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ABSTRACT

With increasing investment in infrastructure to address flooding, including green and grey solu-
tions, there are challenges in selecting the type and location of infrastructure. This paper proposes
a method to prioritize locations for stormwater infrastructure. Compared to prior work, it considers
both green and grey infrastructure and enables detailed spatial analysis of a community. It uses
quantitative measures and includes the multiple potential benefits of green versus grey infra-
structure. The method is applied to the coastal county of Chatham County, GA, USA. Results show
how the methodology is used to select green or grey infrastructure solutions and highlight
locations that should be prioritized for infrastructure investment. Analyses accounting for uncer-
tainties in future climate projections and population estimates are also conducted. The method
includes local community characteristics, results in clear placement locations, and with decision-
maker input, enables solutions to be adapted as stakeholder priorities evolve to increase commu-
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nity flood resilience.

1. Introduction

Climate change is leading to increased flooding in many
areas around the globe. With increased global tempera-
tures, sea levels are rising and there are more frequent
storms with increasing water temperatures (Kundzewicz
et al., 2014). In the United States, the eastern shore in
particular faces increased flooding due to its low topo-
graphy and the prevalent location of tropical storms
(Ghanbari et al., 2021). This increased flooding has
resulted in significant degradation, damage, and
destruction of structures and infrastructure during pre-
vious storm events (Brody et al., 2011). Increasing com-
munity resilience to flooding requires increased
investment in flood protection infrastructure to address
flooding and climate effects (Johansen et al., 2017).
Stormwater infrastructure in particular has been identi-
fied as being in poor condition across the country and
being in need of significant additional investment,
receiving a grade of D from the American Society of
Civil Engineers in its 2021 Infrastructure Report Card
Stormwater, 2021). Combining the continued degrada-
tion of existing stormwater infrastructure, the increase
in the extent of impervious surfaces in communities,
and the effects of climate change, many existing systems
are operating in conditions exceeding their design capa-
cities. Additional infrastructure solutions need to be
implemented to increase community flood resilience.

However, there are challenges in selecting what type of
solution to implement, and where to build new infra-
structure, particularly in accounting for the complex-
ities of factors across a community and considering the
multiple potential benefits of varying infrastructure
solutions.

To address more frequent flooding, communities are
investing in one or two types of infrastructure: grey or
green. The focus of this work is on stormwater infra-
structure located among community populations, rather
than coastal projects such as building seawalls, oyster
reefs, or mangrove forests. Grey infrastructure includes
traditional hard-scaped structures that are typically
made of concrete and metal such as pipes, storm drains,
and culverts (Martinez et al., 2021). They are designed
to withstand extreme flooding scenarios and limit the
extent of flooding in a community by protecting as
many structures and people as possible. However, in
addition to being associated with higher emissions,
they are limited in the additional environmental, public
health, and social benefits they can provide (De Sousa
et al., 2012). Green infrastructure, sometimes known as
low-impact development, are solutions that are more
nature-based such as bioswales, green roofs, rain gar-
dens, and retention ponds (Shafique & Kim, 2017). They
are designed to slow down the effect of flooding rather
than keep water out entirely, which either is enough to
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allow environmental systems to then perform their nat-
ural flood protective functions (e.g., retaining and filter-
ing water) or gives community members time to
evacuate. Green infrastructure can include a variety of
benefits outside of flood protection including improving
air quality, protecting natural habitats, and providing
communities spaces to gather (Vineyard et al., 2015).
However, these solutions tend to have higher total costs
(initial investment, and maintenance and operation
costs) than grey infrastructure solutions, and would
not be selected under a cost-benefit analysis compared
to grey infrastructure if only considering the benefit of
flood reduction (Alves et al., 2019). Therefore, it is
important to consider multiple factors when making
an infrastructure investment decision and place infra-
structure solutions where they are most needed (Garcia-
Cuerva et al., 2018).

Further, the solution for locating infrastructure must
be adaptable to community priorities that may change
over time. This work provides a way to input new
variables of interest to a community, input new weight-
ings of those variables, and change the scope of infra-
structure solutions based on changing community
priorities. For example, infrastructure solutions may
need to change if and when public opinion changes
such as shifting to prioritizing green infrastructure or
populations wanting different features of a design.
These changes can be incorporated into the proposed
approach by varying the weighting of variables in the
analysis such as weighting the benefits of green infra-
structure more, or by including additional or replace-
ment variables to capture new features of importance
for a design. In addition, there is uncertainty present
when planning for the future of communities. This work
explores whether designs can be adaptable by analyzing
uncertainties in the benefits and changing the suggested
solutions. Designs after locations are selected can adapt
to change by being over-designed (e.g., considering
a higher level of future sea level rise) and setting aside
funds for updating throughout or at the end of their
design life.

An additional important consideration in locating
flood mitigation infrastructure in a community is the
characteristics and vulnerabilities of the populations
impacted. Investing in infrastructure needs to be done
with not only sustainability and resilience but also
equity, in mind (Tien, 2022). Marginalized commu-
nities, ones that are lower income, and are often com-
posed of Black and Indigenous people of color, BIPOC,
disproportionately face the brunt of climate change and
increased flood risk. A marginalized community’s abil-
ity to be resilient to disasters can be diminished by
poverty, lack of access to transportation, and crowded

housing. These neighborhoods are often built in lower-
lying, more flood-prone areas, making their homes and
neighborhoods the most at risk (Sterzel et al., 2020).
Structures associated with grey infrastructure solutions
have historically been placed in marginalized commu-
nities (Garcia-Cuerva et al., 2018). Though they are
designed to prevent flooding, they can decrease com-
munity quality of life by partitioning off sections of the
neighborhood with hardscape and can worsen air qual-
ity during construction. To attempt to make margin-
alized communities more resilient, there has been
increased recent interest in other types of infrastructure
such as green infrastructure solutions. Socially vulner-
able populations are also particularly exposed during
flooding events. Children and the elderly, for example,
often need assistance to transport themselves to safety
and rely on other people for financial support, weaken-
ing their ability to reduce human suffering and financial
loss in a disaster (CDC/ATSDR SVI Fact Sheet | Place
and Health | ATSDR, 2021). However, due to the sys-
temic issues impacting health and resource availability
in marginalized communities, the additional benefits of
green infrastructure can be particularly impactful in
these neighborhoods, i.e., to combat reduced social
and environmental services compared with advantaged
communities (Garcia-Cuerva et al., 2018), while both
green and grey infrastructure solutions can benefit
socially vulnerable populations in terms of increasing
flood protection. Therefore, flood infrastructure invest-
ments need to be made, especially in marginalized com-
munities, considering varying community factors to
ensure they are addressing community needs and can
withstand the impacts of continued climate change.
Deciding where to invest in green and grey infra-
structure across a flood-prone community and finding
the threshold between either investment at a particular
location is not well understood. This paper proposes
a method to prioritize locations for flood infrastructure
solutions. Compared to prior work, it considers both
green and grey infrastructure solutions and analyzes the
community in its entirety, rather than one site at a time.
The method is based on a spatial mapping approach and
includes multiple factors across a community and the
multiple potential benefits of green versus grey infra-
structure solutions. In addition, it includes decision-
maker input to provide communities with a pathway
to decide on where to place new infrastructure including
specific local community characteristics and based on
where stakeholder priorities lie. The method results in
clear prioritized locations and enables the solution loca-
tions to be adapted as community and decision-maker
priorities evolve. The method is applied to analyze loca-
tions in Chatham County, GA, a community subject to



flooding on the eastern shore of the United States, where
the research team is collaborating with local officials on
solutions to mitigate flood risk. Results show how the
method can be used to support decision-making in
locating green and grey infrastructure solutions to
increase community flood resilience.

The rest of the paper is organized as follows. The
following section provides background and describes
related previous work in flood infrastructure decision-
making. The next section describes the proposed spatial
mapping method, including the varying infrastructure
benefits considered and corresponding variables
included in the analysis, the creation of spatial indices,
and the mapping implementation used to generate
results. The proposed methodology is applied to analyze
locations in Chatham County, GA. The study area is
described, and results are presented, including weighted
and unweighted maps based on stakeholder preferences
and priorities. Analyses accounting for uncertainty in
future climate projections and uncertainty in commu-
nity population estimates are also conducted. Results
show how the methodology can be used to select green
or grey stormwater infrastructure solutions, and to
highlight the locations that should be prioritized for
future infrastructure investment, after additional site
analysis is performed, based on quantitative spatial
indicators.

2. Background and Related Work

Previous research in flood mitigation decision-making
includes conducting cost-benefit analyses (Alves et al.,
2019; Alves et al., 2020; Vojinovic et al., 2017) exploring
the benefits needed from an infrastructure solution to
warrant the cost. Comparing grey and green flood miti-
gation solutions using these analyses is complex and can
be misleading given the difficulty in capturing, quanti-
fying, and weighing the potential benefits of green infra-
structure versus the likely lower initial costs of grey
infrastructure. What these studies have shown is the
importance of considering multiple benefits and objec-
tives in making flood infrastructure decisions. For
example, if not just flood reduction benefits are consid-
ered, green infrastructure and combinations of green
and grey infrastructure become more competitive
under a cost-benefit analysis compared with grey infra-
structure options (Alves et al., 2019). Also, if combined
green and grey infrastructure designs are used, their
total benefits can exceed their costs (Dong et al., 2017;
Alves et al., 2020). However, these previous studies on
combinations of green and grey infrastructure solutions
have been based in China and the Netherlands. In com-
parison, the approach and historical development of
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flood risk management in the United States are differ-
ent. Additional factors, particularly related to commu-
nity factors and population social vulnerability
measures, need to be taken into account when consider-
ing increasing flood resilience in U.S. communities.

Other studies on flood mitigation decision-making
implement different multi-criteria decision analyses
(Young et al.,, 2009; Boroushaki & Malczewski, 2010;
Zagonari & Rossi, 2013; Ghanbarpour et al., 2013;
Alves et al., 2018a; Ruangpan et al., 2021). The multi-
criteria decision analyses include multiple variables
indicative of the benefits of an infrastructure design
and ranks them to form a score for each design, select-
ing the winning infrastructure solution based on the
highest score. However, in several of these studies,
there is no consideration of the differences in the poten-
tial benefits of green versus grey infrastructure
(Boroushaki & Malczewski, 2010; Zagonari & Rossi,
2013; Ghanbarpour et al., 2013), while previous work
has found the importance of considering the multiple
co-benefits of green infrastructure (Alves et al., 2019). In
addition, many of these studies do not provide a spatial
analysis to be able to prioritize or select locations for
placing infrastructure solutions (Young et al., 2009;
Alves et al., 2018a; Ruangpan et al., 2021). Those that
consider some spatial analysis in the work include
(Boroushaki & Malczewski, 2010), which selects for
a location. However, the location is not tied to
a specific solution, as is done in this work, which selects
specific locations for green or grey infrastructure and
gives the services and benefits that should be empha-
sized at a specific selected location. In fact, the results of
this work and implementing the proposed method show
that it is essential to consider both the infrastructure
solution type and potential locations together as the
prioritized locations will change based on community
priorities and the types of infrastructure considered.
(Zagonari & Rossi, 2013) recognizes that maps can be
useful for communication with community stake-
holders but does not provide any mapping-based results
as an outcome of the work. (Ghanbarpour et al., 2013)
maps inundation over an area but not the locations of
potential infrastructure solutions.

Multi-criteria decision analysis requires assigning
rankings to different criteria of relevance to the pro-
blem. Previous studies using this approach are often
based on results from a community survey among pub-
lic officials to obtain different rankings of the benefits
that are the most important to them (Ruangpan et al,,
2021; Alves et al., 2020). Results from these surveys
often reveal inherent biases among government officials,
which has been attributed to officials taking a preference
towards issues they know the most about (Nguyen et al.,
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2019). Some have tried combating this by considering
and weighing the knowledge of different government
officials based on their expertise (Zagonari & Rossi,
2013). In this work, the authors include the ability to
include decision-maker preferences, including prefer-
ences for addressing issues surrounding their knowl-
edge base. Implementing the proposed method shows
how the results differ based on particular preferences.
We also combine preferences across stakeholders to
minimize the impact of potential individual biases on
the results. Overall, multi-criterion decision analysis has
the issue of combining different weights into a single
metric and can lead to an incomplete picture of what
a community needs and is only one step in the process
of deciding on a flood mitigation design. In addition,
there is the need to be able to determine where a given
identified infrastructure solution should be located.
While in this work, the authors include the ability to
include prioritizations from municipal officials in the
selection of infrastructure location solutions, the
method integrates decision-maker priorities with
a spatial mapping approach to obtain solution locations,
whereas previous works considering stakeholder prefer-
ences do not analyze a community spatially. The
method provides index values plotted spatially for
green and grey infrastructure solutions along with the
different types of benefits to enable community leaders
to visualize the basis of the location prioritizations and
allow them to adapt to varying community priorities
before making a final decision.

Previous spatial analysis-based studies have been
conducted to determine potential sites for locating
flood mitigation infrastructure and the best locations
are given available funding. These include detailed ana-
lyses of individual sites for the suitability of infrastruc-
ture. It is well understood in the literature that green
and grey infrastructure solutions can work well in com-
bination in a community, but few studies include more
detailed approaches in specifically selecting locations
that consider both green and grey infrastructure (Alves
et al., 2018b; Daxikar et al., 2012). These previous stu-
dies fail to consider green and grey infrastructure
together in a location-based approach, which is neces-
sary to comprehensively assess potential infrastructure
locations to mitigate flood risk in a community.
A holistic framework supported by spatial data is
needed to support decision-makers in ranking and
prioritizing grey and green infrastructure flood mitiga-
tion locations. This work presents such a framework. It
can be customized for a given community and allows
decision-makers to consider and visualize results along
multiple dimensions. Providing multiple scenarios,
including a large set of possible benefits for green and

grey infrastructure, enables communities to compre-
hensively assess the potential benefits of varying infra-
structure solutions in their analyses.

3. Methods

The proposed spatial mapping method considers multi-
ple variables for both green and grey infrastructure to
account for the range of benefits provided by these
infrastructure solutions. These variables and benefits
are then converted into spatial indices to allow compar-
ison across variables. The values can be weighted based
on decision-maker priorities. The resulting values are
implemented through spatial mapping to enable analy-
sis and visualization of the results across a community.
The results highlight the locations that should be prior-
itized based on the defined variables and associated
values for each potential location. The overall goal is
to build a spatial mapping approach that accounts for
the multiple potential benefits of varying infrastructure
solutions in prioritizing locations for green or grey
infrastructure investments to increase community
flood resilience.

3.1. Defining Variables and Infrastructure Benefits

The variables used in the analysis are selected based on
the literature and the varying potential benefits of green
and grey infrastructure. Green infrastructure in particu-
lar has been identified to provide several benefits to the
community in addition to managing flood waters (Li
et al,, 2020). One of the goals of the proposed approach
is to be able to systematically and quantitatively include
these co-benefits in the analysis. In previous work, these
benefits have been broken down into three (Alves et al.,
2018b) or four (Miller & Montalto, 2019) categories.
The categories used in this study are based on the
services the infrastructure provides, defined as regulat-
ing services, provisioning services, supporting services,
and cultural services (Miller & Montalto, 2019).
Variables are defined from the benefits within each of
these service categories with additional consideration
for the available data across a community. The variables
used in this study are based on community leader prio-
rities and the availability of data to analyze locations
across Chatham County, GA.

The variables used in this analysis were found
through a literature review of previous studies on
green and grey infrastructure, including prior spatial
analyses and multi-criteria decision analyses, and
a consideration of the purposes and benefits of both
infrastructure types. The variables associated with grey
infrastructure benefits focus on helping as many people



as possible, including socially vulnerable populations,
while green infrastructure variables also include the
additional social and environmental benefits of green
infrastructure solutions that can be particularly impor-
tant for marginalized communities. With a main pur-
pose of flood reduction, three benefits are included for
both green and grey infrastructure: reducing floods in
high risk areas (Li et al., 2020), reducing predicted
future flooding (Li et al., 2020), and reducing flooding
in areas currently experiencing flooding (Daxikar et al.,
2012). Additionally, with the goal of protecting critical
infrastructure assets and benefitting the most people in
a community particularly socially vulnerable popula-
tions, three more benefits are included for both green
and grey infrastructure: protecting critical infrastruc-
ture (Li et al., 2020), supporting socially vulnerable
populations (Li et al., 2020), and protecting the highest
number of people possible. With the additional social
and environmental benefits of green infrastructure as
identified in the literature, these are included as green
infrastructure benefits: air quality improvement, clean
water access, food access, habitat protection, improving
access to green spaces, and creating educational spaces
(Alves et al., 2018b; Alves et al., 2019). The defined set of
variables can be augmented or modified based on com-
munity priorities and data availability. As long as the
variables can be converted into a spatial metric, e.g., the
locations of specific facilities or assets such as power
plants or grocery stores and census tract data that
matches populations with specific geographic areas,
the method is flexible to accommodate changes to the
variables used in the analysis.

Some variables are represented as geographic points
or polygons within the space of the study area, and other
variables are indicated by zones that comprise different
parts of the entire study area. For points or polygons, to
prioritize an infrastructure solution location, a distance
analysis is conducted (in this case using Euclidean dis-
tance), and depending on the variable, being close or far
from the point or polygon is prioritized for locating new
infrastructure. As an example, for green infrastructure,
to have the benefit of improving air quality, being close
to the green infrastructure solution location is preferred.
For zones, zones are converted to raster data giving
a value for each geographic cell in the study area, and
the zones for which green or grey infrastructure would
have a greater benefit are prioritized for locating new
infrastructure. For example, higher risk flood zones are
prioritized compared to lower priority lower risk flood
zones. Other benefits such as livability enhancement
that cannot be addressed spatially are not included in
this spatial analysis. The resolution of the spatial analy-
sis is defined by the size of the individual geographic
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cells covering the study area that is considered for infra-
structure locations. Selection of cell size is discussed
later in this paper as part of the mapping implementa-
tion. Each of the infrastructure benefits included in the
analysis, their corresponding defined variables as part of
four service categories (regulating, provisioning, sup-
porting, and cultural), and the data sources used to
define each of the variables are further described in the
following.

3.2. Regulating Services

Regulating services helps maintain the environment for
human life. The benefits in this category include aiding
high flood volume areas, protecting flood-sensitive area
road infrastructure and buildings, improving air quality,
reducing hurricane damage, ensuring access to emer-
gency routes, evacuation zone prioritizing, and relieving
over-capacity storm drains. For this work, based on data
available in the community, the benefits included in the
analysis are flood reduction, predicting future flooding,
considering Letter of Map Change (LOMC) parcels, air
quality improvement, and protecting critical infrastruc-
ture. The variables addressing each of these benefits are
outlined in Table 1. For each of the variables, the prior-
ity for that variable in selecting a location is indicated.
For example, the table shows if higher risk locations are
prioritized; or, for proximity-based variables, whether it
is desired to be close or far for a potential infrastructure
solution location. Applicability of the variable to green,
grey, or both green and grey infrastructure is also given.

For the variables used as part of regulating services,
flood reduction at a location is measured based on flood
risk and flood zone, with higher risk areas prioritized.
The amount of sea-level rise considered in the analysis
of the benefit of reducing predicted future flooding
ranges from 0.3 m to 1.2 m by 2100 based on projections
(Sweet et al., 2017). To address the uncertainty in this
range of possible scenarios, separate analyses are con-
ducted considering the areas projected to be inundated
under the 0.3 m and 1.2 m scenarios. The results provide
bounds on the impacts of flooding under the uncer-
tainty of potential future climate outcomes. For this
variable, it is desired for future flood mitigation infra-
structure to be located close to these locations antici-
pated to be flooded. Letter of Map Change (LOMC)
areas are places where residents have successfully peti-
tioned the city for their homes to be marked at a lower
flood risk to reduce insurance rates. These have pre-
viously been included as a stormwater infrastructure
indicator (Daxikar et al., 2012), and are also included
in this analysis as an indicator of actual local flooding
conditions compared to generally designated flood
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Table 1. Benefit categories, corresponding variables and data sources, applicability to green or grey infrastructure, and location
priorities indicating whether being within a high or low risk zone or being close or far from the variable’s spatial locations is prioritized

for an infrastructure solution.

Green, Grey, Location
Category or Both? Benefit Variable Priority
Regulating Both Flood reduction (Li et al., 2020) Flood Zones ("Chatham County Flood Zones” 2018, n.d.) Higher risk
Services  Both Reducing predicted future flooding (Li et al., NOAA Coastal Flood Models (Georgia’s Sea Level Rise — Sea Level Close
2020) Rise, n.d.)
Both Considering the location of Letter of Map LOMC Zones (SAGIS, n.d.) Far
Change (LOMC) Parcels (Daxikar et al.,
2012)
Green Air quality improvement (Alves et al., 2019)  Proximity to industry, Future Land Use Map (SAGIS, n.d.) Close
Both Protecting critical infrastructure (Li et al., Locations of hospitals, power facilities, etc. Close
2020)
Provisioning  Green Clean water access (Alves et al., 2018b) Groundwater pollution (SAGIS, n.d.) Higher risk
Services Green Food access (Alves et al., 2018b) Proximity to grocery stores (SAGIS, n.d.) Far
Green Proximity to community gardens (SAGIS, n.d.) Far
Supporting  Green Habitat protection (Alves et al., 2018b) Habitat Global Status (GCAMP, n.d.) Close
Services
Cultural Both Supporting socially vulnerable populations (Li Social Vulnerability Index (SVI) 2018 (CDC/ATSDR SVI Data and ~ Higher
Services et al,, 2020) Documentation Download | Place and Health | ATSDR, 2021)
Both Protecting the highest number of people American Community Survey population Higher
possible
Green Improving access to green spaces (Alves et al., Proximity to parks (SAGIS, n.d.) Far
2018b)
Green Creating educational spaces Proximity to schools (SAGIS, n.d.) Close

zones. Data on this variable and other site location
variables are provided by Savannah Area Geographic
Information System (SAGIS). Air quality improvement
is measured based on proximity to industry, where it is
desired to be close to these locations to improve air
quality in the community. Protecting critical infrastruc-
ture is measured based on proximity to critical commu-
nity facilities, including hospitals, police stations, power
facilities, and schools.

3.3. Provisioning Services

Provisioning services supply goods for human survival.
Benefits in the analysis that fall into this category are
clean water and access to food. Clean water access is
measured by prioritizing locations more at risk of
groundwater pollution. With data on locations of exist-
ing grocery stores and community gardens, locations far
from these sites are prioritized for locating infrastruc-
ture to address the benefit of food access as green infra-
structure solutions can include community gardens to
reduce food insecurity in those areas.

3.4. Supporting Services

Supporting services focus on habitats that ensure wild
plants and animals have needed spaces to survive and
reproduce. Specific services in this category depend on
local characteristics, such as what plants and animals are
local and at risk due to a growing human population.
Eliminating the green space that these species live in

reduces pervious surfaces which can lead to more flood-
ing. To account for supporting services in the analysis,
areas that are current conservation zones are removed.
Areas that are habitat areas and not designated for
conservation are included as a benefit. Data for this
variable is based on the Habitat Global Status indicated
by NatureServe and implemented for the coast of
Georgia by the Georgia Coastal and Marine Planner
(GCAMP).

3.5. Cultural Services

Cultural services include anything else that is non-
material and benefits human populations. The benefits
in this category include aiding socially vulnerable com-
munities; improving access to green space; creating an
educational space for schools; and addressing other
historic issues such as the mitigating risk for historically
marginalized populations that are disproportionally
experiencing the negative impacts of climate change.
The benefits included in this analysis are supporting
socially vulnerable populations, protecting the highest
number of people possible, improving access to green
spaces, and creating educational spaces for schools.
Several different indices have been developed to
represent social vulnerability. The index used in this
analysis is the Social Vulnerability Index (SVI) (CDC/
ATSDR Social Vulnerability Index (SVI), 2022) which is
designed as an indicator of how vulnerable the popula-
tion in an area is to disaster. The SVI has been calculated
for every county in the U.S., supporting this work and



its extension to other communities by being available
and able to be applied to different locations subject to
flood risk across the country. The SVI includes several
criteria such as age risk, as children and elderly, tend to
need extra aid in the event of a disaster; and wealth and
race risk, as poorer and BIPOC populations have his-
torically had a more difficult time obtaining government
relief after a disaster. These criteria are particularly
relevant to flood resilience as indicators of population
vulnerability during the response to a disaster, and for
community recovery after a flooding event. Locations
with populations with higher social vulnerability are
prioritized in the methodology. The SVI uses data
from the American Community Survey (ACS).
Population counts from the ACS are included in the
analysis to prioritize locations serving more people. The
ACS rather than Census data is used for consistency
with the SVI. Due to the uncertainty in estimating
populations, ACS population values are published with
an error margin calculated based on a 90% confidence
interval. Analyses accounting for this uncertainty in
population estimates are conducted later in this work.
Considering the locations of existing green spaces, loca-
tions far from parks are prioritized as green infrastruc-
ture solutions can create new green spaces. Locations
close to schools are prioritized to create educational
opportunities.

3.6. Creating Spatial Indices

To analyze the range of potential infrastructure benefits
spatially, each variable is converted to a spatial index for
consistent analysis and comparison. The community
area for analysis is divided into individual cells. Each
cell represents a potential flood infrastructure solution
location. With the varying units of all variables consid-
ered, to reduce the impacts of outliers, and to provide
rankings and prioritizations of locations, variable values
at each location are discretized into one of 20 bins such
that the frequency of values is evenly distributed in each
bin from low to high values for each variable. Twenty
bins are chosen as a tradeoff between providing granu-
larity in the results while considering the resolution of
the data available. To be able to compare the different
locations and facilitate communication of the results
with community decision-makers, the divisions provide
a score for each cell from 1-20 for that variable. The
score indicates how well having new flood infrastructure
at that location would aid in that benefit, with a higher
score indicating a higher priority location. All scores are
combined into an index value, by summing scores
across benefits to rank the highest benefits across all
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locations in a community. The results are used to create
two types of maps: one providing which locations
should be prioritized for green, grey, or either type of
infrastructure, and another highlighting the types of
services that should be emphasized based on the specific
scores in a green infrastructure design. The latter is
particularly relevant given the range of possible green
infrastructure designs and shows the benefits that would
be most impactful for a green infrastructure solution to
address at a particular location.

The above procedure provides results based on an
equal weighting across all benefits. Likely not all the
benefits are of equal importance to a community or
decision-maker. In previous studies, e.g., (Alves et al.,
2020) and (Vojinovic et al., 2017), a survey was created
to assess stakeholders’ rankings for different benefits. To
include community decision-maker priorities in the
proposed method, the index values in the methodology
can be weighted. This accounts for the varying priorities
or preferences among decision-makers. As
a demonstration, in this work, three stakeholders from
Chatham County, GA, participated in this study, each
with varying roles in the community: one in a more
political role, one in a technical and system operation
role, and another in a combined technical and political
role.

Both weighted and unweighted results are calculated
and plotted. For the unweighted scenario, the benefits
are summed and different service types are evenly
weighted. For the weighted scenario, stakeholders are
asked via a questionnaire to rate on a scale from 1-10:
preference for green versus grey infrastructure, the
importance of each of the four service categories (reg-
ulating, provisioning, supporting, cultural), and the
importance of each potential infrastructure benefit.
These ratings are then converted into weighted indices
for each cell as shown in Equation 1 and Equation 2. I is
the weighted index value for a cell, 7 is the rating of the
service category s, ¢ is the number of service categories,
u is the unweighted variable score for a cell, w is the
rating of the variable within a service category that is
used to weight that variable score, j is the number of
variables within a service category, v is to standardize
the score to an even value if desired (in this case, v = 5,
to make variable values up to 100), gerey OF green is the
rating by infrastructure type, t is the number of infra-
structure types (in this case, t = 2, for green and grey
infrastructure), m is the rating of the variables relevant
for grey infrastructure, and k is the number of grey
infrastructure variables. Equations 1 and 2 are calcu-
lated for each cell over the community area of interest,
and Equation 1a is calculated for each service category.
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For green infrastructure, with the desire to provide
information on the specific service categories most
important for a green infrastructure solution to address,
the index value for green infrastructure consists of
a two-step process, with specific values for each service
category calculated in Equation la and then combined
into the green infrastructure index value in Equation 2.
These equations provide a straightforward way to com-
bine multiple variable values, facilitating communica-
tion of the analysis process and results with community
stakeholders. Equations 1 and 2 provide the generalized
calculation to incorporate stakeholder preferences (i.e.,
ratings between 1 and 10) to result in variable weight-
ings. Unweighted analyses use the same equations by
removing the rating variables (r;, w;, M, ggrey» and goreen)s
or by simply setting the values of these variables equal
to L.
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The result is a total index value for green or grey infra-
structure at each location in the community, and the
constituent service category index values for green
infrastructure. Comparing Ig,, and Iy, the higher
resulting index value determines whether green and/or
grey infrastructure is the best option for a certain cell. If
the values are tied, both are recommended for either
a joint design or as an option for the decision-maker.
For the areas identified as recommended locations for
green infrastructure, further analysis is conducted with
the Iirice, Values used to assess which of the services
should be emphasized in a green infrastructure design:
regulating, provisioning, supporting, and cultural. The
highest service index values indicate which services
would have the greatest impact and benefit for that
location.

3.7. Mapping Implementation

The results of this study were implemented in ArcGIS
Pro. Other mapping software can be similarly used.
A raster analysis was performed to divide the commu-
nity area into smaller area cells. A resolution of 100 m by
100 m was used as a balance between providing detail in

locations and the ability to comprehensively analyze the
community as a whole. Since this analysis focuses on
green and grey infrastructure to address stormwater
issues, undeveloped coastal marshes and conservation
zones are removed from the extent of analysis.

The resulting maps based on the index values indi-
cate where green or grey infrastructure is reccommended
and what locations should be prioritized to maximize
benefits from the infrastructure investment. Multiple
locations are recommended to provide decision-
makers with a range of possible locations. In addition,
some land may not be available for development or
suitable for certain projects. For example, not only
open lots that are available for development are
included in the analysis as some green and grey infra-
structure solutions can occupy a small space such as
a street edge. A more detailed analysis of the prioritized
locations from the results of the proposed methodology
is needed from a local stakeholder point of view to select
final infrastructure locations. In addition, the location
results are not the result of detailed hydrological ana-
lyses. The objective of this work is not to provide spe-
cific site analyses. Instead, the goal is to provide
stakeholders with prioritized locations for investment
looking across the community as a whole, and highlight
areas with the greatest benefit to increase flood resili-
ence for decision-makers to consider in development. In
the results presented in this study, the top 10% of loca-
tions by total index value are presented. This number
can be altered based on the number of options sought to
be presented to community decision-makers as prior-
itized locations for infrastructure investments.
A flowchart showing the steps of the proposed method
is shown in Figure 1. Included are the data inputs as
zones, points, or polygons; processing steps including
calculations of index values for green infrastructure,
grey infrastructure, and individual service categories;
and mapping data outputs, including rasters giving the
highest index values for green infrastructure, grey infra-
structure, or both for each cell in the study area, and
polygons highlighting the prioritized top 10% of loca-
tions and corresponding service categories for green
infrastructure.

Once the top 10% of locations have been found using
the proposed approach, each location can be analyzed
for feasibility. Feasibility considerations include land
availability at the top locations, and the specific infra-
structure solutions that fit within the infrastructure type
and/or service category. Time-dependent factors such as
rate of growth for a particular green infrastructure solu-
tion versus rate of sea level rise can also be considered at
this stage. Detailed hydrological analyses should then
also be conducted along with cost-benefit analyses -
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Points or Pol

Repeat for the
# of benefits
characterized
by points or

polygons

Reclassity into 20 equal
frequency divisions

Unweighted score for each
variable for each cell

|

Calculate index value for

Repeat for all

service category (Equation 1a)
service categories

Calculate index value for grey
infrastructure (Equation 1b)

I

Calculate index value for green
infrastructure (Equation 2)

Map highest priority solution
locations by index value
(selecting Green, Grey, or Both
by highest index value)

Map data as Rasters for highest priority
Green, Grey, or Both by cell

Figure 1. Flowchart of the proposed spatial mapping methodology.

including multiple benefits (Alves et al, 2019) - on
those limited set of solutions and locations to select
final infrastructure solutions and designs. Many of
these latter steps are already well described in the litera-
ture, and are therefore outside the scope of this work.
Instead, the authors are proposing that a spatial analysis
as described in this work be conducted as an important
first step in the planning process to maximize the ben-
efits of green and grey infrastructure projects across
multiple community factors.

Find top 10% solutions for
Green, Grey, and Both; and
find highest index value service
categories in top 10% of Green

N,

Map data as Polygons for top 10% of Green,
Grey, and Both, and corresponding service
categories for Green

In addition to supporting decisions for siting loca-
tions for current infrastructure projects, the resulting
maps from the proposed methodology can also guide
future planning. From the highlighted locations in the
maps, a community can prioritize certain areas for
future development, and work to obtain larger tracts
of land in those areas to build larger-scale projects in
the future. The results can also be adapted as variables of
interest evolve, benefits that are prioritized shift, devel-
opment occurs, or community characteristics change.
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The proposed approach is to enable these decisions to be
made based on quantitative measures and
a comprehensive assessment of the benefits of varying
flood infrastructure options to the community.

For communities that do not have extensive spatial
data, e.g., outside the United States, there are two
approaches possible. The first is to reduce the number
of variables used in the analysis based on the spatial data
that is available. While this reduces the number of
benefits that may be considered in selecting infrastruc-
ture locations, it is still an improvement upon existing
site-specific methods that do not consider a community
as a whole. The second approach if little to no spatial
data is available, and an analysis of all possible locations
across a community is not possible, is to apply the ideas
from this work in a more qualitative manner.
A community can consider the benefits that are relevant
to their population and environment, then if multiple
areas are available, select locations based on those that
are best able to provide those benefits. This process takes
a location-based approach while incorporating commu-
nity preferences and priorities. The key is to consider
multiple benefits and their locations when prioritizing
areas for flood infrastructure investment.

4, Study Location

Chatham County, GA, is a coastal county on the
Atlantic Coast of the United States. It is chosen as the
study area for this work due to the ongoing collabora-
tion of the research team with municipal officials, its
flood risk, its desire to mitigate that risk including with

a demonstration of the results of the proposed approach
combined with stakeholder input and preferences.
Being on the coast, much of the county is composed of
marshland that acts as a natural protectant of coastal
flooding, as shown as the speckled regions in Figure 2b.
With the focus on green and grey stormwater infra-
structure in this study, undeveloped coastal marsh
areas are excluded from the extent of analysis.
Chatham County has undertaken several steps to
identify and mitigate flood risk across the community.
The county has a population of 295,291 as of 2020, but
community officials predict that the population will
increase to 315,524 by 2030. To prepare for this popu-
lation increase, the community is building more hous-
ing, which poses flooding concerns for the already
frequently inundated community as it increases the
population exposed to flood hazards and as the devel-
opment would increase the number of impervious sur-
faces in the The Chatham Emergency
Management Agency has published a Hazard
Mitigation Plan including flood hazards and Future
Land Use Maps including projections of future popu-
lation and environmental scenarios ("MPC
Comprehensive Plan,” 2021). The county has also
invested in innovative smart sea level sensors that are
being used to measure flooding events and to aid in
emergency planning and response (Cobb et al., 2022).
The county has built both green and grey flood infra-
structure projects, including implementing various
green infrastructure measures across the county in
addition to their existing flood management systems.
A recent public opinion poll showed a strong commu-

area.

new technologies and approaches, and as  nity preference for green infrastructure solutions.
(a) (b)
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Figure 2. Study location of Chatham County, GA, USA: (a) Chatham County is highlighted on the coast of the state of Georgia. (b)
Outline of study area of Chatham County, excluding undeveloped coastal marshes (speckled regions).



The proposed methodology can be readily applied to
other locations and communities subject to flooding.
The study location of Chatham County is chosen in
this work for illustrative purposes. In consideration of
the generalizability of the proposed method, Chatham
County is particularly well suited for this work due to
the library of geographic information available through
the Savannah Area Geographic Information System
(SAGIS). While not all variables are necessary to con-
duct the analysis, geographic information is needed to
implement the proposed method in other locations,
particularly information of interest to stakeholders
based on community priorities. If such information is
available, the method applies to other communities and
locations to assess and prioritize locations for flood
infrastructure solutions.

5. Results
5.1. Weighted and Unweighted Maps

This section provides the resulting maps from imple-
menting the proposed methodology for Chatham
County. The three stakeholders from Chatham
County, GA, participating in the study are indicated as
Persons A, B, and C. Person A is in a more political role,
working as an urban planner with significant commu-
nity engagement. Person B is in a technical and system
operation role working in floodplain management who
is responsible for building, operating, and maintaining
current systems. Person C is a planning supervisor who
hears both political and technical perspectives through-
out their job function and works with the objective of
balancing current and future needs. First, the maps
based on the rating responses from the three stake-
holders are presented in Figures 3-5.

These are labeled as maps for Persons A, B, and
C. Included are (a) maps showing the index values for
each cell colored by selection for green (colored green),
grey (colored red), or both (colored purple) infrastruc-
ture types. The color gradient indicates the magnitude
of the index value with darker values depicting higher
index values. Also shown are (b) maps showing the
locations with the top 10% of index values. These are
the prioritized locations for flood infrastructure place-
ment that are highlighted by the proposed methodology.
The top 10% of locations for grey and both infrastruc-
ture types are shown, and for the top 10% of locations
for green infrastructure, additional indications of the
service types that should be emphasized in a green infra-
structure design are shown. The service types are shown
with varying colors, lines, and their combinations.
Supporting services are shown in green along with
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lines at 45 degrees, regulating in green along with lines
at 135 degrees, cultural in blue, and provisioning in
orange. These are shown in the legend along with their
combinations.

In these figures, the results are based on projections
of 0.3 m of sea level rise (SLR) by 2100, which is the
most likely estimate to be met or exceeded (Sweet et al.,
2017). Results for 1.2 m of SLR, the lower probability
event but higher impact scenario, are presented later in
this section. The authors analyze unweighted and
weighted scenarios to test their hypothesis that incor-
porating community official weightings is necessary to
obtain realistic results. If the results including varying
weightings are not significantly different from each
other or from the unweighted results, then the outcomes
of this study would not lead to an emphasis on the
importance of obtaining community input in the deci-
sion-making process. Otherwise, if significant differ-
ences are found, this result would motivate the need to
include in the methodology input from across commu-
nity stakeholders and potentially average preferences
across the stakeholder responses to obtain a more
balanced view of stakeholder preferences.

Comparing Figures 3-5 show how the results change
based on stakeholder and decision-maker priorities. The
resulting map for Person A (Figure 3) represents
a stakeholder preference that heavily favors green infra-
structure over grey infrastructure. This person’s job
function as an urban planner means that they usually
think in terms of longer time horizons and have fre-
quent interactions with the community. With the many
longer term benefits of green infrastructure, e.g., relat-
ing to health and education, and the community pre-
ference for green infrastructure solutions, this leads to
a strong preference for green infrastructure for Person
A. Further, supporting and regulating services are prior-
itized for these green infrastructure solutions. Figure 4
shows the results for Person B, who weighted green and
grey infrastructure equally. This person works in flood-
plain management with responsibility for building,
operating, and maintaining current systems, and selec-
tion for grey infrastructure dominates these maps. This
result is due to the fewer benefits and associated vari-
ables for grey compared to green infrastructure, consis-
tent with previous literature identifying the co-benefits
of green infrastructure. In this case, having fewer vari-
ables makes it easier to achieve a high location index
value. For green infrastructure, more benefits need to be
rated higher for green infrastructure to be selected. This
outcome supports decision-making in practice, as green
infrastructure solutions tend to be more expensive than
grey infrastructure solutions when considering initial
investments, maintenance, and operation costs, and



300 M. RECKNER AND 1. TIEN

(a)

Exley

Green Location Index, Person A, 0.3 m of SLR

CE
9

pues
e
<L
$
§
N

"~ Savannah 3
onal

Grey Location Index, Person A, 0.3 m of SLR
wildlife Refuge

LR

13

Eden

Hl
Either or Both Location Index, Person A, 0.3 m of SLR
»m

py/ron8 PIO

Fart Pula
“National

land
\
\
\
?
O =
! = Wassaw
) NC_£& 7h National
< Fort-McAllister \ wildlife Refuge
i
12 Kilometers B Esti, NASA, NGA, USGS, FEMA, Savannah Area GIS, Esri, HERE, Garmin, SafeGraph, METI/NASA, USGS,
) EPA, NPS, USDA
Exley / ,/ Green Top, Person A, 0.3 m of SLR
~ N 4, < Y, supporting
g %, j 7> 23] Regulating and Supporting
2 o, 7 e
% T /) " BN Regulating
“ ~_ savannah
2/ \ ‘National , I Grey Top, Person A, 0.3 m of SLR
Wildlife Refuge
Eden

. Either or Both Top, Person A, 0.3 m of SLR:!
— Oqtline Chatham County Study Area

a \ | Hilton
, 2 snﬂ'& Por¢ > =
WA Savann: Wentwdrth 1

J ) H\I(on:eilm\ !

N3 Bloomingdale 4, ]

e o s ;

2
Garden City

LA

Edgemere Fort Pulah
Whitem#sh ]
Island lonu
@
S
» g Wilmington Tybee Ifland
‘ : Island
2 mh}xa BIuff 2

Grove Point
Richmond Hil

Montgomery
i '8
' Brisbon -
\
) &3
4 £ o Wassaw
) CAC _<& ™ National
i S Fort-McAllister Wildlife Refuge.
7 ]
! \
\
" <
o 3 8 12:Kilometers i Esri, NASA, NGA, USGS, FEMA, Savannah Area GIS, Esri, HERE, Garmin, SafeGraph, METI/NASA, USGS,
< 7 EPA, NPS, USDA
0 A

Figure 3. Resulting map for Person A: (a) Gradient of location indices for selection of green, grey, or both infrastructure placement. (b)
The top 10% of infrastructure index locations and the service categories that should be prioritized in selecting an infrastructure
solution.
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Figure 4. Resulting map for Person B: (a) Gradient of location indices for selection of green, grey, or both infrastructure placement. (b)
The top 10% of infrastructure index locations and the service categories that should be prioritized in selecting an infrastructure
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Figure 5. Resulting map for Person C: (a) Gradient of location indices for selection of green, grey, or both infrastructure placement. (b)
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solution.



thus the community needs to prioritize these additional
benefits to motivate higher investment in green infra-
structure (Alves et al., 2019).

Figure 5 shows the results for Person C, who
represents a middle ground between Persons A and
B. In their job role as a planning supervisor, Person
C needs to balance current and future needs, and the
results align with someone who hears preferences
and opinions from both political and technical per-
spectives. Both green and grey infrastructure loca-
tions are highlighted on the resulting maps, with
a concentration of prioritized locations for grey
infrastructure near the northwest part of the county
and locations for green infrastructure distributed
across the county. In addition to the geographical

(@)
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spread for potential green infrastructure locations,
the types of services that should be prioritized in
each of these locations also vary, showing the range
of potential projects that would benefit the commu-
nity in these locations. The input from the three
stakeholders for this study represent a range of pos-
sible preferences relative to green and grey infra-
structure, and give results representing the range of
possible outcomes from the method. With this range,
the resulting maps for Persons A, B, and C vary
greatly. These differences show the importance of
considering multiple viewpoints in the decision-
making process, and motivate further analyses of
the outcomes of the methodology under an
unweighted scenario as well as using averaged ratings
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average ratings across stakeholder responses.



304 M. RECKNER AND 1. TIEN

across the stakeholder responses. Figure 6 provides
the resulting maps under these two scenarios.

Comparing Figure 6a and Figure 6b shows the sig-
nificant influence of weights on the results. Without
weighting, grey infrastructure solutions are prioritized
(Figure 6a). This result is due to the fewer benefits and
fewer corresponding variables for grey compared to
green infrastructure. With fewer variables, it is easier
to achieve a high location index value for grey infra-
structure, and more benefits need to be rated higher
for green infrastructure to be selected. If they are not,
then grey infrastructure solutions are prioritized, as
was seen in the results for Person B (Figure 5).
Accounting for stakeholder preferences and commu-
nity priorities results in a more balanced selection of
green and grey infrastructure across a community
(Figure 6b), as the higher rated preferences and prio-
rities for green infrastructure benefits lead to increased
green infrastructure selections. In addition, several
observations can be made in examining the locations
in the top 10% by index value under both scenarios.
The locations highlighted for grey infrastructure
investments using averaged stakeholder ratings
(Figure 6d) are also present in the prioritized grey
infrastructure locations in the unweighted analysis
(Figure 6¢). Several of the prioritized green infrastruc-
ture locations in Figure 6d are in the same locations as
the prioritized grey infrastructure locations in
Figure 6c, but with a green infrastructure solution
selected instead. These locations are those that should
be prioritized for flood infrastructure development,
with the selection of infrastructure type based on com-
munity member and decision-maker preferences and
priorities. Finally, the averaged rating map also
includes additional locations that the unweighted ana-
lysis did not find as significant, highlighting the possi-
bility of discovering important areas for locating flood
infrastructure based on stakeholder input that might
not otherwise have been identified.

5.2. Analyses Including Uncertainties in Climate
Projections and Population Estimates

In the decision-making process for locating and build-
ing flood infrastructure, several variables considered are
subject to uncertainty, including those related to envir-
onmental effects and population estimates. This section
presents the results of analyses accounting for these
uncertainties. Such an analysis is particularly important
given the long-range projections associated with climate
change and for these infrastructure investments that are
intended to benefit populations.

First, the results presented thus far have been
under a scenario of 0.3 m of sea level rise (SLR)
by 2100. To address the uncertainty associated with
these climate projections and assess the impact of
varying predictions of SLR on the results, the ana-
lysis was also conducted under a 1.2 m SLR sce-
nario. Figure 7 shows the resulting maps for the
unweighted and averaged stakeholder ratings ana-
lyses for 1.2 m of SLR. Combined with the results
under a 0.3 m SLR scenario, the maps provide
a range of possible outcomes for the proposed
methodology under varying climate projections in
supporting decisions to locate flood infrastructure.

Comparing the results in Figure 6 to those in
Figure 7 shows that the prioritized locations move
towards the areas bordering major waterways under
the 1.2 m SLR scenario, particularly in the northern
portion of the county. While the 0.3 m SLR results
prioritize many inland locations for flood infra-
structure investment, fewer inland locations are
selected under the 1.2 m SLR scenario. The reality
is likely to fall somewhere between these two out-
comes. The results show the importance of consid-
ering the range of possible future environmental
and climate scenarios in the selection of flood infra-
structure locations.

Another source of uncertainty in making flood
infrastructure investment decisions arises from
uncertainties in population estimates. The American
Community Survey (ACS) provides population
counts for each census tract. However, these values
are subject to uncertainty due to sampling biases (the
ACS asks detailed questions to a subset of the popu-
lation that is intended to represent the entire popu-
lation), and errors from respondents in not filling
out the survey accurately. To account for this uncer-
tainty, the ACS provides a margin of error for the
population values for each census tract, providing
the estimates of the population values within a 90%
confidence interval.

The previous results were calculated using the
mean estimated population values provided by the
ACS. To analyze the impact of population estimate
uncertainty on the results, three additional popula-
tion value scenarios were considered: the estimated
population value minus the margin of error (low
estimate), the estimated value plus the margin of
error (high estimate), and the high population esti-
mates for census tracts within the top 20% of social
vulnerability. The low estimate and high estimate
provide bounds on the results. The use of high
estimates for areas with high social vulnerability is
based on previous literature showing that
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Figure 7. Gradient of location indices for selection of green, grey, or both infrastructure placement under 1.2 m SLR (a) for an
unweighted scenario and (b) using average ratings across stakeholder responses. The top 10% of infrastructure index locations and
the service categories that should be prioritized in selecting an infrastructure solution (c) for an unweighted scenario and (d) using

average ratings across stakeholder responses.

neighborhoods with higher population vulnerability
have been historically undercounted in the Census
(Tate, 2013). While such a specific study on uncer-
tainty does not exist for ACS data, the possibility of
undercounting vulnerable populations still exists in
the ACS. Given the desire to provide increased
flood protection for historically marginalized com-
munities, it is important to investigate how the
results might differ with the population adjustment
for more vulnerable areas. Figures 8 and 9 show the
results under the three population value scenarios
for the unweighted and averaged stakeholder ratings
cases, respectively.

Despite relatively large potential errors in population
estimates, with errors up to 25% of the population value
in some cases, as seen in Figures 7 and 8, including

uncertainty in the population estimates does not have
a large impact on the results. Small changes in index
values at the decimal level were present, but there were
no differences in the resulting maps to significantly alter
a choice a decision-maker would make.

6. Conclusions

This paper presents a method to objectively and com-
prehensively compare green and grey infrastructure
flood infrastructure through a spatial analysis across
a community. These have not been previously able to
be accomplished together to the best of the authors’
knowledge. This work is achieved by accounting for
the varying benefits of green and grey infrastructure
and through a detailed analysis of quantified spatial



306 M. RECKNER AND 1. TIEN

(@) (b)

e 2L Green Location Index, Unweighted, 0.3 m SLR, Low Population N, = { Green Top, Unweighted, 0.3 m, Low Population
%, o < o, i
o, N A o 4 Service Types
Savamah e Yl svporting

" [ Provisoning and Cultural
¢ [0 provisoring
& [ cultral

ad
I Grey Top, Unweighted, 0.3 m, Low Population
B Both Top, Unweighted, 0.3 m, Low Population

- — Outline Chatham County Study Area

_,—@; <! savannsh

2P Eratharkly
™, g,

% Grey Location Index, Unweighted, 0.3 m SLR, Low Population
m:

z
Either or Both Location Index, Unweighted, 0.3 m SLR, Low Population

B o Edgemere .
e o/ Whitemarsh
Teiand o
ana 5 Wilmington Tybee iand
i Lang.
Georgetown S i

Grove Foint
Fichmond i

Wantgamery

d Brisbor

Waszaw
Naional
widlte rtuge

Wassan
Natona!
wiaite Refuge

o s e 12Kemeters - W v s e 12Kkmeters - WA

£ NASA, NG, e i ASA NG e

A, NPS,USOA 84, NP5 USOA

() (d)

7 5l ; Green Location Index, Unweighted, 0.3 m SLR, High Population P { Green Top, Unweighted, 0.3 m SLR, High Population
", u
%, - Service Types
” oo GreyZz Location Index, Unweighted, 0.3 m SLR, High Population o ppatig
Wildife Refuge . % 4 L ? Wildlife Refuge . ) Provisioning and Cultural
J [0 Provsioning
sten B Gl

B
Either or Both Location Index, Unweighted, 0.3 m SLR, High Population
mr B Grey Top, Unweighted, 0.3 m SLR, High Population

I Both Top, Unweighted, 0.3 m SLR, High Population

=
— Outline Chatham County Study Area
S . — Outline Chatham County Study Area

Whitemarsh
Tsiand

Wimington Tybee ifland
Tsland

Whe Biutt

Georgetown

Grove paint

Nontgomery

Natons!
wilte Rfuge

Wassan = %
Neiona! A
laite Refuge oremeatister

(- B 12 Kilometers. o s e 12 Kilometers
{ e ASA NG, feciaph f i NASA NGA, USGS, et i HeRE, e
B (e J 6, 1PS, USOA P i (R ] e, 0P, S0
N Exief { Green Location Index, Unweighted, 0.3 m SLR, Highly Vulnerable High Population B Green Top, Unweighted, 0.3 m SLR, Highly Vulnerable High Population

swannan [T proviionng
adonal g

it neuge

| . Grey Top, Unweighted, 0.3 m SLR, Highly Vulnerable High Population
. Both Top, Unweighted, 0.3 m SLR, Highly Vulnerable High Population
— Outline Chatham County Study Area

" Savannan  Grey Location Index, Unweighted, 0.3 m SLR, Highly Vulnerable High Population
Natonal e
wilsife Refuge

Either or Both Location Index, Unweighted, 0.3 m SLR, Highly Vulnerable High Population
m

— Outine Chatham County Stucy Area 1stand
whitemarsh
Hiand e
ana g Wiingtan Tybee 1fland
i Hiand
Gestystiny ymeant
Grave poine
ficnmand i ilcorilly
AT Nl Nationat
raremaatister widie efuge it Refuge
J
o 6 12 Kilometers W 6 12 Kiometers
i, NASA, NGA,USGS, Savannah Avea GI, st HERE,Garmi,SfeCraph, METINASA UGS, £, ; et NASA NG, U e, o METASA, UScs, E5
eeifast ] s, Usoa e 2 NS, Uspa

Figure 8. Gradient of location indices for selection of green, grey, or both infrastructure placement under 0.3 m SLR in an unweighted
analysis with (a) low population estimates, (c) high population estimates, and (e) high population estimates for more vulnerable
census tracts. Top 10% of infrastructure index locations and the service categories that should be prioritized in selecting an
infrastructure solution with (b) low population estimates, (d) high population estimates, and (f) high population estimates for more
vulnerable census tracts.



SUSTAINABLE AND RESILIENT INFRASTRUCTURE . 307

(a) (b)

Extey

Green Top, Average, 0.3 m SLR, Low Population
W supporting
Supprting s Catural

Green Location Index, Average, 0.3 m SLR, Low Population

srmp 2
e

widie®iuse  Grey Location Index, Average, 0.3 m SLR, Low Population i N 7

% EER Regitingand Suporins

N eqising

N regeing s Core

. Grey Top, Average, 0.3 m SLR, Low Population

I Either or Both Top, Average, 0.3 m SLR, Low Population

— Outline Chatham County Study Area

~ savaman
Netona
e Ftuge

1
Either or Both Location Index, Average, 0.3 m SLR, Low Population
m=

2
= Outline Chatham County Study Area

savannah

Edgemere Fort P
Wnitemtezn Nationa
s o

types tllana Wimingear, ybee ifland
iand

Georgetown: Ll R

Grove Paint

Mentgomery.

Brisbon Brisbon

, sz
o Natona!
\rarachlisier e Rafuge.

Viszzon
Nstondl
e Ftuge.

rarmcalister

saast sarast
N 12 Kilometers s, NASA, NGA, USGS, Savannah Area IS, s, HERE, Garmin,SafeGraph, MET/NASA, USGS, EPA i 12 Kilometers i s NASA, NG, USGS, FEbA, Sava i Arca G5, Ei, HERE, Ganmin, 5fcGraph, METIIASA, USG5,
Exley. < Exley =
P Green Location Index, Average, 0.3 m SLR, High Population N % Green Top, Average, 0.3 m SLR, High Population
%, - o, Service Types
i sovaman n | sauanan Yl 5o
il netvge Grey Location Index, Average, 0.3 m SLR, High Population y 179 wilife fefoge —Real 5y
by ! [ZZ22 Regutating, Su

g o Guturl
1 g

Either or Both Location Index, Average, 0.3 m SLR, High Population SN Regustng
S Regusting s Gl

. Grey Top, Average, 0.3 m SLR, High Population
B Either or Both Top, Average, 0.3 m SLR, High Population
— Outline Chatham County Study Area

I

2

— Outiine Chatham County Study Area

Savannah

Edgemere Fort
whitemesn Rotiona
Tsand o

types tliana “waten Tybee fiana
iand

Georgetown et

[ie fia i
i lchmond oy
Brishon :
, Wassan sy
\ Naond 7 Natora
ronscntsr | it retuge roracseer | e fefuse
saast :
i 12 Kiometers | i, NASA, NGA, USG, S A IS, HERE. Garin SocGiaph METYNASA, USGS, EPA R, 12 Kiometers | kS, NGA USG5, b T
s, U ' e 75 Usos
lporcnestér T (L borchestr—t———t———t L
By & exey = -
Y Green Location Inde 03mSLR, Hg Population N % Green Top, Average, 0.3 m SLR, Highly Vulnerable High Population
% me | “ Y. Service Types
L = ot Wl S
Grey Location Index, Average, 0.3 m SLR, Highly Vulnerable High Population b s Naioral 5 superton s cuta iy
. { e Retuge *
g 1 ol

P ————
[ ——

NN peguieeeg

NN gt o Comat

B Grey Top, Average, 0.3 m SLR, Highly Vulnerable High Population
. Either or Both Top, 0.3 m SLR, Highly Vulnerable High Population
= Outline Chatham County Study Area

Either o Both Location Index, Average, 0.3 m SLR, Highly Vulnerable High Population § Eden
m

“— Outline Chatham County Study Area o
Ny Bloomingda

A%

3 - Savannah

LA

Eggemere Fort
Wnitemtrzn ationa
s o

fypec thana Wimingean ybee ifland
iand

Georgetown L

[1es) Grove Point
Richmand Hi B
Nstond
e e
aeifast J Belfast

@ 3 . 12 Kiometers i i, NASA, NG, USGS, Savannah Avea G5, s HERE Garmin, SaeGraph, METINASA, USCGS, EPA. Y o 36 12 Kilometers { s NASA, INGA, USGS,FEMA, Sovaninoh Arca GIS, Ex HERE, Gtain,Sraph, METHNASA, USGS.

Ps, s e, 055, U5
Iporcestr == 0 loarcnestk — {

Figure 9. Gradient of location indices for selection of green, grey, or both infrastructure placement under 0.3 m SLR for the average
stakeholder ratings analysis with (a) low population estimates, (c) high population estimates, and (e) high population estimates for
more vulnerable census tracts. Top 10% of infrastructure index locations and the service categories that should be prioritized in
selecting an infrastructure solution with (b) low population estimates, (d) high population estimates, and (f) high population estimates
for more vulnerable census tracts.



308 M. RECKNER AND 1. TIEN

measures. Results select green, grey, or both infrastruc-
ture solutions for locations across an area, and highlight
locations that should be prioritized for flood infrastruc-
ture investment to benefit the community. The results
can be easily communicated with community stake-
holders through maps showing prioritized locations
for infrastructure, the type of infrastructure that is
recommended, and the services that should be empha-
sized in an infrastructure design at that location. The
highlighted locations are associated with specific quan-
titative index values to support the results. The method
also allows for the inclusion of stakeholder preferences
and community priorities. As the resulting selected
locations and types of infrastructure solutions vary sig-
nificantly based on individual ratings of infrastructure
benefits, averaging weights across specific stakeholder
ratings and including ratings from the broader public is
recommended to minimize the impact of individual
biases on the results.

This work is the first step in the process of designing
and creating new flood infrastructure projects. Rather
than locating flood infrastructure in an ad-hoc manner
based on subjective measures or solely according to
individual site assessments, the method provides a way
to assess a community holistically accounting for multi-
ple factors impacting community flood resilience. After
the proposed methodology is implemented, specific site
assessments should be conducted among the top prior-
itized locations to evaluate the feasibility of a project
relative to topography, soil composition, land availabil-
ity, etc. A cost-benefit analysis can also be performed to
select between projects within the desired infrastructure
type or between green or grey infrastructure projects if
either or both were recommended. The results can also
aid in the future planning of communities.
A community would have the opportunity to include
prioritized infrastructure locations in a Community
Comprehensive Plan to allow for top flood infrastruc-
ture locations to be preserved for that use in the future.

Future iterations of this work can increase the num-
ber of benefits that are considered based on data avail-
ability, community priorities, and evolving
infrastructure designs. Incorporating results from
a detailed flood model of a community would also
enhance the results. In this study, information from
flood zones, sea level rise maps, and LOMC parcels
were combined to achieve the best guess of the exact
reality of flooding in the county with the available data.
A dynamic flood model that includes climate change
parameters and other weather conditions that affect
flooding can be incorporated to lead to more accurate
flood-specific results from the methodology. Future
work of interest also includes implementing a similar

methodology to analyze large offshore flood manage-
ment solutions. This work at the same time minimizes
concern about incorporating the uncertainty in popula-
tion estimates in analyses as variations across popula-
tion estimate values did not significantly change the
resulting maps.

As communities continue to cope with the effects of
climate change, the analysis using the proposed metho-
dology can be continually rerun as community charac-
teristics and priorities change over time. The resulting
solution locations will then be adapted to the new cur-
rent state of a community and its priorities. The pro-
posed methodology offers a pathway to resilience that
accounts for the myriad factors that impact community
outcomes during and after flood events. It enables clear,
comprehensive, and quantitative results to prioritize
locations for green and grey infrastructure solutions
across a community to increase flood resilience.
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