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Introduction: As sea level rises and coastal communities simultaneously grow,
road flooding has the potential to significantly disrupt travel along road networks
and make houses, businesses, and critical facilities difficult to reach. The impacts
of tidal and storm surge flooding on roadways present challenging social and
economic considerations for all coastal jurisdictions. Maintenance, public and
private accessibility, evacuation routes, emergency services are just a few of the
common themes local governments are beginning to address for low-lying
roadways currently known to flood. Continuation of these services allows a
community to thrive, to maintain or increase its tax base, and to ensure the
safety and well-being of its citizenry.

Methods: A traditional approach to analyzing road flood overlays flooding areas
on roadways and focuses only on impacts within the actual zone of inundation.
However, road flooding can also cut-off access to non-flooded roads and
properties, closing the transportation corridor into or out of their downstream
dwelling/service areas and other areas that may be impacted. In this study, we
examined changing road inaccessibility under accelerating sea level rise for urban
and rural localities.

Results: Inaccessibility of roads and properties increased nearly twice as much as
would be suggested by the length of flooded roads. Overall vulnerability of a
locality was primarily dependent on its elevation; however, the redundancy of the
road network appears to affect the rate at which properties became inaccessible.
Areas with complex and redundant road networks-maintained access to coastal
properties longer, suggesting increased resilience in the near term.

Discussion: Road inaccessibility will impact property values and emergency
response times but understanding the connection between flooding areas and
inaccessible properties allows prioritization of road upgrades, improving overall
coastal resilience.
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1 Introduction

Sea level rise is an increasing concern for low elevation coastal communities (Allen et al.,
2021), and acceleration in the frequency and impacts of flooding is requiring that
communities have a sophisticated understanding of their vulnerability. Currently, the
impacts of storm-induced flooding on local populations, communities, and their built
infrastructure are readily observable during nor’easters, hurricanes and even king tides
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(Miller et al., 2013; Mitchell et al., 2013). Sea level rise will
significantly increase the flooding threat to low-lying roads,
residences, and critical infrastructure. The impacts of tidal and
storm surge flooding on roadways, in particular, present
challenging social and economic considerations for all coastal
jurisdictions. Road networks are critical to a society’s economic
fabric and its ability to move freely (Pregnolato et al., 2017).
Maintenance, public and private accessibility, evacuation routes,
and emergency services are just a few of the common themes local
governments are beginning to address for low-lying roadways
currently known to flood. Continuation of these services allows a
community to thrive, to maintain or increase its tax base, and to
ensure the safety and wellbeing of its citizenry.

High rates of sea level rise in Chesapeake Bay, Virginia, makes it
a natural laboratory for examining the impacts of accelerating
flooding on road networks. On average, Chesapeake Bay, Virginia
is experiencing the highest rates of relative sea level rise along the
Atlantic coast (Ezer and Corlett, 2012; Ezer, 2013; Sallenger et al.,
2012; Kopp, 2013; Boon and Mitchell, 2015). Recent rates from
around the Bay are in the range of 4–6 mm/yr and accelerating (Ezer
and Atkinson, 2014; Boon et al., 2018) exceeding the rate of recent
global sea level rise (~3.2 mm/yr Church and White, 2011; Ezer,
2013). This rate of rise has led to a noticeable increase in the
frequency and extent of flooding (Ezer and Atkinson, 2014;
Sweet and Park, 2014) and a related increase in travel delays. On
the East Coast, current levels of nuisance flooding have been

estimated to cause more than 100 million vehicle-hours of delay
annually; and are expected to cause up to 1.2 billion vehicle-hours of
delay by 2060 (Jacobs et al., 2018).

Flooding affects transportation systems through both direct
impacts and indirect impacts. Direct impacts (e.g., physical
coverage of the road) can be evaluated as road susceptibility to
flooding (or the frequency at which a road segment floods, Versini,
Gaume, and Andrieu, 2010a). Indirect impacts (including
disruption to traffic flow, business interruption, and emergency
service provision, (e.g., Suarez et al., 2005; Hammond et al.,
2015) can be evaluated as accessibility (the ease with which
people can participate in activities in or from a specific location,
Susilawati and Taylor, 2008). Indirect impacts can have high
economic costs, which are predicted to increase dramatically with
sea level rise (Fant et al., 2021). An additional indirect impact is the
implication for health and human safety, since vehicle travel through
standing water on roads is one of the primary causes of deaths in
urban areas during flooding events (Jonkman and Kelman, 2005).
Evaluating the potential for a vehicle to safely travel through flooded
areas requires consideration of depth of inundation in the
accessibility analysis.

In this study, we examine the impact that flooding has on road
and building accessibility, the rate at which inaccessibility may
increase under accelerating sea level rise, and the relationship of
those rates to the design of the road network. An analysis that
focuses only on impacts within the actual zone of inundation may
underestimate both the extent of impacted properties and the rate at
which those impacts will occur. The protocol developed for use in
this analysis also considers impacted inhabitants that may not be
within the inundation zone but will lose their transportation
corridor into or out of their “downstream” dwelling/service areas.

2 Materials and methods

For this study, we analyzed flood impacts to road accessibility for
24 localities located in the low elevation coastal plain of Virginia,
United States (Figure 1). The localities represented a spectrum of
development from highly urbanized to rural and displayed various
road network configurations. In this analysis, we chose to use
standardized increments of flooding to look at impacts rather
than selecting a particular sea level rise scenario. This allows the
results to be evaluated based on any sea level rise scenario. In
addition, it allows the consideration of a sea level rise scenario
combined with an assumed storm surge (e.g., a 0.5 m storm surge on
top of a 1.0 m sea level rise); allowing flexible use for different
management needs. Based on historic trends, coastal Virginia is
expected to see approximately 0.5 m of sea level rise by 2050 (above
MSL 1983-2001 tidal datum; Boon et al., 2018) while by 2100, Sweet
et al. (2017) projects about 2.0 m of sea level rise under their
Intermediate-high scenario.

2.1 Datasets for Network creation

Road center line data were acquired from the Open Street Map
database (OpenStreetMap, 2015). Open StreetMap data was selected
for use because it was already formatted in a way that makes network

FIGURE 1
Map of Chesapeake Bay, Virginia with low elevation coastal
localities. Blue boundaries represent the localities used in this study.
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building efficient. High resolution land use (1 m horizontal
resolution and 0.15 m vertical resolution) and light detecting and
radar (LiDAR) data was acquired from the Virginia Geographic
Information Network (data collection 2010–2018, VGIN, 2022).
Raw lidar elevation point clouds were downloaded for the localities
of interest and elevation rasters were created from them. The use of
the raw lidar data point clouds reconciled problems associated with
overpasses and bridges yielding incorrect elevation profiles from
data generated using bare earth raster data. All analyses were done
within the NAVD88 vertical datum.

Flooding impacts were considered for each 0.1 m elevation flood
intervals from 0 m NAVD88 up to an elevation of 2.0 m NAVD88.
2.0 m of flooding is analogous to the approximate high tide expected
by 2100 in Coastal Virginia due to sea level rise or a 1 m storm surge
occurring during high tide in 2050 (NOAA 2017; Intermediate High
Scenario). The use of incremental 0.1 m flood scenarios allows for
consideration of the impacts of any combination of sea level rise and
storm surge up to a total of 2.0 m elevation. Elevation rasters were
used to create flood impedance layers for each elevation interval.

The flooding impedance layers and road network were created,
and analyses run using the raster processing and network analysis
tools in ArcGIS Desktop 10.8.1 We overlaid the flood impendence
layer for the given flood elevation level, derived from the LiDAR data,
on to the road network. Then we delineated a “service area” which
indicated the roads which were accessible (i.e., access not blocked by
any flooding within which movement through the network can be
assessed). The service area indicated the roads that were not flooded at
each flood level (the “accessible” roads). This created a network
analysis layer for the locality transportation analysis.

To evaluate impacts to primary buildings, primary building
footprints were extracted from the statewide database of building
footprints (VGIN, 2022). Primary buildings were defined as those
with footprints larger than 80 m2, the threshold for which
outbuildings or secondary buildings are generally not included.
Where available, critical community infrastructure was identified
using the USGS National Structures Dataset (USGS, 2022), and
includes the categories of education, emergency response and law
enforcement, mail and shipping, health and medical, and
government and military.

2.2 Locality analysis for coastal plain

Roadways and transportation pathways assess how traffic can
move to and from a node to any point within the road network until
a barrier (i.e., a flooded road) is encountered. Nodes can represent
critical infrastructure in a community such as fire and rescue
stations, hospitals, military bases, and entrances to major arteries
or evacuation routes. For this analysis, the node (point of origin) was
always the locality seat. First, the node locations (county seats) were
imported into the network analysis layer. Then, for each flood level
(0.1 m elevation increments from 0 m to 2.0 NAVD88) the flood
area polygons were imported as a polygon barrier layer (flood
impedance layer). Finally, the network analysis was solved to
determine accessible and inaccessible roads for that flood level.
The network analysis was run regionally, to allow for the possibility
that roads may transverse multiple localities and that flooding in one
locality could affect access in another locality. Results of the network

analysis were then clipped to the locality. Inaccessibility of an area
was defined as the point at which water covered a road surface
necessary for accessing that area. The determination of
inaccessibility was based on the spatial coverage of the flooded
area and did not consider water depth.

In two localities, Hampton and Portsmouth, roads immediately
adjacent to, or on which the county seat is located, flooded at a flooding
level of less than 2.0 m. In these cases, based on our definition of
accessibility, the entire locality becomes inaccessible. These localities
were excluded from the statistical analyses because using one point of
origin to evaluate locality-wide accessibility resulted in overestimating
real-world flooding impacts for those localities.

2.3 Measures of network redundancy

We calculated redundancy indices for the localities using the
Redundancy Index tool in the Urban Analysis Toolkit (Sevtsuk, and
Mekonnen, 2012), in ArcGIS Desktop 10.8.1. We generated random
points on each locality’s street network (25 origin points, 25 destination
points) and used a “redundancy coefficient” of 3. The redundancy
coefficient defines how much longer a redundant path may be
compared to the shortest path. A value of 3 allows for the
consideration of many other paths, so allows access to a location
along even circuitous routes but may mean that the accessible path
has a much longer drive time. We did not consider drive time in our
analyses. The tool calculates an average redundancy index for each of
the origin points. We used the mean value of the average redundancy
indices from all 25 origin points for each locality.

2.4 Impact of network characteristics on
flooded vs. inaccessible

To examine the impact of road network characteristics on the
rate and extent of flooding, we selected three localities with variable
characteristics from within the coastal zone for a more detailed
analysis. Norfolk is an urban center with a highly redundant
transportation network, characterized in many parts by a gridded
system of streets. Gloucester is a predominantly rural locality with a
backbone-type road network. Mathews is a very rural locality with a
networked system of roads, that are more redundant than the
backbone-type layout, but less redundant than the urban layout.
Both Norfolk and Mathews are relatively flat localities (mean
elevation = 4 m and 3 m NAVD88, respectively), while
Gloucester has a central high area where the backbone of the
road network runs (mean elevation = 14 m NAVD88).

2.4.1 Comparison of road flooding to resulting
inaccessible areas

For each selected locality, LiDAR data was used to select road
segments which would be flooded at a given flood level. These road
lengths represent the direct impacts of flooding and indicated areas
where road improvements could be targeted to reduce flooding. In
addition, the direct (flooded roads) and indirect (inaccessible and
flooded roads) impacts of road flooding on the accessibility of
primary buildings were calculated. Critical facilities both directly
and indirectly impacted at each flood level were also enumerated.
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The flooded road length was compared to the total length of
inaccessible roads (comprised of flooded and inaccessible segments)
using a linear fit for each locality separately. Counts of buildings on
flooded and inaccessible roads across all localities and all flood levels
were compared using a one-way ANOVA [Building count by road
status (flooded/inaccessible)]. All statistics were done in JMP 10.

3 Results

In total, more than 2,844 km of roads become inaccessible at 2 m of
flooding for the 22 studied localities. Inaccessible road length increased
exponentially, with a slow increase up to 0.5 m of flooding and a steeper
increase at higher flood levels (Figure 2). When this relationship was
examined for each locality, the slope of the line beyond 0.5 m of
flooding (and consequently the length of inaccessible road miles)
was generally correlated with the amount of low elevation land (see
table 1). The most rapid increase in road inaccessibility was found in
Accomack,Mathews, andVirginia Beach. The exception to this rule was
Northampton, which has the second highest percent of low elevation
land, but relatively low length of inaccessible roads.

3.1 Network characteristics on flooded vs.
inaccessible

Road impacts, building impacts, and critical facility impacts
were all higher when road inaccessibility versus direct flooding was

considered (Figure 3). Road length flooded was strongly linearly
related to the inaccessible length in the three localities (R2 > 0.95),
however the inaccessible length was higher than the flooded length
for all flood levels (Figure 4). The slope of the regression line was
1.70, 2.08, and 2.36 for Norfolk, Gloucester, and Mathews,
respectively. The redundancy index for the three localities were
37.07, 1.51, and 0.54 for Norfolk, Gloucester, and Mathews,
respectively. This suggests a negative, non-linear relationship
between the slope of the regression line and the redundancy
index. With only three points (localities), the strength of the
relationship cannot be reasonably quantified. However, it
suggests that more redundant networks may be moderately more
resilient to flooding than less redundant networks.

The number of buildings impacted were higher for all flood
levels when considering the buildings on inaccessible roads
compared to flooded roads (Figure 5), and buildings on
inaccessible roads were significantly higher when flood levels
were pooled (mean flooded = 596.25, mean inaccessible =
1,276.58, DF = 1, F Ratio = 11.297, p-value = 0.001). The
increase in impact to building accessibility was relatively
consistent across localities, with a 198, 178, and 195% increase in
the number of buildings affected when road accessibility was
considered in Mathews, Gloucester, and Norfolk, respectively.

The number of critical facilities impacted were higher for all
flood levels when considering inaccessible versus flooded roads. The
increase in impact to critical facilities averaged 167, 45, and 54%
higher for Mathews, Gloucester, and Norfolk, respectively, than
when considering flooded roads only. As the number of critical

FIGURE 2
Total road inaccessible length across the 22 studied localities at each flood level.
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facilities impacted is low overall (e.g., fewer than 10 impacted in each
community), no statistical analysis was done to assess the
significance of the relationship.

4 Discussion

Our study shows that total road inaccessibility in the low
elevation coastal communities of Chesapeake Bay, Virginia, will
increase rapidly with rising water levels. High tide flooding has
increased around 125% in the Southeast Atlantic since 2000 (Sweet
et al., 2018) and related flood impacts to infrastructure are predicted
to increase at an accelerated rate with sea level rise (Mitchell et al.,
2021). The comparison of road length flooded versus road length
inaccessible suggested that inaccessible road length averaged twice
the length of the flooded road. The number of impacted buildings
also nearly doubled when considering inaccessibility. Studies
looking only at the length of flooded roads may be substantially
underestimating the impact of flooding on traffic movement

through the locality. Moreover, the rate at which impacts of
accelerating sea level rise will be felt may be much faster than
accounted for in current locality planning. Our study suggests that
the rate at which road inaccessibility increased with flooding may be
moderated by the degree of redundancy in the road network. Since
we only looked at this relationship in three localities, confidence in
the relationship is low. However, this is an area which needs more
research. Fant et al. (2021) found that alternative routes could reduce
delays by as much as 46% in New York city. Building redundancy
into a road network could improve the resiliency of a low elevation
coastal area until some threshold level of flooding is reached, where
even redundant access to an area is cut off.

In this study, we used the county seat as the point of origin for
the analysis and the end of each road in the locality as the end points.
This approach is designed to give an overarching metric of the ability
of local residents to move around the area during flood events. For
two localities (Hampton and Portsmouth), the location of the county
seat flooded at 1.9 m, making the metric uncalculatable for the
highest water level. These results indicate the importance of locating

TABLE 1 Locality characteristics. Localities are arranged by the % of low elevation land (flooded at 1.4 m water elevation) in the locality. * indicates data from
Mitchell et al. (2013).

Locality Locality area (ha)* % Low elevation land * Inaccessible km of road at 1.4 m flooding Locality type

Poquoson 3,999 0.69 58.3 rural

Northampton 53,432 0.46 51.2 rural

Accomack 117,202 0.41 274.9 rural

Mathews 22,043 0.29 215.2 rural

Virginia Beach 58,868 0.26 182.4 urban

Hampton 13,424 0.15 62.6 urban

Gloucester 56,595 0.13 193.7 suburban

Newport News 17,926 0.13 17.7 urban

Norfolk 14,052 0.12 72.7 urban

James City 37,116 0.11 15.5 suburban

Chesapeake 87,822 0.11 60.6 rural

Portsmouth 8,732 0.09 9.8 urban

York 27,715 0.07 43.3 suburban

King William 71,404 0.07 9.6 rural

Lancaster 34,574 0.07 81.4 rural

Northumberland 49,940 0.07 81.8 rural

Middlesex 33,896 0.05 30.8 rural

Isle of Wight 82,765 0.04 9.1 rural

King and Queen 81,947 0.04 16.9 rural

Williamsburg 2,311 0.03 0.0 suburban

Suffolk 105,863 0.03 18.3 rural

Alexandria 3,902 0.02 1.0 urban

Surry 72,527 0.02 3.4 rural

Fairfax 104,392 0.01 1.6 urban
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the nodes for road network analysis of general traffic movement
outside of low elevation coastal areas. Although the results from the
network analysis for Hampton and Portsmouth were accurate (at
less than 2.0 m flooding, travel from the county seat is limited), the
implication is that flooding at that elevation is significantly
hampering travel through the region, which is inaccurate. Travel
is limited in only a certain portion of the county, which happened to
include the point of origin.

Limitations of this study include the lack of consideration for
compound flooding and water depth. Although this study is focused
on low elevation coastal zones, tidal and storm surge flooding is not
the only impactful flooding in the region. Precipitation flooding and
compound (tidal + precipitation) flooding are both common during
storm events and disrupt travel. Due to the sole focus on tidal and
storm surge flooding in the study, impacts shown in the study are
likely accurate for high tide flood impacts (e.g., king tide and wind-

driven flood events) but underestimate the impacts from large storm
events which are frequently accompanied by heavy precipitation.
The use of the hydrostatic model (rather than a hydrodynamic
model) may result in overestimation of road flooding in some areas,
since the hydrostatic model does not account for barriers to flood
that could affect flood propagation. Additionally, this study takes a
binary approach to flooding, with any water level on the roadway
resulting in inaccessibility. However, previous studies have shown
that there is a relationship between road flood depth, vehicle speed,
and the extent of disruption caused by the flooding (Brown and
Dawson, 2016; Pregnolato et al., 2017). The type of vehicle may also
be important when considering inaccessibility metrics, with larger
tires allowing vehicles to access areas with deeper flooding on the
road network.

The primary value in road network analyses is to identify
opportunities for adaptation and improve resilience to flood

FIGURE 3
Comparisons of the impacts estimated when considering flooded areas with inaccessible areas. (A) The comparison of road length impacted under
each scenario. Each of three test localities are shown in a separate frame, bars represent flooding impacts in light blue and inaccessibility impacts in dark
blue. (B) The comparison of primary buildings impacted under each scenario. Each of three test localities are shown in a separate frame, bars represent
flooding impacts in light blue and inaccessibility impacts in dark blue. (C) The comparison of numbers of critical facilities impacted under each
scenario. Each of three test localities are shown in a separate frame, bars represent flooding impacts in light blue and inaccessibility impacts in dark blue.
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FIGURE 4
Comparison of road flooding length to the inaccessible length for flood elevations from 0.1 to 2.0 mNAVD88. Data for Gloucester is shown in blue,
for Mathews is shown in red, and for Norfolk is shown in green. The relationship for each locality is shown separately. The slope of the regression line was
1.70, 2.08, and 2.36 for Norfolk, Gloucester, and Mathews, respectively. R2 values for each locality: Gloucester = 0.96; Mathews = 0.98; Norfolk = 0.99.

FIGURE 5
The impact of road flooding on building access, pooled across the three test localities. Bars show the average number of buildings on flooded roads
(in blue) and the average number of buildings in inaccessible areas (in red) for each flood level. Buildings on inaccessible roads were significantly higher
when flood levels were pooled (mean flooded = 596.25, mean inaccessible = 1,276.58, DF = 1, F Ratio = 11.297, p-value = 0.001) Error bars are one S.E. of
the mean.
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events and sea level rise impacts. These analyses can point to areas
where small road alterations (elevating roads or improving drainage
and widening culverts) can restore or preserve access to many
properties and reduce travel disruptions. The design of the road
system can affect the type of adaptation that is most effective. For
example, shore-parallel roads may have more floodable areas than
shore-perpendicular roads, but they can be built up to create dikes to
protect adjacent lands (Azevedo de Almeida and Mostafavi, 2016.
Webb et al. (2019) suggest that nature-based features, such as
constructed dunes and marshes, can reduce road flooding. Road
network analyses can be geospatially combined with geographic
coverages of natural feature distributions to highlight areas where
different nature-based features are likely to be effective.

Another key use for road network analyses is to identify changes
that could drive tipping points in coastal communities. There is
growing interest in the identification of tipping points (a threshold
where minor changes in a system alter the state of a system; Lenton
et al., 2008) related to accelerating flood extent and duration.
Physical flood impacts, such as road inaccessibility, can be linked
to social and economic impacts, triggering a tipping point in the
societal structure (Allen et al., 2021). These tipping points can take
various formats—it might be the point at which military personnel
can no longer reliably access the base within a given time period,
threatening operational readiness, or it could be homeowners
choosing to move away from an area where access to and from
their property is impacted by high tides. The second example has the
potential to affect the tax-base in property tax reliant rural localities.
In addition, the inaccessibility of critical community infrastructure
like schools, hospitals, and first responders (e.g., fire stations) raise
important planning challenges for communities, particularly
because these structures often serve as community shelters
during storms. Though the overall number of critical facilities
impacted by road inaccessibility is low, the impact on the
community can be significant. Road network analysis is ideally
structured to address concerns such as this, since it elucidates
impacts to areas not directly flooded, but still impacted by
flooding. In particular, Pregnolato et al. (2017) suggested that
when financial resources for flood risk management are limited,
road network analyses can be used to help to prioritize investment in
adaptation solutions.

This study is a binary and conservative look at impacts of
current and future flooding on the movement along road
networks, which nevertheless raises significant concerns about the
resilience of the coastal Virginia road network to projected
increasing flooding. This type of study elucidates the impact of
small areas of road flooding to the surrounding communities and is
important for hazard mitigation and land use planning with the goal
of ensuring the resilience of the community under both large storm
events (short term) and sea level rise (long term). The methodology
used in this study is easily exportable to most coastal regions. Open
Street Map and lidar data are widely available globally, although the
quality and resolution of the data may vary by location. Building
data and the location of critical facilities may be more limited in
geographic scope. The applicability of results from this study to
other areas depends partially on the similarity of the geography of
the land and the geometry of the road networks to the localities
included in this study. Even among coastal localities in the coastal
plain of Virginia, United States, there was variability in the

percentage of the road network affected at each flood level.
However, the length of inaccessible road always exceeded the
area directly affected by flooding. Future work to extend the
analysis’s utility could include considering depth disruption
curves and the impact of flooding on travel time, with
consideration for the impact of redundancy within the road
network. In areas with high road redundancy, travel time may
still be greatly lengthened by flooding occurring on an optimal
route, necessitating cars taking a less optimal route. In addition, the
duration and timing of road flooding can affect the overall
disruption resulting from a flood event. Tidal road flooding tends
to occur for only a few hours during each tidal cycle. If high tide
coincides with heavy volume traffic, disruptions could be significant.
However, if the same high tide occurs during periods of low road
usage (e.g., early morning, late night), disruptions may be minimal.

5 Conclusion

In the United States, the fast-growing localities are
predominately located in the coastal region (CCSP, 2009). Tidal
road flooding is already disrupting communities; slowing travel and
impacting the economy. As sea level rise accelerates, impacts will
also accelerate. Road network analyses, such as the ones in this study,
can be a valuable tool for improving the resilience of coastal zones by
highlighting indirect or hidden impacts. Analyses can serve current
infrastructure by prioritizing locations for adaptation and be
extended to look at the longevity of planned or proposed
roadways, to flood-proof new development. They can be
combined with other vulnerability analyses to consider the effects
of multiple stressors on the low coastal zone communities. Flooding
in low elevation coastal zones does not happen within a vacuum; sea
level rise-driven impacts to wastewater and drinking water
infrastructure are co-occurring in rural areas (Mitchell et al.,
2021). Together these stressors may change the trajectory of the
economy or recommend different adaptation pathways.
Understanding the societal and economic impacts to an area,
particularly progress towards a tipping point, would be
strengthened through modeling of combined impacts on
communities.
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