Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2021 d0i:10.20944/preprints202104.0740.v1

Article

Quantitative Coastal Resilience Assessment Framework under
Climate Change and Sea Level Rise

Tao Wu*

* Department of Plant Science and Landscape Architecture, University of Connecticut, Storrs 06268, USA;
tao.2.wu@uconn.edu; Tel.: +1 8606346907

Abstract: Accompanied by increasing population growth and urban sprawl, most coastal cities are
unprecedentedly vulnerable to climate change and its impacts, such as sea level rise, increasing ex-
treme storm events, and coastal flooding. Coastal resilience and sustainable development are anti-
dotes to vulnerability; they aim to enhance the adaptive capability of absorbing disturbances and
resisting uncertainty. This study explores building a quantitative assessment framework to measure
resilience and provide an objective and comparable method to understand the strengths and weak-
nesses in a given region. The proposed 25 resilience indicators incorporate the aspects of essential
livelihood protection, infrastructure and natural resource maintenance, emergency facilities and in-
stitutions, floodplain management regulations, and adaptive planning process. Each indicator is
assigned the resilience quality that includes robustness, resourcefulness, redundancy, and rapidity.
The aggregated resilience quality scoring reflects the systematic performance of the city to cope with
the coastal hazards. The innovative part of this framework is combining hazard mitigation
measures, climate adaptation strategies, and sustainable development goals together to achieve a
comprehensive assessment method. In the case of New Haven, the resilience assessment is taken as
a practical monitoring tool and decision-making support.
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1. Introduction

Coastal regions and populations are exposed to pressures and hazards from both
land and ocean, making the coastal zone the most transformed and imperiled social-eco-
logical system on the earth [1]. According to Intergovernmental Panel on Climate Change
(IPCC) report, global warming and climate change dramatically alter coastal land and af-
fect people's living conditions. Global warming causing glacial melting and thermal ex-
pansion of water results in sea level rise and triggers swath of land loss putting the coastal
population at the risk of losing their home. Extreme weather and hurricanes bring cata-
strophic consequences to coastal areas, and heavy precipitation events are causing inland
city flooding that is becoming much more common. Climate change-driven disruptions
to ecosystems have direct and indirect human impacts, including reduced water supply
and quality, the loss of iconic species and landscapes, effects on food chains and the timing
and success of species migrations, and the potential for extreme weather to destroy or
degrade the ability of ecosystems to provide societal benefits [2].

Urban sprawl has increased the risk of flooding due to the essential elements of haz-
ard exposure, vulnerability, along with the higher population growth leading to higher
runoff [3,4]. Resilience, in both its social and ecological manifestations, is an important
aspect of the sustainability of development and resource utilization. A simple definition
of resilience is the ability of a city to absorb disturbance while maintaining its functions
and structures [5,6]. The notion of resilience is often associated with the ability to learn,
primarily in order to become more robust to change [7].
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Coastal resilience has ecological and socio-economic components, each of which rep-
resents another aspect of the coastal system's adaptive capacity to perturbations; inte-
grated assessment and planning tools of these components are meaningful for coastal
management [8]. Nature-based solutions (NBS) are increasingly applied to guide the de-
sign of resilient landscapes and cities to enable them to reach economic development goals
with beneficial outcomes for the environment and society [9]. The resilience of socio-eco-
logical systems to sea level rise, storms, and flooding can be enhanced when coastal hab-
itats are used as natural infrastructure [10].

Currently, the issues of resilience and vulnerability are becoming more critical in re-
source management and urban development. Resilience is often viewed as an antidote to
vulnerability, and resilience planning works to reduce or even eliminate the vulnerability
[11]. Some researchers see vulnerability as the opposite of disaster resilience, while others
view vulnerability as a risk factor and resilience as the capacity to respond [12]. Achieving
resiliency means the ability to survive future natural disaster with minimum loss of life
and property, as well as the ability to create a greater sense of place among residents; a
stronger, more diverse economy; and a more economically integrated and diverse popu-
lation [13,14]. The issue of climate change is part of the larger challenges of sustainable
development and resilience enhancement. As a result, climate policies can be more effec-
tive when consistently embedded within broader strategies designed to make national
and regional development paths more resilient. The impacts of climate change, climate
policy responses, and associated socio-economic development will affect the ability to
achieve sustainable development goals [15].

Godschalk [16] argues that the overriding goal for urban hazard mitigation should
be to develop resilient cities that would be capable of withstanding severe shock without
either immediate chaos or permanent harm. A resilient city is a sustainable network of
physical systems and human communities. Physical systems are the constructed and nat-
ural environmental components of an area, including roads, buildings, infrastructure,
communications, energy facilities, as well as waterways, soils, topography, geology, and
other natural systems. The physical systems must be able to survive and function under
extreme stresses, otherwise, the city will be extremely vulnerable to disasters. Human
communities are the social and institutional components of an area, including neighbor-
hoods, agencies, organizations, enterprises, task forces, and the like. During a disaster, the
community networks must be able to survive and function under extreme and unique
conditions. Resilient cities composed of networked social communities and the lifeline
systems would become more robust by adapting and learning from disasters, rather than
brittle or fragile. The assessment of coastal vulnerability and resilience helps identify the
strengths and weaknesses, monitor the changes of resilience, allocate mitigation and ad-
aptation resources, and justify the policy to the public [17-19].

The sustainable development goals (SDGs) promoted by United Nations are the
world's shared plan to protect the environment, reduce inequality, smart grow, and adapt
to changing trends. The 17 goals inclusively and comprehensively cover the social and
basic livelihood, economic, environmental, and institutional aspects. The City Resilience
Index (CRI) developed by Arup and supported by the Rockefeller Foundation in 2014,
provides a holistic articulation of city resilience. It is structured around four dimensions,
12 goals, and 52 indicators that are critical for city resilience building and measuring.
SDGs and CRI focus on the same dimensions of cities and generalize the similar main
critical aspects toward sustainability and resilience (Table 1). Based on the two systems
and related research, this study aims to build a quantitative framework of coastal resili-
ence assessment to help with monitoring resilience and its change, making targeted deci-
sions, and prioritizing mitigation and adaptation actions.

Table 1. Comparison of Sustainable Development Goals of UN and City Resilience Index

Dimensions UN SDGs CRI
Basic Livelihood/ No poverty Minimal human vulnerability
Health and Well-being Zero hunger Diverse livelihoods and employment
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Good health and well-being Effective safeguards to human health and life
Quality education
Gender equity
Clean water and sanitation
Affordable and clean energy

Reduced inequities Collective identity and community support
. Decent work and economic growth Comprehensive security and rule of law
Economy and Society . . . )
Industry innovation and infrastructure Sustainable economy
Responsible consumption and production

Sustainable cities and communities Reduced exposure and fragility

Infrastructure and . . . L. s .
. Climate action Effective provision of critical services

Environment . . s o
Life below water Reliable mobility and communications

Life on land
Institutions/ Peace, justice, and strong institutions Effective leadership and management
Leadership and Strategy Partnerships for goals Empowered stakeholders

2. Methods

In order to characterize subsystems of a region or a city and determine the criteria of
resilience assessment, it is necessary to identify the factors and elements that effect on
coastal resilience [20-23]. Some researchers have attempted to explore the quantitative and
qualitative indicators of socio-ecological system or community resilience assessment [24-
28] that essentially reduced the complexity of the measuring process.

The framework of coastal resilience assessment proposed by this study adopts four
major dimensions of physical, environmental, social and economic, and institutional.
Physical resilience focuses on the factors of basic livelihood & health and well-being, such
as safe and affordable housing, adequate clean energy supply, safe water supply and ef-
fective sanitation, sufficient food supply and emergency preparedness, and reliable criti-
cal facilities and infrastructure. Environmental resilience covers the aspects of well stew-
ardship of ecosystems, effectively managed protective ecosystems, and flexible green in-
frastructure services and low impact development. Social and economic resilience is re-
lated to inclusive labor policy and employment, dynamic and diverse business develop-
ment, industry innovation and integration with regional economies, supportive public fi-
nancing mechanism, cohesive communities, and robust public health systems and emer-
gency medical care. Institutional resilience involves the aspects of reliable communication
technology, effective emergency response services, appropriate government decision
making, proactive stakeholder collaboration and actively engaged citizens, as well as com-
prehensive data management, appropriate land use and zoning, and consultive planning
process.

Under the major dimensions, 25 indicators are framed to cover the aspects that are
critical to coastal resilience monitoring and enhancement (Table 2). These indicators were
assigned the resilience qualities of robustness, redundancy, resourcefulness, and rapidity.
Robustness reflects the ability to withstand a given level of stress or meet the demands;
redundancy reflects substitutable and capable of satisfying functional requirements; re-
sourcefulness represents the capacity to identify problems, establish priorities, and mobi-
lize resources; rapidity represents the capacity to meet priorities and achieve goals in a
timely manner. The data sources are from governmental and organizational documents
or regulations, local planning documents, and public open data to ensure the results could
be validated, monitored, and improved with new data updated by stakeholders.

Table 2. The framework of quantitative coastal resilience assessment and the indicators in measuring resilience

System No. Resilience elements Qualities Data Source!
1 Buildings up to flood building codes (%) Robustness FEMA
Physical resilience 2 Water supply up to floodplain management regulations (%) Robustness HMP

3 Sewage system up to floodplain management regulations (%)  Robustness ~HMP DEEP
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4 Energy supply to meet normal and emergency need (%) Robustness HMP
5 Drainage capacity and pump station coverage (%) Robustness HMP
6 Engineered hazard mitigation measures (%) Robustness HMP
7 Accessibility of evacuation routes (%) Rapidity HMP
8 Number and capacity of shelters (per mi?) Resourceful HMP
9 Critical facilities (hospital, police, fire, government, rail station, Resourceful HMP
post office, etc.) (per mi?)
10 Living shoreline (%) Robustness HMP
Environmental 11 Green infrastructure and LID (%) Redundancy DEEP
resilience 12 Managed protective ecosystems and well-stewarded natural =~ Redundancy DEEP
resources (%)
13 Housing with flood insurance (%) Resourceful HMP
14 Institutions or organizations for flood emergency (American Rapidity GD
Red Cross, first responder, etc.)
Social and economic 15 Social vulnerability and equity Robustness CDC
resilience 16 Sustainable and innovative industries (%) Resourceful CcP
17 Diversified industries Redundancy CP
18 Climate adaptation investment Robustness HMP
19 Market-based incentives to encourage appropriate develop- Resourceful CP
ment
20 Data management and availability (flood hazard map, sea Resourceful GD
level rise data, shelter and evacuation map, etc.)
21 Comprehensive assessments and monitoring Redundancy HMP
o 22 Communication system (information of weather alert and fore- Rapidity GD
Institutional -
resilience cast, early flood warning systems, etc.)
23 Public awareness and education for coastal hazard Robustness HMP
24 Stakeholder engagement and interdisciplinary collaboration Resourceful HMP
25 Regulation and policy (floodplain management guidance, Robustness HMP

building codes, land acquisition and buyout policy, etc.)
! FEMA = Federal Emergency Management Agency, HMP = Hazard Mitigation Plan, DEEP = Department of Energy and Environ-
mental Protection, GD = Governmental Documents, CDC= Centers for Disease Control and Protection, CP = Comprehensive Plan

This study adopted the scale scoring measurement to enable a meaningful compari-
son [29,30]. Each indicator is rated on a scale of one to five according to their performance
or capacity, with a score of one reflecting poor performance or limited capacity, five indi-
cating well performance or adequate capacity. Scores between one and five reflecting a
gradient increase. The city of New Haven, Connecticut, USA, is taken as an example to
assess coastal resilience (Table 3).

New Haven is one of the most flood-vulnerable cities in the state, with high devel-
oped land use ratio, high socio-economic vulnerability, and severe hazard exposure, es-
pecially in the coastal districts and highly populated downtown areas. New Haven also
features the highest impervious land cover ratio and highest coastal artificially filled land
ratio in the state. The city has fewer green spaces to offset the natural hazard impacts but
has high population density and social vulnerability index, which intensified the coastal
vulnerability. Low elevation, high risk of hurricane surge inundation, and frequent coastal
flooding even worsen the situation. In order to cope with these problems and adapt to the
changing climate, the city formulated the hazard mitigation plan and sustainable devel-
opment plan, as well as implemented various mitigation and adaptation projects. This
study compared the score of 2017 and planned scenarios of 2025 to examine the systemic
strengths and weaknesses, and prioritize the actions and tasks that enhance coastal resili-
ence.

3. Results
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Each of the 25 indicators of resilience was assigned a value between one to five ac-
cording their performance or capacity by processing public datasets and examining the
relevant report. The coastal resilience scores of New Haven in 2017 sum up to 97, com-
pared with 110 of the planned scenario in 2025 according to the development vision and
climate adaptation plan (Table 3).

Table 3. Scoring criteria of resilience assessment and rating New Haven coastal resilience

Resilience indicators Scoring criteria Score
1 2 3 4 5 2017 Planned
1 Buildings up to flood codes 0-20% 20-40%  40-60%  60-80%  80-100% 4 4
2 Water supply poor - - - well 5 5
3 Sewage system poor - - - well 4 5
4  Energy supply poor - - - well 4 4
5 Drainage system inadequate - - - adequate 3 4
6 Hazard mitigation measures inadequate - - - adequate 3 4
7 Accessibility of evacuation routes limited - - - good 4 4
8 Capacity of shelters low - - - high 5 5
9  Critical facilities inadequate - - - adequate 4 5
and unsafe and safe
10 Living shoreline 0-20% 20-40%  40-60%  60-80%  80-100% 2 3
11  Green infrastructure and LID none - - - plenty 3 4
12 Ecosystem and natural resources none - - - plenty 4 4
13 Housing flood insurance 0-20% 20-40%  40-60%  60-80%  80-100% 4 5
14 Institutions for flood emergency poor-orga- - - - well-orga- 4 5
nized nized
15 Social vulnerability Index 1-0.8 0.8-0.6 0.6-04  0.4-0.2 0.2-0 2 3
16 Sustainable and innovative indus- unsustainable, - - - sustainable, 3 4
tries traditional innovative
17 Diversified industries similar - - - diversified 4 5
18 Climate adaptation investment low - - - high 3 4
19 Incentives to encourage appropri- low - - - high 4 4
ate development
20 Data management and availability ~incomplete - - - complete 5 5
21 Comprehensive assessments and poor - - - well 4 4
monitoring
22 Communication system poor - - - well 5 5
23 Public awareness and education limited - - - broad 4 5
24 Stakeholder engagement and in- limited - - - broad 4 5
terdisciplinary collaboration
25 Regulation and policy inadequate - - - adequate 4 4
Total 97 110

3.1. Physical and environmental resilience scoring
3.1.1. Buildings in the 100-year flood area

In order to regulate the construction in the flood area, floodplain management regu-
lations and building codes are generally adopted and enforced. The Connecticut Building
Code adopted in 2016 requires all construction of buildings and structures meeting or
exceeding the minimum National Flood Insurance Program (NFIP) for flood risk reduc-
tion and flood damage prevention. In New Haven, about 12% of buildings are located in
the 100-year flood area, which is designated by Federal Emergency Management Agency
(FEMA), and most were built before flood building codes and not up to flood building
codes. With sea level rising, FEMA continues to expand the flood risk zone and raise base
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flood elevation, which makes more buildings below the requirements. Under new
planned development and retrofitting projects and relocation of the vulnerable building,
the climate change impacts on coastal structures can be offset by these strategies.

3.1.2. Water supply, sewage system, and energy supply

The basic livelihood of water supply, sanitation, and energy supply is critical for nor-
mal daily life and reflects the urban system's robustness to risk. The Regional Water Au-
thority serves 123,100 (94% of New Haven's population) in its service area. An Emergency
Operations Center allows for a full operational response. The authority continues to im-
plement and maintain improvements and periodically tests its alternative emergency op-
erations center according to the updated HMP (2016).

The centralized wastewater system covers 63% area of New Haven and most of the
urbanized area. Sewage is pumped to the water pollution abatement facility and treated
and discharged into New Haven Harbor. However, New Haven has a combined sewer
collection system in certain sections of the city, and the wastewater facility treats approx-
imately 89% of the combined sewer flow, while about 11% overflows at the CSO (Com-
bined Sewer Overflows) outfalls into local rivers and the harbor. The long-term
wastewater control plan aims to eliminate 100% of CSOs and improve the water quality
of the riverine and coastal area.

New Haven's energy supply provides natural gas and electricity. The gas company
has an emergency plan in place that is routinely updated; they also have their staff sta-
tioned in the Office of Emergency Management along with other city officials to discuss
emergency plans in case of an impending disaster. The electricity company launched a
vegetation program and management specifications to increase the distance between veg-
etation and power lines after witnessing the damage caused by tropical storm Irene (2011)
and Superstorm Sandy (2012). But there is no backup energy supply during an emergency
according to updated HMP and exists hidden trouble.

3.1.3. Drainage system and coastal hazard mitigation measures

The drainage system is a crucial part of flood mitigating measures, while the perfor-
mance of a drainage system varies by facility type and environmental setting [31]. In mul-
tiple areas, problems that cause coastal flooding in the low-lying area are primarily due
to artificially filled land in New London. The high impervious cover in the downtown
area leads to flash flooding and significantly contributes to coastal area flooding. The
drainage system's capacity needs more improvement to deal with the intensified flood
problems caused by more frequent extreme weather events and rising sea levels. Alt-
hough 17 pump stations are scattering the city, fewer are located in the coastal regions.
The city implemented a green stormwater drainage strategy and installed green infra-
structure to alleviate flood problems and plans to construct more in the 2025 vision.

In the nearly 9-mile shoreline, the artificially modified shoreline accounts for more
than 40 percent. The hazard mitigation measures for these areas include bulkhead, revet-
ment or rip-rap, and seawalls, while most of them are vulnerable to intense coastal storms
and erosion. The hazard mitigation plan and resilience plan incorporated shoreline eco-
system restoration and living shoreline enhancement projects. However, with rising sea
levels, more adaptation measures to help wetlands migration and managed retreat strat-
egy to protect natural resources are needed.

3.1.4. Emergency preparedness and responses

Emergency preparedness plays a vital role in preventing, preparing for, and re-
sponding to the adverse effects of natural hazards and disasters. New Have has an evac-
uation route plan, but parts of the routes are located in low-lying areas and vulnerable to
flooding. According to the survey, in the event of an emergency, only 26% population is
aware of the evacuation routes, which may compromise the effectiveness of the evacua-
tion.

New Haven has six shelters that are capable of sheltering approximately 3,145 indi-
viduals based on numbers of cots in American Red Cross certified facilities and accom-
modates the evacuation of nearly 16,795 individuals according to the New Haven


https://doi.org/10.20944/preprints202104.0740.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2021 d0i:10.20944/preprints202104.0740.v1

Emergency Operation Plan (2013). The population exposed to flood vulnerability is about
13,250 that is covered by the shelter planning.

The city's police, fire, medical, governmental, and major transportation facilities are
critical assets that ensure public safety and efficiency of community operations in both
day-to-day activities and emergencies. The emergency operations center serves as the
headquarters for emergency management. The spatial distribution of these facilities is ap-
plicable, but some are located in the floodplain and exposed to coastal hazards.

3.1.5. Green infrastructure and living shoreline

The green infrastructure consists of green spaces, waterbody, and built systems, e.g.,
forests, wetlands, parks, green roofs, rain gardens, and bioswales that together can con-
tribute to ecosystem resilience and human benefits through ecosystem services [32]. New
Haven is a highly urbanized city with 73% developed land cover and 100% of the popu-
lation living in the urbanized area. The natural system only accounts for 27% of land cover
and is unevenly distributed along the river and shoreline that provides critical ecosystem
services, including hazard mitigation. The limited green spaces are well stewarded by the
city, green infrastructure were installed to alleviate pressure on the storm sewer system,
but the natural systems are extremely vulnerable due to fragmentation and disconnection.

Living shoreline is a broad term that encompasses a range of shoreline stabilization
techniques along coastlines (NOAA). A living shoreline has a footprint that is made up
mostly of native material including vegetation or other living, natural "soft" elements
alone or in combination with some type of harder shoreline structure (e.g., oyster reefs or
rock sills) for added stability. Currently, part of shorelines in New Haven were facilitated
living shoreline solutions, and their length is no more than 40% of total shorelines. Future
restoration and enhancement aims to increase this percentage. However, with the rising
sea level, many engineered shoreline protection measures will be ineffective, and more
living shorelines will be needed.

3.2. Social and economic resilience scoring
3.2.1. Housing flood insurance

Flood insurance protects the homes from devastating loss in extreme weather events
and is a critical part of social and economic resilience. According to the updated HMP, as
of 2016, there were 947 flood insurance policies within the city, representing roughly 74%
of buildings in the floodplain. The city entered FEMA's Community Rating System (CRS)
program and was eligible to become a class 7 community in 2017, which resulted in a 15%
flood insurance discount for properties in the flood area of the city. The improved CRS
class provides a lower flood insurance rate and attracts more homes to enroll in the Na-
tional Flood Insurance Program.

3.2.2. Social and economic vulnerability

Social vulnerability refers to the potential adverse effects on communities caused by
external stresses on human and social health. Reducing social vulnerability can decrease
both human suffering and economic loss. CDC's Social Vulnerability Index (CDC
SVI) uses 15 US census variables to help local officials identify communities that may need
support before, during, or after disasters. The value of SVI ranges from 0 to land repre-
sents the percentile ranking in the state.

The average SVIrating of New Haven is 0.73 that indicates a high social vulnerability
level in the state. Among the 31 census tracts, 11 tracts' SVIis higher than 0.9, and 8 tracts'
SVI is between 0.8 and 0.9, suggesting more than 60% of areas are in very high social-
economic vulnerability. In addition, 8 tracts' SVI is lower than 0.5, comparing with the
most vulnerable tracts in New Haven, which reveals a polarization of social-economic
vulnerability and potential inequity (Figure 1). Regarding spatial distribution, the tracts
with high social-economic vulnerability are mainly concentrated in coastal and riverine
areas with high flood hazard risk. The New Haven updated HMP and Comprehensive
Plan of Vision 2025, set the goals to promote sustainable and balanced economic growth
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and initiate a series of coastal and riverine industrial transformation planning, the social-
economic vulnerability may be reduced under these strategies.
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Figure 1. Comparison of New Haven social vulnerability and flood hazard zones: (a) social vulner-
ability index (SVI) map, (b) overlay map of FEMA 100-year flood hazard and projected 100-year
flood hazard.

3.2.3. Diversified, sustainable, and innovative industries

In order to increase the ability to attract business investment, allocate capital, and
build emergency funds, the city needs a robust, flexible, and diverse local economy. New
Haven's economy was based on the manufacturing industry; after the 1950s, the base of
the economy has shifted to health, business, financial services, and biotech. Some coastal
industrial areas face the challenge of high unemployment and in need of transformation.
The city's master plan proposed an all-inclusive economy by encouraging neighborhood-
based economic development initiatives, which consider a neighborhood's assets and op-
portunities by supporting the equitable distribution of resources in Vision 2025. The city
plans to promote specialty manufacturers and numerous high-quality food producers and
distributors; facilitate more innovative entrepreneurs to move in. The original waterfront
district is planned to introduce innovative industries, new markets, and parkways.

3.2.4. Climate adaptation investment and market-based incentives

Climate investment and incentives are essential strategies to empower transfor-
mations in clean energy technology, climate resilience, and sustainable development.
New Haven continues to invest in coastal and inland flood structures, e.g., floodgate, re-
vetment, living shoreline, rain gardens, and bioswales. However, the large area of vulner-
able harbor district needs continuous investment to adapt to intensified coastal storms
and rising sea levels and facilitate the land acquisition.

Market-based incentives to encourage appropriate development in New Haven in-
clude the Waterfront Plan that focuses on market-driven and phased redevelopment,
Transit-Oriented Development (TOD) that emphasizes the public realm and generating
jobs, improving the city's connectivity, increasing walkability. Still, there are some vacant
lots and under-utilized lands in the coastal industrial area; most of them are in the artifi-
¢@lly filled area (Figure 2), and some of therfbjre also contaminated brownfields. More
incentives and funding are needed to encourage appropriate development in the coastal
industrial areas and vacant lots to help them to transform.
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Figure 2. The comparison of vacancy areas and artificially filled land in New Haven: (a) vacancy
and underused areas (from New Haven Comprehensive Plan of Vision 2025), (b) artificially fill land
along coastline and riverine areas.

3.3. Institutional resilience scoring
3.3.1. Data management and monitoring

The flood hazard map, sea-level-rise data, shelter and evacuation map, emergency
information, conservation and development plan, weather and flood information, etc. are
crucial data for coastal hazard preparedness. These data can be accessed from FEMA,
HMP, governmental documents, and other open sources of New Haven, and they are up-
dated both timely and periodically.

Most of the resilience elements are monitored by the city or the related department,
especially the infrastructure data such as drinking water supply, sewage system, drainage
system, roadside trees, etc. However, the city lacks comprehensive assessment and mon-
itoring; and a systemic understanding of vulnerability and resilience is needed for future
decision-making and priority identification.

3.3.2. Public awareness and education

Communicating the risks effectively with the community and individuals is essential
for better preparing the extreme weather event and disasters. In New Haven, the public
is actively involved in the hazard mitigation plan and outreach activities, which contrib-
ute to public awareness and education for flood hazard risk and climate adaptation, also
connect hazard mitigation planning to other community planning efforts. But the survey
shows that more than 40 percent of respondents were unaware whether the property they
owned is located in a floodplain, and more than 50 percent of respondents reported hav-
ing little or no knowledge of the national flood insurance program. Thus, Broader public
awareness, education, and preparedness are needed in the future.

3.3.3. Stakeholder engagement and interdisciplinary collaboration

Stakeholder participation is critical to move from experiential learning to social learn-
ing and build resilience to disasters in a changing climate [33,34]. New Haven made a
concerted effort to include as many stakeholders and various planning team meetings as
they could reach throughout the plan development process. For example, the hazard mit-
igation activities and planning process involved neighboring communities, local and re-
gional agencies that have the authority to regulate development, and other interests.

3.3.4. Regulations and policies

The federal and local governments have the responsibility to manage coastal hazards
and help people to recover from a disaster and better cope with future risks [35]. govern-
mental regulation and policy involve construction standards, development specifications,
natural resource protection guidelines, and economic support, etc. New Haven adopted
FEMA floodplain development regulations, flood building codes, Inland, Wetland and
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Water Courses regulations, floodplain resources protection regulations, and national
flood insurance program. But with sea level rise, some coastal lands will not be suitable
for habitation and business; the corresponding relocation and land acquisition or buyout
policies are needed in future plans.

3.5. Radar chart analysis
3.5.1. Strengths and weaknesses of resilience indicators' performance

The radar chart of the 25 resilience elements (Figure 3) reveals which factors are well
performed or prepared for flood hazards and which are not adequate or in low capacity.
For New Haven, social vulnerability, living shoreline, drainage system, and climate ad-
aptation investment are in great need of improvement; in respect to basic livelihood, reg-
ulation and policy, stakeholder engagement and interdisciplinary collaboration, the city
performs well and has the determination to keep the social-ecological system sustainable
and resilient. The discrepancy between vision and reality still needs more actions to fill
the gap.
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Public awareness Energy supply
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appropriate development B Capacity of shelters

Climate adaptation investment © Critical facilities

Diversified industries Living shoreline

Sustainable industries Green infrastructure

Social vulnerability \ » Natural resources
Institutions for emergency Housing flood insurance

—0—2017 —e—Planned

Figure 3. Radar chart of the performance of 25 resilience elements with a comparison between 2017
situation and the planned scenario.

3.5.2. Monitoring the coastal resilience change

This quantitative framework of coastal resilience assessment provides a systemic and
comparable method to observe a region's capability to respond to coastal hazards and set
a benchmark to monitor coastal resilience change. Figure 4 is created to examine the resil-
ience scores of three dimensions and the score comparison between the 2017 and 2025
plan. In respect to physical-environmental resilience, the water supply and sanitation sys-
tems, energy supply systems, and shelters have a good performance and capacity. In con-
trast, the coastal natural system, drainage system, critical facilities, and coastal buildings
cannot fully cope with flood hazards or meet safety requirements and need to continu-
ously adapt to the changing situation. The social-economic and institutional resilience also
see score increases of planned scenarios compared with the current situation. Thus, the
framework may be used to monitor the indicators' performance change and be reassessed
periodically, which provides feedback on mitigation or adaptation actions.
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Figure 4. Radar chart of the performance of three dimensions of coastal resilience: (a) physical-environmental resilience score;
(b) social-economic resilience score; (c) institutional resilience score.

3.5.3. Prioritizing coastal resilience enhancement projects

The purpose of coastal resilience assessment also lies in prioritizing future actions or
projects to enhance the capability to cope with natural hazards and adapt to changing
climate. The scores support ensuring that the proposed projects are comprehensive in ad-
dressing the systematic needs for resilience, rather than only focusing on the easier ones
or the most visible to accomplish. For New Haven, more investment may be considered
to put in the living shoreline, green infrastructure, and critical facilities construction; the
economic incentives should be guided to encourage appropriate development that em-
bodies climate adaptation and sustainable development goals in coastal vacant areas; pub-
lic participatory and education should be promoted to raise broader awareness of climate
change and its impacts, and to explore creative adaptation actions.

3.6. Aggregated resilience quality scoring

The 25 resilience indicators were assessed with a quality description shown in Table
2. The overall quality of robustness, resourcefulness, redundancy, and rapidity was con-
tributed by 11, 7, 4, and 3 indicators, respectively. Figure 5 suggests a way to summarize
and communicate the resilience quality scores using a five-level color scale to show the
aggregated values. We can see that the current physical and environmental resilience
quality scores are relatively low, especially the robustness and redundancy; and the ro-
bustness and resourcefulness of social-economic resilience are relatively low as well.
However, the resourcefulness of physical resilience and the rapidity of institutional reli-
ance have high scores which indicate the strengths of these aspects in coping with coastal
hazards. According to the hazard mitigation plan and the city's master plan, if actions
would be taken appropriately, the scores may be improved at all levels, as shown in Fig-
ure 4.

2017 Robustness | Redundancy | Resourceful ‘Rapidity

Physical and environmental

Social and economic

Institutional

Performance Scores

Planned Robustness | Redundancy | Resourceful | Rapidity 4.5-5
Physical and environmental 4-4.49
Social and economic 3.5-3.99
Institutional <3.5

Figure 5. Aggregated scores for New Haven flood resilience qualities

4. Discussion

The quantitative coastal resilience assessment measures are flexible to be scaled up
to regional resilience evaluation or scaled down to a community or specific disaster resil-
ience assessment other than extreme storm events and flood hazards. Some indicators
mentioned above can be broken down into subdivided indicators to reflect detailed factors
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and their performance. For example, the indicator of ecosystem and natural resources can
be decomposed into the detailed indicators of riparian buffer protection, greenway corri-
dor, inland wetlands and tidal marshes, and urban green space, etc.; social vulnerability
index can be broken into health insurance, population below poverty, unemployed pop-
ulation, household without vehicle, etc.; regulation and policy can be divided into flood-
plain regulation and building codes, local flood hazard management policies, land acqui-
sition and buyout policy, land use and zoning, planning tools, etc.

However, involving too many detailed indicators has the flaw of creating redun-
dancy; although redundancy can be offset by weighting, this may complicate the process
of scoring. It is crucial to balance detail and generalization of the indicator system. The 25
elements proposed in this study were independent of each other and generalized to cover
the major aspects of coastal resilience.

5. Conclusion

The social-ecological system is a highly complicated human-nature interactive sys-
tem that is similar to the ecological system. According to the capacities of ecological resil-
ience: to absorb disturbances, self-organization, and learning and adaptation, the social-
ecological resilience has the similar abilities to undergo the system change and sustain
itself, self-organize, and build the capacity to learn and adapt. But the human system has
a preeminent capability to be proactive to changes or disturbance through monitoring,
warning, preparedness, and the comprehensive decision-making system. The proactive
planning process is different from learning and adapting after the events, but to prepare
and comprehensively respond to the possible events or impacts with embracing uncer-
tainty, which is the process of enhancing the resilience to the uncertainty.

The assessment framework proposed by this study combined hazard mitigation
measures, climate adaptation strategies, and sustainable development goals to provide a
practical methodology for resilience measurement and monitoring. The framework covers
the dimensions of physical, environmental, social, economic, and institutional aspects and
the critical factors that effect on resilience. It provides a system perspective to see how
well the city copes with potential problems and what aspects can be improved to enhance
the ability to respond to coastal hazards and disasters.

In the New Haven case, the problems of the densely populated low-lying urban area,
artificially filled coastal industrial districts, lack of green space and natural shoreline
buffer, and high social vulnerability make the city extremely vulnerable to coastal storm
and flooding hazards. The resilience assessment examined the capacity of the city to cope
with these problems and found that it has the strengths of sound basic livelihood protec-
tion, well-maintained infrastructure, well-prepared emergency facilities, as well as the
floodplain management regulations and adaptation planning, etc.; while the city also
faces the weakness of social-economic disadvantages, limited climate adaptation invest-
ment, and other issues. The assessment framework provides a comprehensive under-
standing of the current situation and supports prioritizing the actions and projects that
are most needed; it is performing as a practical monitoring tool and decision-making sup-
port system.
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