buildings associated with deeper inundation [39].



The accessibility reduction component was calculated to reflect potential impacts to ingress or egress from a parcel due to flooding, and it evaluated the percent of road length [40] within a defined distance of each parcel [30] inundated to depths greater than 0.15 m (0.5 ft) under each of the five inundation scenarios (Table 1). The five calculated percentages for each inundation scenario were summed and normalized to a range of 0–1.



The agricultural lands component characterized the degree to which parcels with agricultural uses may be negatively influenced by flooding as sea level rises, and parcels were characterized as agricultural in an agriculture database maintained by Washington State [41]. The agricultural lands component was calculated as the percentage of a parcel with agricultural uses inundated under each of the five scenarios (Table 1) and was normalized to a range of 0–1.



The resulting infrastructure sensitivity index for each parcel is a sum, in a range between 0–5, of the parcel infrastructure score, the accessibility reduction score, and the agricultural lands score.




2.5.2. Habitat Sensitivity Index


The sensitivity of coastal habitats in Puget Sound was evaluated under the assumption that those habitats will migrate in response to sea level rise [42] in the absence of topographic controls. The scoring approach for habitat sensitivity calculated a change in percent cover in each parcel of four habitat classes (Brackish/Transitional Wetland, Estuarine Wetland, Unconsolidated Shore, Palustrine Emergent Wetland) that were mapped for different sea level rise scenarios [43] and were connected to the five inundation scenarios selected for this project (Table 1). For shorelines backed by coastal bluffs, the sum of the percentage change in area of habitats was modified with a multiplier, intended to represent impacts to habitat-forming processes associated with erosion of coastal bluffs [44]. The multiplier was selected based on the presence or absence of armoring and the presence or absence of building footprints on the parcel (Table 3). Additional details on the calculation of the habitat sensitivity index are provided in [30].



The habitat sensitivity indices for all parcels were normalized to a scale between 0 and 5. The final sensitivity score for every parcel was calculated by summing the separate infrastructure and habitat sensitivity indices.





2.6. Vulnerability Scores


A physical vulnerability score for each parcel is the sum of the separate exposure score and infrastructure sensitivity score (Figure 2). While the concept of adaptive capacity is often a component of vulnerability [34], quantitative estimates of adaptive capacity at the resolution of parcels were infeasible in this analysis. Instead, a social vulnerability index was developed for zip code tabulation areas in the Puget Sound drainage basin [45]. This regionally modified social vulnerability index [46] used a principal components analysis on 50 chosen variables, such as median income, average family size, and percentage of households without access to a vehicle, which resulted in seven components contributing to social vulnerability that highlighted concepts such as diversity and urbanity, housing and infrastructure, and life satisfaction and belonging. Social vulnerability was scaled to a range between 0 (low social vulnerability) and 1 (high social vulnerability), and social vulnerability scores were then uniformly assigned to all parcels within each zip code tabulation area. With advisory group feedback, we chose to add these social vulnerability index scores to the raw physical vulnerability index scores for each parcel, with a weighting coefficient of 10, to offer a socially-modified vulnerability index. The intent of this approach was to provide insight regarding how community characteristics may act to reduce or enhance the vulnerability of individual parcels, but note that this approach provides a very incomplete perspective on the various individual attributes that contribute to vulnerability at the scale of parcels.





3. Results


The overall distribution of exposure, sensitivity, and physical vulnerability scores of the 111,239 parcels analyzed in this study are heavily skewed towards zero (Table 4), suggesting that the combination of topography, the distribution of habitats, and the distribution of built environment elements (such as buildings and roads) lead to a concentration of vulnerability in a relatively small number of parcels in Puget Sound. On the other side of the distribution of physical vulnerability scores, 961 parcels, 0.9% of the total, have a physical vulnerability score above 15, out of a maximum of 20 (Table 4). Our approach for integrating a social vulnerability index to generate an optional “socially-modified” vulnerability score for every parcel changed the score distribution considerably, narrowing and centralizing the overall distribution of scores such that only two parcels in the study area have a socially-modified vulnerability score of zero, and only 796 fall into the upper quartile of the range (Table 4).



3.1. Exposure


Exposure to hazards exacerbated by sea level rise was evaluated here by summing separate indices for coastal erosion potential (Figure 3, left panel) and coastal flooding (Figure 3, middle panel). This approach resulted in a spatial distribution of the highest exposure scores in parcels that are flooded across a range of present and future inundation scenarios and are wave-exposed, with shorelines that are easily eroded (Figure 3, right panel).



The two indices of exposure were weighted equally in the summed exposure score; therefore, parcels that are ranked high for coastal flooding exposure can rank low for coastal erosion potential, and vice versa. For example, some parcels on large, low-lying river deltas, such as that of the Skagit River (Figure 1), are modelled to be entirely flooded during all inundation scenarios but have a coastal erosion score of zero as they are not directly exposed to wave energy. The relative distribution of the two indices suggests that for most parcels, one or the other of the two hazards predominate, with more parcels in Puget Sound having higher coastal flooding index values than high coastal erosion potential values (Figure 4).




3.2. Sensitivity


The sensitivity index represents the degree to which assets of value on a parcel may be negatively affected by either flooding or erosion and is comprised of separate infrastructure and habitat sensitivity indices. The highest infrastructure sensitivity index values are heavily concentrated on large river deltas within Puget Sound (Figure 5b), probably because agricultural uses on a parcel factored into the score through an agricultural lands index, and many large river deltas on Puget Sound, are heavily agricultural (Figure 2). This assumption is supported by the generally broader distribution of high parcel infrastructure index component scores, which identified the presence of flood-impacted buildings on a parcel, across Puget Sound (Figure 5a). In other words, the highest scores for infrastructure sensitivity would be assigned in this assessment to flood-exposed parcels that include both buildings and agricultural lands. High habitat sensitivity scores are also relatively broadly distributed along the shoreline of Puget Sound (Figure 5, right panel), but with a relatively narrower overall distribution (in other words, fewer parcels were assigned high scores) as compared to other components of sensitivity evaluated in this study.




3.3. Vulnerability


The physical vulnerability score is a sum of the separate exposure and sensitivity scores (Figure 2). While there is a concentration of those parcels on the large river deltas (such as the Skagit River delta; Figure 1), we also find parcels with high physical vulnerability scattered broadly along the shoreline of the entire study area (Figure 6, left panel). The integration of a social vulnerability index to calculate a “socially-modified” vulnerability index shifts the geographic distribution of the highest vulnerability, elevating vulnerability in certain areas such as in the urban deltas of the Duwamish (Seattle) and Puyallup (Tacoma) Rivers (Figure 6).





4. Discussion


4.1. Key Insights


Three key insights emerged during this investigation of sea level rise vulnerability in Puget Sound, Washington. First, we found that quantitative approaches for evaluating sea level rise vulnerability can provide insights useful in management and decision-making contexts. Feedback from the project advisory group, as well as coastal planners and managers engaged in briefings after the analysis was completed, demonstrated an interest in, and a desire to access, the results. The feedback from those stakeholders, however, suggests a desire to modify the results by changing weightings or excluding various indicators or scores to tune the results for different applications. An interactive version of our database was outside of the scope of this project, but tools that allow users to interact meaningfully with sea level rise vulnerability data would enhance the usability of analyses such as those within this study.



Next, the skewness of the distribution of vulnerability score suggests that meaningful adaptation gains can be made in Puget Sound by focusing on a relatively small number of parcels. While additional validation of our results is warranted, only 961 parcels fell into the top quartile of the range of physical vulnerability scores, and only 796 fell into the top quartile of the range of socially modified vulnerability scores (Table 4). This suggests that relatively modest investments in adaptation measures, such as parcel acquisition, land-use conversion, or other actions, can reduce the impact of sea level rise in the Puget Sound region.



Finally, the inclusion of coastal erosion potential as an index, as well as the development and integration of a habitat sensitivity index in the overall evaluation of sensitivity, provide a broader perspective on vulnerability to sea level rise than investigations of flooding impacts to only infrastructure or habitat. For example, vulnerability to sea level rise in a landscape such as Puget Sound is not confined to low-lying developed areas, such as deltas, but can be found more broadly distributed on the landscape, including on shorelines backed by coastal bluffs, and even on undeveloped or lightly developed parcels. This insight acknowledges the broad range of services that shorelines provide and is crucial to the management of coastal areas.




4.2. The Impact of Data Limitations


The indices and scores derived in our assessment have important embedded assumptions and limitations that should be considered when interpreting the results and when developing similar assessments. A key limitation for data-driven projects such as this is the availability and quality of input data. Sea level rise projections, for example, are a key input to this analysis, but are uncertain [2], and updating the analysis as projections change would be useful. Another example of a data limitation is illustrated by the parcel infrastructure component of the infrastructure sensitivity score (Figure 5, left panel). The purpose of this index component was to characterize the relative sensitivity of buildings on a parcel, and our approach quantified the percentage of a building footprint inundated at modelled depths > 0.15 m (0.5 ft). This approach has a variety of important limitations because the building footprint layer includes no attributes that might be used to evaluate likely damages associated with flooding (e.g., building value, construction type, first floor elevation).



Our approach for evaluating the sensitivity of buildings also biases the potential damages to structures towards those associated with flooding and away from those associated with coastal erosion. A building footprint sitting on a parcel on a rapidly eroding coastal high bluff would, in our analysis, have a parcel infrastructure score of 0, even while there is a real and serious risk of damage to the structure. The consequences, we believe, manifested as an overall concentration of higher physical vulnerability index scores in those parcels with higher coastal flooding indices (Figure 4), and likely underestimate the vulnerability on parcels with high coastal erosion potential. This shortcoming could be addressed with a physically based predictive erosion model, which does not exist for the shorelines of Puget Sound at the time of publication.




4.3. The Impact of Assumptions


What we characterize as “assumptions”, or ways in which social values and perceptions of importance are embedded in scores, are primarily due to choices made regarding calculating, weighting, and normalizing indices and scores. Two examples illustrate the impact of these choices. First, while the decision to use parcels as the spatial scale of analysis was rooted in an interest to make the results relevant to management decisions in Puget Sound, this decision has important implications for the scores themselves. Parcels in Puget Sound can include intertidal areas (Figure 1) or can, in some cases, be entirely located within the intertidal zone. In those instances, our approach for calculating a coastal flooding index should be expected to over-estimate a parcel’s actual vulnerability to coastal flooding. We could not evaluate the sensitivity of our results to this assumed bias, but in future analyses would recommend that parcels be clipped to exclude intertidal area or revise the index to account for the change in flooded area across scenarios, rather than the total flooded area.



Parcels also vary considerably in size, which could potentially bias the coastal flooding index calculated in this analysis. For example, it is less likely for a large parcel to be entirely inundated than a smaller one, which could lead to a bias towards higher coastal flood index values, and therefore higher exposure and vulnerability, for smaller parcels. Our results suggest that there is not a systematic bias in coastal flooding index values with parcel size (Figure 7), but the implications of analysis methodologies on overall results should be carefully considered and communicated to users wherever possible.



Another important example of the way in which decisions regarding calculating scores may influence the results in this assessment is illustrated by the decision to sum exposure and sensitivity to calculate physical vulnerability, versus using a multiplicative approach. We investigated the influence of the two calculations and found that the multiplicative approach created even greater skewness in physical vulnerability scores and lowered the vulnerability scores for those parcels in the middle of the range (Figure 8). Summing exposure and sensitivity, though, has its own implications, in that a parcel can have a non-zero vulnerability score even where either the exposure index or sensitivity index is zero. While theoretically inconsistent with some definitions of vulnerability, the chosen summation approach was selected by both the project team and the advisory group to acknowledge the limitations of our data (i.e., we are likely to imperfectly assess either exposure or insensitivity) as well as to acknowledge the role that social organizations, such as communities and neighborhoods, play in driving vulnerability [46]. For example, some burden may be placed on parcels with no exposure or sensitivity if an adjacent or nearby parcel is impacted by hazards exacerbated by sea level rise. The implications of this decision, though, are important. In our analysis, 36,956 parcels, or 33% of the total, have either an exposure or sensitivity index of zero, whereas only 12,055 (10.8%) parcels have both an exposure and sensitivity index of zero. The difference between those two values, 24,901 parcels (20.2%), may therefore be mischaracterized as having some vulnerability despite having either zero exposure or zero sensitivity.



We employed two approaches to limit the impact of these assumptions and limitations. First, the project was conceived and led by a team that lives in Puget Sound, works professionally in disciplines associated with coastal management, and who proposed the project with a sense for the goals and priorities of coastal stakeholders. This approach is notable in that an argument can be made that many of the elements of the vulnerability framework of Fleming et al. [17] are associated with building a shared understanding of value that, in our case, may have been embedded in the project conception. Next, the advisory group convened to support this project carefully considered and advised the project team on the implications of embedded assumptions of selected methodologies and relied heavily on their feedback to “get it right.”



One way to address the limitations described in the section above would be to independently evaluate sea level rise vulnerability on parcels in Puget Sound and compare those results to those presented here. No validation process was conducted as part of this analysis, and the validation of a relatively abstract concept like vulnerability is difficult to conceptualize. An independent assessment of the vulnerability of parcels in Puget Sound, or even an independent quantitative framework for evaluating that vulnerability, would be a valuable contribution.




4.4. Potential Planning and Policy Applications


While deriving insights regarding the nature of vulnerability in a coastal landscape is valuable, finding applications for those insights in planning and/or policy contexts was an important goal for the project team and for the funders of this assessment. This project was funded and conducted with coastal management in mind and was oriented towards applications in coastal management settings. The choice to analyze parcels was made to support decisions that restoration practitioners and coastal planners often make regarding where and how to design projects or implement management policies and which landowners to engage as partners. Both the physical and socially-modified vulnerability indices may be useful within these management contexts. For example, a parcel or group of parcels with high physical vulnerability might be targeted for restoration efforts, especially if it is a key ecological area or serves as a buffer to inland areas with higher socially-modified vulnerability. On the other hand, a parcel or group of parcels with moderate to high physical and socially-modified vulnerability might be targeted for restoration or adaptation actions that restore ecological function but also provide mental health or community well-being improvements, especially in underserved communities [17,47].



To illustrate other possible applications, we discuss three potential use cases for the data and insights derived from this project, noting that there are certainly more not explored in this paper. Some of the proposed applications described below leverage our indices, or index components, rather than scores, and therefore avoid some of the limitations and assumptions described above.



First, the data compiled for this analysis would support the identification of impact thresholds for planning approaches such as Dynamic Adaptive Policy Pathways [48], which is a useful approach for climate adaptation planning in large, complex geographies [49]. Using the dataset compiled for this project, for example, we can identify flooding scenarios that lead to relatively large increases in parcel flooding or building interactions (Figure 9). These insights can then be used to tie adaptive pathways to observed sea level changes.



Next, the data and analyses compiled during this project could aid in identifying parcels to target for resilience investments that provide long-term benefits. Miller et al. [50] show, for example, that investments in measures that reduce the damage of existing buildings to flooding (e.g., elevating or flood-proofing structures) are not warranted where there is an erosion risk or are less beneficial where impacts to surrounding services (e.g., routes of ingress or egress) are relatively high. The data in this analysis could be leveraged to identify parcels where those conditions are or are not met and optimize investments of time and money into those actions.



Finally, the exposure and sensitivity scores calculated in this project can provide a foundation for economic impact analyses, such as those described in NOAA’s Economic Framework for Coastal Community Infrastructure [51]. Accounting for financial costs and benefits in climate-related decisions is especially important in the context of large expenditures on infrastructure, and easy-to-access tools that can aid in those decisions are in demand [51]. The types of data compiled in projects like the one described here link almost seamlessly with economic analysis frameworks and are enhanced when combined with additional local datasets (if combined, for example, with county assessor data for parcel or structure value).





5. Conclusions


We present a first-of-its-kind sea level rise vulnerability analysis for Puget Sound, Washington State, in which a vulnerability score was developed for 111,239 parcels, calculated from separate exposure and sensitivity scores. This approach demonstrates the feasibility of conducting vulnerability assessments at relatively large spatial scales (i.e., across Puget Sound), but at a relatively granular spatial resolution (parcels) that is relevant to management and decision-making by land-use planners, landowners, restoration practitioners, hazard planners, and other local decision-makers. Quantitative approaches such as the one described here can help to address limitations associated with more traditional, qualitative, or semi-qualitative vulnerability assessment processes by reducing barriers to access vulnerability information.



The results suggest that parcels in Puget Sound vary widely in their vulnerability and that investments directed towards the relatively small number of parcels with the highest vulnerability could yield significant benefits and reduce Puget Sound’s overall vulnerability. We also found that parcels with the highest vulnerability are not found only on Puget Sound’s large river deltas or on low elevation shorelines but are more broadly distributed on the landscape, including relatively high-elevation parcels with eroding shores. This conclusion illustrates the importance of accounting for multiple hazards exacerbated by sea level rise, not just flooding, when assessing vulnerability. The calculation and inclusion of an equally weighted habitat sensitivity index in our vulnerability score recognizes the habitat values of shorelines and can provide particularly important insights to adaptation planning processes that seek broad benefits. Related to this, we argue that while physical vulnerability mapping is useful for applied management efforts, the integration of social data further highlights areas of potential co-benefit. For example, restoration efforts directed at physically and socially vulnerable parcels may bolster both natural ecosystems and community well-being.



This analysis contributes to the growing literature describing approaches for evaluating vulnerability to climate impacts in the Puget Sound region of the U.S. and beyond. As such, it is important to recognize the various limitations and assumptions embedded in the analysis. Limitations are often a function of data availability and quality, and analyses such as those presented here will improve as new and/or improved datasets become available. Assumptions that influence results are primarily associated with how indicators are calculated, how they are weighted as scores, and how indices are developed. Making results available in a format that permits end-users to modify those calculations or weightings is desirable.
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Figure 1. Overview map of the study area (black rectangle on map) in Puget Sound, Washington State, USA, and images of locations discussed in the text, including (a) the Skagit River delta, (b) parcels including portions of the intertidal area near Edmonds, Washington, and (c) the Duwamish River delta in Seattle. Aerial oblique images of the Skagit and Duwamish River deltas are from imagery collected by the Washington Department of Ecology in 2017. Three of Puget Sound’s coastal cities, Bellingham (B), Seattle (S), and Olympia (O), are marked on the map with black circles for geographic reference. 
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Figure 2. Model framework identifying data inputs and derived components, indices, and four primary results scores for exposure, sensitivity, physical vulnerability, and socially-modified vulnerability. The “IL” in the black oval designates where the five inundation layers developed for this project (Table 1) intersect with other datasets. Specific details regarding, and citations for, individual datasets shown here as “data inputs” are not included for brevity, but are described in [30]. 
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Figure 3. The spatial distribution of the (a) coastal erosion potential index, (b) coastal flooding index, and their sum, (c) the exposure score. Parcels are colored according to their score, where the range of possible scores are binned into five categories in equal intervals. Three of Puget Sound’s coastal cities, Bellingham (B), Seattle (S), and Olympia (O), are marked on the map with black circles, and also in Figure 1, for geographic reference. 
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Figure 4. Patterns of exposure in Puget Sound illustrated by plotting the two exposure indices against each other. For context, the symbols are colored according to their physical vulnerability score, with the 961 parcels in the top quartile of the range (physical vulnerability score > 15) additionally marked with a black dot. 
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Figure 5. Distribution of the (a) parcel infrastructure index component, (b) infrastructure sensitivity index, and (c) habitat sensitivity index. Parcels are colored according to their score, where the range of possible scores are binned into five categories in equal intervals. Three of Puget Sound’s coastal cities, Bellingham (B), Seattle (S), and Olympia (O), are marked on the map with black circles, and also in Figure 1, for geographic reference. 
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Figure 6. The spatial distribution of (a) physical vulnerability and (b) socially-modified vulnerability scores in Puget Sound. Parcels are colored according to their score, where the range of possible scores are binned into five categories in equal intervals. The Duwamish River delta and the Puyallup River delta, discussed in the text, are marked with a black star and black triangle, respectively. Three of Puget Sound’s coastal cities, Bellingham (B), Seattle (S), and Olympia (O), are marked on the map with black circles, and also in Figure 1, for geographic reference. 
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Figure 7. The distribution of log-transformed parcel areas in five coastal flood exposure index bins. 
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Figure 8. Distributions of the vulnerability score resulting from two different approaches for calculating vulnerability from exposure and sensitivity scores; summing exposure and sensitivity scores (top panel) or multiplying exposure and sensitivity scores (bottom panel). 
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Figure 9. Fraction of the total region-wide parcel area in our study area (left panel) and building footprint area (right panel) inundated under each of the five flooding scenarios (Table 1) modelled during this project. 
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Table 1. Five different scenarios used to construct inundation layers. Sea level changes are drawn from [2] and vary spatially across the study area. The extreme coastal water level magnitude is drawn from [35] and is 2.9 ft above the local Mean Higher High Water tidal datum in Puget Sound.
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	Scenario
	Sea Level Change Scenario
	Sea Level Change Magnitude (ft)
	Extreme Water Level Scenario (ft MHHW)





	1
	None
	0.0
	+2.9



	2
	2050, 50th percentile, RCP8.5
	0.5–1.0
	+2.9



	3
	2050, 1st percentile, RCP8.5
	1.2–1.7
	+2.9



	4
	2100, 50th percentile, RCP8.5
	1.7–2.2
	+2.9



	5
	2100, 1st percentile, RCP8.5
	4.5–5.0
	+2.9
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Table 2. Scoring approach for the coastal erosion potential index, using shoretype mapping for Puget Sound [35], and the 1st percentile of the distribution of significant wave height, in feet, drawn from wave climatology modelling [36].
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	Shoretype Description
	Shoretype Value
	1st Percentile of Hs (ft)





	No Appreciable Drift (NAD)-Bedrock
	0
	



	No Appreciable Drift (NAD)-Low Energy
	1
	



	No Appreciable Drift (NAD)-Modified Delta
	2
	0-Max



	No Appreciable Drift (NAD)-Artificial, Pocket Beach, Transport Zone or Accretion Shoreform
	3
	



	Feeder Bluff
	4
	



	Feeder Bluff Exceptional
	5
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Table 3. Selection criteria for a multiplier applied to the habitat sensitivity index, based on the shoreform mapped to the parcel and the presence or absence of shoreline armoring and development on the parcel.
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	Shoreform
	Armored
	Un-Armored
	Developed
	Un-Developed
	Index Multiplier





	Non-bluff
	X
	X
	X
	X
	1



	Bluff-backed
	X
	
	X
	
	1.4



	
	
	X
	X
	
	1.2



	
	X
	
	
	X
	1.2



	
	
	X
	
	X
	0.8
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Table 4. Descriptive statistics for the distribution of exposure, sensitivity, physical vulnerability, and socially-modified vulnerability scores within the study area.
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	Component
	Zero
	Median
	Top Quartile





	Exposure
	35,704 (32.1%)
	1.1 out of 10
	118 (0.1%)



	Sensitivity
	13,307 (12.0%)
	1.9 out of 10
	525 (0.5%)



	Physical Vulnerability
	12,055 (10.8%)
	3.5 out of 20
	961 (0.9%)



	Socially-modified Vulnerability
	2 (0.0%)
	7.9
	796 (0.7%)
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