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Abstract
Coastal risks are increasing from both development and climate change. Interest is growing
in the protective role that coastal nature-based measures (or green infrastructure), such as
reefs and wetlands, can play in adapting to these risks. However, a lack of quantitative information on their relative costs and benefits is one principal factor limiting their use more
broadly. Here, we apply a quantitative risk assessment framework to assess coastal flood
risk (from climate change and economic exposure growth) across the United States Gulf of
Mexico coast to compare the cost effectiveness of different adaptation measures. These
include nature-based (e.g. oyster reef restoration), structural or grey (e.g., seawalls) and
policy measures (e.g. home elevation). We first find that coastal development will be a critical driver of risk, particularly for major disasters, but climate change will cause more recurrent losses through changes in storms and relative sea level rise. By 2030, flooding will cost
$134–176.6 billion (for different economic growth scenarios), but as the effects of climate
change, land subsidence and concentration of assets in the coastal zone increase, annualized risk will more than double by 2050 with respect to 2030. However, from the portfolio we
studied, the set of cost-effective adaptation measures (with benefit to cost ratios above 1)
could prevent up to $57–101 billion in losses, which represents 42.8–57.2% of the total risk.
Nature-based adaptation options could avert more than $50 billion of these costs, and do so
cost effectively with average benefit to cost ratios above 3.5. Wetland and oyster reef restoration are found to be particularly cost-effective. This study demonstrates that the cost effectiveness of nature-based, grey and policy measures can be compared quantitatively with
one another, and that the cost effectiveness of adaptation becomes more attractive as climate change and coastal development intensifies in the future. It also shows that investments in nature-based adaptation could meet multiple objectives for environmental
restoration, adaptation and flood risk reduction.
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Introduction
Natural hazards in coastal zones pose high and increasing risks to people, property and habitats [1]. The combined influence of coastal storms, rising sea levels, urban development, population growth and land subsidence are increasing flood risk in coastal areas worldwide [2–7].
By 2050, flood damage in the world’s coastal cities is expected to reach $1 trillion a year [8]. As
sea level rises, tropical cyclones will pose a greater risk of extreme flooding and are likely to
inflict the greatest damages on highly populated shorelines [4]. In the United States (US), climate change and the rise in sea-levels will impact many economic sectors [9], threaten people
[10] and loss of historic and prehistoric archaeological sites and many other cultural assets
[11]. Globally, it is projected that coastal growth in population and development will outpace
progress in risk reduction [12].The need to upgrade existing flood protection and to plan for
future coastal risks is becoming increasingly apparent, but the costs may be daunting [13–15].
However, effective adaptation requires understanding the different drivers of risk from an economic perspective, including coastal development and the impacts of climate change [16,17].
Countries are undertaking big investments to address current and future flood risks. Many
USA states and federal agencies (e.g. US Army Corps of Engineers or US Departments of
Transportation) invest significant in hazard mitigation. For example, the Federal Emergency
Management Agency (FEMA) spends $500 million annually in pre-hazard mitigation to
reduce flooding hazards. Yet the majority of these hazard mitigation and adaptation funds are
destined for the creation of “grey infrastructure”, i.e. built structures such as seawalls, which
can further degrade coastal ecosystems [18,19]. Today, approximately 14% of the US coastline
has been armored [20]. Meanwhile, coastal habitats that provide an important first line of
defense continue to be lost, thus further exposing people and property to coastal hazards
[21,22].
Nature-based, green or natural infrastructure is emerging as a cost-effective option to
reduce the impacts of storm surge and waves [23]. Nature-based measures use natural features
of ecosystems for coastal protection (e.g., wetland restoration). A growing body of knowledge
and experience supports their effectiveness for coastal defense [23–26]. Coastal ecosystems like
coral reefs, oyster reefs, mangroves and salt marshes protect the coast by reducing wave energy,
trapping sediments, and attenuating storm surge [27–33]. Nature-based measures also offer a
dynamic solution to challenges such as sea level rise, because ecosystems may adapt to, and
grow with, their changing environment [34–36].
There is also growing interest among policy-makers. For example, the European Union’s
Biodiversity Strategy urges the implementation of green infrastructure as an investment priority for sustainable growth for 2020, and encourages that natural processes become a systematic
part of spatial planning [37]. Similarly, the EU Research and Innovation policy agenda on
Nature-Based Solutions and Re-Naturing Cities aims to lead to more sustainable and resilient
societies, recommending the development and deployment of Nature-Based Solutions that
maximize cost-effectiveness and co-benefits [38]. In the United States, there are also increasing
calls for the development of resilient infrastructure, such as the use of natural ecosystems to
both sequester carbon and adapt to the effects of climate change [39]. The alignment of restoration and climate adaptation is receiving greater federal attention and recognition by coastal
planners [40].
However, the optimum solutions for adaptation are unlikely to be exclusively green or grey,
but rather a diverse portfolio of options including green (e.g., wetland or dune restoration),
grey (e.g. seawalls, and breakwaters) and policy (e.g., land use zoning) measures [41,42]. This
requires direct comparison with one another and assessment of their costs and benefits [38].
There is also a need for better strategic visions for risk reduction and climate adaptation that
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involves specific science to address stakeholder concerns and supports climate change policy
[16,43]. Analyses should be able to: (i) identify areas most at risk, (ii) quantify losses and damages under various present and future scenarios, and (iii) compare and prioritize potential
solutions with cost-benefit analysis [17,44,45]. The information and tools necessary to analyze
and prioritize adaptation measures have been scarce and limited to local sites such as estuaries,
islands and bays and included only a limited number of alternatives [46–49], although they are
needed at many planning scales (e.g., Louisiana Coastal Master Plan, [50–52]). Furthermore,
while nature-based solutions are gaining momentum as an adaptation strategy, the lack of
explicit quantification of its cost and effectiveness is inhibiting widespread application [33,40].
This study helps address these gaps.
This paper crucially addresses the need for direct comparisons of the cost effectiveness of
green, grey and policy adaptation measures for current and future risks. We assess risks and
adaptation measures across the US Gulf Coast; a region that is home to three of the top five US
metro areas by exposed assets and has experienced substantial coastal development in the
recent decades [53–55]. The region faces intense hurricanes, and considerable land subsidence
and sea level rise [56–60]. In this study, we consider a diverse set of scenarios, drivers and
timeframes to provide a robust and flexible framework with which to measure risk, its drivers,
and the risk reduction potential of a diverse adaptation portfolio, including both green and
grey measures. This paper will help answer the crucial questions: (i) what is at risk (and what is
the cost of doing nothing), and (ii) what are the cost and benefits of different adaptation
strategies.

Methods and data
To assess the cost effectiveness of various adaptation measures, current and future risks of
coastal flooding along the US Gulf Coast is assessed following the Economics of Climate Adaptation (ECA) framework [61–63]. Fig 1 represents this approach where risk occurs at the intersection of economic assets and the hazard of coastal flooding (upper part in the Figure), and
adaptation can have an effect of each component of risk (lower part). The analysis took three
steps: (i) assess baseline or current risk (i.e. the probability of losses today); (ii) estimate future
risk; and (iii) compare cost and benefits of adaptation measures. As applied here, the ECA
framework is implemented comprehensively in the free open-source software ‘CLIMADA’
[64], and its ‘COASTAL’ module [65]. To enhance the reproducibility of the results and methods (e.g., [66]), a research protocol with steps and datasets have been made available online
[67], and the source code can be accessed through github [64,65]. The main steps of the analysis are explained in detail below.

Assessing current risk
Risk is quantified as a loss associated with a certain probability (e.g., [68]). The event loss or
damage is the sum of all individual losses resulting from a single occurrence of a natural hazard
(e.g. floods). Each individual loss is quantified from three terms (Fig 1):
• Hazard (or ‘peril’): defined by the location, frequency and intensity of events (storm flooding), i.e. where, how often and with what intensity do storms occur?
• Assets exposed: defined by the location and value of the distinct types of buildings and
assets.
• Damages to assets: is the relationship between the extent of damage and the event intensity,
defined by damage (or vulnerability) curves.
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Fig 1. Methodology. Workflow and methodological approach for the quantitative assessment of (i) probabilistic risk (first level, in black) and (ii) the economics of
adaptation measures (second level, in blue). Risk is formed from three terms: the hazard (flooding from a storm), the distribution of assets (value and property exposed
to the flood), and the damages inflicted on them (calculated using damage functions for each asset type). The risk is defined quantitatively by losses and damages
associated to probability (or return periods). Adaptation measures can be calculated from their effect on each risk term and compared in a cost-benefit analysis. A
benefit-cost curve (graphic in lower panel) ranks different adaptation measures by decreasing benefit to cost ratios (vertical axis, height of the bars) and represents the
benefit as the net present value of the damages averted when the measure is implemented (horizontal axis, width of the bars). Sources of images: (left and middle) Earth
Observatory, National Aeronautics and Space Administration, and (right) National Oceanic and Atmospheric Administration/Department of Commerce, photo credit:
reprinted from Lieut. Commander Mark Moran, NOAA Corps, NMAO/AOC under a CC BY license, with permission from NOAA, original copyright 2005.
https://doi.org/10.1371/journal.pone.0192132.g001

In situations with limited observations, like flooding risk from hurricanes, stochastic simulations are recommended for assessing risks [69,70]. A “probabilistic” or “stochastic” risk
assessment simulates a set of possible events that could occur during a period of time (i.e. thousands of events) and which are informed by the historical distribution of storms. In this study,
we simulate a probabilistic set of storms and calculated flooding and damages from them. The
process is summarized into the following steps:
1. The historical distribution of storms (from 1851 to the present, taken from http://weather.
unisys.com/hurricane) is used to generate a probabilistic set of 15,000 storms using random
walks with random origin and track pathways. For details on the storm simulations, see
[71] and S1 Fig that shows a comparison with the historical distribution for the Accumulated Cyclone Energy and the number of storms.
2. For every storm, the pressure, wind, rainfall, wind-waves and storm surges fields are calculated using parametric models (see Supporting Information for details on the models). The
flooding extent is computed from the total water level, as the combination of mean sea
level, tides, surges and wave-induced run up [72].

PLOS ONE | https://doi.org/10.1371/journal.pone.0192132 April 11, 2018

4 / 24

Cost effectiveness of nature-based and coastal adaptation

Fig 2. Damage functions. Damage functions to infer damages for the different asset types (in legend). The curve relates water depth (horizontal axis) to the mean
damage degree to the asset value or percentage damaged (vertical axis).
https://doi.org/10.1371/journal.pone.0192132.g002

3. For each study unit, we calculate the exposed assets by ground heights (e.g. value of property between topographic elevation 0 and 1 meters, 1 and 2, etc.) because, to calculate damages at each site, flooding needs to be expressed relative to the ground elevation and the
bottom of the building. For this we use a national Elevation Dataset [73] and asset values
from the HAZUS database at a block level [74], which are aggregated by census tracts and
integrated into a total of 3,238 units (S4 Fig).
4. For each asset type (i.e. type of building), a Mean Damage Degree (MDD) is calculated for
each relative water depth at each asset location (the difference between flood height and
ground elevation) obtained from damage functions. A damage function (Fig 2) provides
the damage inflicted by the hazard intensity to the total value of the asset. They were
obtained from HAZUS [74] and the original set of 100 curves reclassified into 17 sub-types
(Fig 2).
5. The damage or loss is calculated by multiplying the MDD (at each elevation), by the value
of the asset. The total loss is the sum of relative losses of all asset types across elevations (see
pseudo-code and a graphical description in Fig 3). The loss at location M and asset N is
computed as: Loss (M,N) = ∑z value(z)  MDD(z). The sum across sites gives the total damage from one event (i.e. the event damage). For example, in the pseudo code in Fig 3, losses
are aggregated by building types and then added to calculate a total damage from the storm:
Total loss from storm S = ∑M = Locations ∑N = Buildings L(M,N).
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Fig 3. Risk implementation. Pseudo code implementation of the probabilistic risk assessment of coastal flooding. For each storm, the loss is calculated considering
assets at each elevation, across locations and types of building or assets. The loss at each elevation, Li(z-1,z), is calculated multiplying the value of the property by the
Mean Damage Degree (MDD), as calculated from the damage curves and the flooding depth (see Fig 2). The box in the right panel shows a pseudo code for the loss (L)
at one location (M) for a specific asset or building type (N). For example, for a storm flooding at location M with a 40% MDD and an asset value of $1 million, the
resulting loss would be 400,000 $. Sources of photo: Earth Observatory, National Aeronautics and Space Administration.
https://doi.org/10.1371/journal.pone.0192132.g003

This process is repeated for all the types of assets, at all locations, and throughout storms.
The result is a statistical distribution of losses, i.e. dollar-value against probability, which characterizes the risk. In this study, we use two statistics to describe risk: (1) the Annual Expected
Damage: the average annualized flood losses to property, calculated as the total sum of each
event damage multiplied by the probability of each storm; and (2) the 1-in-100-year loss: the
flood loss with a 0.01 probability of happening in any given year. All risk values are in US dollars adjusted to the value in year 2015.

Assessing future risk
Future risk is derived from both changes in climate and in economic exposure. We calculate the
future risk for two timelines: years 2030 and 2050 (with reference for risk calculations in 2010).
The effects of climate change on the hazards consider: land subsidence, sea level rise and changes
in intensity and frequency of storms. Sea level rise is calculated from the historical trends [75],
which is regarded as a conservative approach [76]. We also account for land subsidence, a dominant factor in the highly subsiding Mississippi delta, using [77] to calculate relative sea level rise
(S3 Fig). We introduce the effects of climate change in storms through changes in intensity and
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frequency. We consider that: the intensity of all categories of storms increased by 11% by the end
of the century; category 4 and 5 hurricanes become 80% more frequent, but the lower intensity
storms 28% less frequent; based on available reviews and projections [78–80].
Change in economic exposure is particularly acute in coastal areas due to the intense development in coastal zones. For example, the Gulf Coast population has increased by 109% since
1970, compared to a 52% increase in the US total [55]. We considered two economic exposure
growth scenarios to describe increases in the total future exposure: (1) ‘Low’: assumes an
annual compound growth in the value of existing assets of 1% per year; and (2) ‘High’: assumes
a 2% annual growth. These rates to estimate future asset value were set based on [54,55,81]:
1. past historical data on the House Price Index, by state, which ranges from 21.1% in Mississippi to 43.7% in Louisiana, with an average of 2.67% for the region from 2001–2010;
2. historical evolution of economic growth, and
3. projections from the World Bank and PwC Economics [81] for the years 2030 and 2050,
which correspond to annual rates of 2.89% and 3.89%, respectively.
For the sake of simplicity, the results section focuses on the results and analysis of the ‘Low’ economic exposure growth scenario. The comparison with the other scenario is discussed when relevant, but detailed results for the high growth scenario can be found in the Supporting Information.
The risk in the future is calculated by combining the future exposure (asset value) with the
future climate. However, to better understand how risk will increase, we assess the contribution of economic development and climate change independently, by calculating the risk in
the future with: (i) the future exposure and present hazards and (ii) present exposure and
future hazards. For example, we calculate present risk with present exposure (E2010) and present hazards (H2010), and future risk in the year 2030 with the exposure in 2030 (E2030) and
the storms and sea level rise by 2030 (H2030). The contribution of economic development is
calculated using (E2030, H2010), and the contribution of climate with (E2010, H2030).

Assessing the economics of adaptation
Assessing the cost (i.e. construction and maintenance) and benefits (i.e. losses averted) of
adaptation is challenging. The potential damage averted from each adaptation measure is particularly uncertain, even for those for which extensive research and experience exists, such as
improved building codes or seawalls. Furthermore, the performance of each measure depends
on local characteristics. However, across the Gulf, we aim to compare large-scale adaptation
strategies as a first quantitative cut. The method (as coded in the open-source model ‘CLIMADA’ [71]) can be summarize into the following steps:
1. Estimate the benefit of each measure: each measure at specific locations is assumed to protect property for a certain period of time (for which the benefit is calculated).
2. Calculate the cost of each measure: includes the cost of construction (depends on dimensions of the measure and unitary costs) and the cost of regular maintenance.
3. Calculate Net Present Value (NPV) of costs and benefits: the difference between the present
value of cash inflows (benefits from adaptation) and the present value of cash outflows (cost
and maintenance throughout the implementation period). NPV is calculated as follows:
a. Calculate baseline risk (today) with and without the measure: calculate annual expected
damage with no measures and with the effect of the measures applied; the difference is
the benefit of implementing the measure today.
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b. Calculate future risk (e.g. in year 2030): using future assets and expose future hazards,
calculate annual expected damage with no measures and with the measures applied; the
difference represents the future benefit of the measure.
c. Discount the benefit to present terms: discounting benefits for a total of T years, its NPV
PT bi
will be: NPV ¼ t¼1 ð1þiÞ
t , where i is the discounting rate, used in economic analysis to
consider productivity of capital and the preferences of the population.
d. Discount the cost to present terms: as for benefits.
4. Calculate the benefit to cost ratio for each measure.
We examine the costs and benefits of ten adaptation measures (outlined in Table 1): (i)
green or nature-based measures, i.e. interventions that use ecosystems and natural features to
provide hazard attenuation; (ii) artificial or grey measures, i.e. built rigid structures; and (iii)
policy measures, i.e. home elevation of high-risk assets. We did not consider adaptation measures that could affect the distribution of assets (e.g. land use policies) or risk transfer (e.g.
insurance). Two adaptation measures, wetland restoration and beach restoration, are deployed
at different areas of the US Gulf and compared as independent strategies (see Table 1). We discriminate wetland restoration in: (a) high-risk areas: areas at greatest risk, with historical loss
of wetlands but where they could be restored; and (b) conservation-priority areas: where most
mash area has been lost in the last two decades. Similarly, beach restoration in the western and
eastern Gulf is differentiated as two independent adaptation measures. Hereafter, we refer to
the ten adaptation measures as the “adaptation portfolio”. The spatial portfolio is mapped in
Fig 4 by county. The location of each measure by counties was determined based on existing
projects and where they could be feasible in each county, following existing flood guidance in
the region [17,82–85]. A review of costs and locations can be found in S3 Table and the
detailed locations and length and surfaces of each measure by counties in the Supporting
Information.
Costs estimates for implementation of the adaptation measures are derived from literature
review of restoration and engineering projects in the region [84,86–88]. From them, we estimate average costs that include construction and maintenance and assume fixed dimensions
for each measure (e.g. length and width for wetlands, length and height for levees) to calculate
a representative cost. Table 1 outlines these unitary costs along with the total cost of each adaptation measure. A more extensive discussion of costs estimates with sources of information
can be found in the Supporting Information (S3 Table).
The benefit for each measure is calculated from the potential effectiveness of each measure
to: (i) reduce hazards by attenuating waves and surges; (ii) provide physical protection from
floods, blocking the water flow (i.e. flood barrier); and/or (iii) avert the physical exposure (e.g.
home elevation). These mechanisms were set based on available flood proofing guidance and
projects in the region [17,82–85]. Table 2 summaries the effectiveness values used for each
measure. The proportion of assets each measure could protect is also factored in, assuming for
green measures that not all the assets in the floodplain are protected, but only a proportion of
them (40 to 70%, depending on the measure). These values are represented in Fig 2.
To calculate the aggregated benefit of adaptation, we first calculate the total risk over the
time period the measures are implemented. For this, we calculate the Annual Expected Damage at the end of the implementation period (e.g. year 2030; Table 3) and discount it to the
aggregated Net Present Value (NPV) in the reference year (2010), as indicated previously. We
use two discount rates: 2 and 10%, for comparison purposes. When discussing the adaptation
results, the NPV of accumulated annual risk is referred as the ‘Total Risk’ in the adaptation
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Table 1. Inventory of adaptation measures.
Measure

Description of measure

Locations and implementation

Unitary
Cost

Total of units/
surface a

Local Levees

6 ft levees built to protect
houses

All houses in the counties at highest risk areas

$15,000
/house

1.5 to 1.7 M
houses

Sandbags

Sandbags used around homes
for all Category 3+ hurricanes

All counties around all houses in low-lying areas (below 10m)

$360/
house

2.9 to 3.2 M
houses

Dikes

20 ft dikes along the shore

In high risk areas of Houma & New Orleans, LA

$10,000 /ft

340 miles

Home Elevation

Homes elevated by 10 ft

All existing homes in high risk areas

$83,300 /
house

1.4 M houses

Risk Reduction
Priority

Salt marsh restoration built
along shorelines

Wetland restoration in the 6 counties with highest past asset
damages & loss of > 25 sq miles of marsh

$25 M
/mile

100 miles
restored x 0.5ml
wide
Total: 2.4M acres

Conservation
Priority

Salt marsh restoration built
along shorelines

Wetland restoration in the 5 counties that have lost the most
marsh in the last 2 decades

$25 M
/mile

150 miles
restored x 0.5ml
wide
Total: 3.6M acres

Wetland
Restoration

Barrier Island Restoration

Restoration by increasing width AL & LA counties

$12.1 M/
mile

115.5 miles x
1,000 ft

Oyster Reef Restoration

Artificial construction of oyster
reefs

Restoration of 25 miles of oyster reefs in each of 24 counties
with suitable habitat. For Tampa Bay 25 miles divided among
3 counties

$1.5 M
/mile

1,050 miles

Beach
restoration

western Gulf
(TX)

Artificial beach nourishment to
increase width

Coastal beach front across Texas

$22 M
/mile

370 miles x 100 ft
wide

eastern Gulf (FL)

Artificial beach nourishment to
increase width

All Gulf counties with significant beachfronts across Florida

$22 M
/mile

300 miles x 100ft
wide

List of adaptation measures with description of type of measures, summary of locations of implementation, costs and total aggregates, across the Gulf. The
measures assume a 20-year implementation period and include maintenance costs. The costs are discounted at a rate of 2%, with the exception of sandbags and
temporary flood-barriers. The ‘risk reduction priority’ areas for wetland restoration are determined from the spatial distribution of risk (S8 Fig), namely: Baldwin (AL),
Charlotte (FL), Lee (FL), Manatee (FL), Pinellas (FL), Jefferson (LA), Lafourche (LA), St. Tammany (LA), Terrebonne (LA), Galveston (TX). M–million; ft–feet. A
detailed list of cost estimates and references supporting the unitary costs can be found in S3 Table. The measures are distributed in each county considering the
shoreline length and the feasibility of implementation in each geography. For this, a review of projects and sources can be found in S3 Table. The total units and surface
result from adding the length or surfaces from all counties where each measure is implemented.
a
To estimate the total units potentially restored, we include an example for wetland restoration: (1) it is assumed that a restoration wetland unit of 1 mile x 0.5 mile
could provide the flood reduction benefits outlined in Table 2; (2) the units of restoration wetlands by counties provides the total length of coastline and total surface of
wetland potentially restored (100 miles of 1x0.5 units); (3) the total surface potentially restored is multiplied by the unitary costs (an average value of the revision of
unitary costs can be found in S3 Table).
https://doi.org/10.1371/journal.pone.0192132.t001

period. We also discount analogously the costs and benefits of each adaptation measure to
their NPV for each period (20 and 40 years). The total benefit of each measure is compared
with the ‘total risk’ in NPV terms. Sensitivity analyses are performed to examine how varying the costs and benefits factors of green measures affects cost effectiveness. The sensitivity
scenarios include: (i) one moderate scenario (default) with average estimates of effectiveness
and costs for both green, grey and policy measures; (ii) one more conservative scenario with
lower estimates of effectiveness for nature-based measures (Table 2), but without changing
the costs; and (iii) the most conservative scenario with both increased costs and reduced
effectiveness for the green measures. The Results section focuses on the moderate scenario
for the sake of simplicity, although the comparison with the other scenarios are briefly discussed when relevant. Detailed results for the other two scenarios are included in the Supporting Information.
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Fig 4. Spatial portfolio of adaptation measures. Adaptation measures are represented by counties where they are implemented. These measures were defined from
existing projects and they type of coastline in each county (see Methods). For measures deployed at the shoreline, it is assumed they protect the counties in its lee
according to their penetration (for example, sea walls along the shoreline are assumed to protect all the assets in its lee, at each site of implementation). Values and color
intensity represent the percentage of assets affected or penetration of each measure (e.g. a penetration value of 0.4 in oyster reefs assumes only 40% of the assets in their
lee are protected). It is assumed all assets are protected if no value is given. Sources of images: flickr from U.S. Geological Survey, National Oceanic and Atmospheric
Administration, U.S. Fish and Wildlife Service, and U.S. Geological Survey LandSat imagery.
https://doi.org/10.1371/journal.pone.0192132.g004

Results
Current and future risk under different drivers
Fig 5 represents the risk in a damages-frequency curve, differentiating the contribution of climate change and economic exposure. For comparative purposes, the Figure includes the historical loss from Katrina (2005) and Andrew (1992), adjusting both figures to US dollars in
2015. The damages from Hurricane Katrina in 2005 were more than $131.1 billion in current
value (108 billion in 2005 dollar value, according to the National Oceanic and Atmospheric
Administration), and corresponds to a frequency of over 1-in-300-yr. Fig 5 shows an equivalent loss will have a higher probability in the future. From economic exposure growth and climate change, an event like Katrina would be below the 1-in-100-yr probability by 2030.
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Table 2. Effectiveness of measures.
Type of Measure

Hazard reduction factor
Wind
Waves (%)

Elevation Threshold
(m)

Mechanism for adaptation implemented in the
model

Storm
Surge (%)

Mean Low Mean Low
Local Levees (homes)

20

20

-

-

1.8

Overtopping (local)

Levees (shoreline protection)

95

95

-

-

7.5

Overtopping (first line of defense or shoreline)

Sandbags (& temporal flood-barriers)

-

-

-

-

0.5

Overtopping (local)

Beach Nourishment (high risk & low risk areas)

75

50

-

-

-

Local floodwalls

-

-

-

-

1.2

Hazard reduction

Home Elevation (new builds and low and high risk areas)

-

-

-

-

3

Elevation of the structure

Wetland restoration (Risk Reduction and Conservation
priorities)

60

30

30

15

-

Hazard reduction

Barrier island restoration

60

30

15

5

-

Hazard reduction

Oyster reef restoration

60

30

5

-

-

Hazard reduction

Overtopping (local)

Relation of parameters used for assessing the effectiveness of each measure in reducing the hazards and providing adaptation benefits, for each adaptation measure. The
effectiveness of measures is studied based on default or moderate estimates found in the literature (Mean) and a sensitivity test on performances considering more
conservative estimates (Low). Only the mean estimates are discussed in the main paper, although the low estimates are used for the sensitivity tests of costs and benefits
(see Methods). The estimates were set based on literature review and sources in S2 Table.
https://doi.org/10.1371/journal.pone.0192132.t002

Table 3 provides estimates of present and future risk differentiating the contributions of
economic exposure and the climate hazard. The Annual Expected Damage (AED) across the
Gulf is currently estimated in $4.25 billion, but could increase significantly from both
increased exposure (34–76% increase, for low and high growth scenarios respectively, see
Table 3) and climate change (48–63%). For extreme losses, the current 1-in-100-yr flood loss is
estimated to be $88 billion (Table 3). However, in 20 years the 1-in-100-yr flood loss will rise
from $88 billion to $143–188.5 billion (Table 3) from the joint effect of climate change (29–
38%) and economic growth (34–76%). The risk of the 1-in-100-yr flood loss could reach
$188.6 billion for the most aggressive economic scenario (Table 3). As the effects of climate
change, land subsidence, and higher economic exposure progress in the coastal areas of the
Table 3. Present and future risk.
Estimate

Present Risk
(bill.$)

Year Future Economic Exposure
Growth scenario

Annual Expected
Damages

4.25

2030
2050

1-in-100-yr

87.9

2030
2050

Low

Economic Contribution
(bill.$)
34%

Climate Contribution
(bill.$)

Total Future Risk a
(bill.$)

48%

7.72
10.18

High

76%

63%

Low

86%

144%

14.04

High

237%

260%

25.40

Low

34%

29%

142.90

High

76%

38%

188.55

Low

86%

65%

220.59

High

236%

118%

398.98

Present and future risk, measured in terms of Annual Expected Damages (AED) and loss with probability 1-in-100-yr. Future risk separates the contribution of future
economic exposure and climate change. Values are expressed in billion US$. The risk in the future is calculated by combining the future exposure (asset value) with the
future climate. The contribution of economic development and climate change is assessed independently by calculating the risk in the future with (see Methods): (i) the
future exposure and present climate and (ii) present exposure and future climate. The ‘Low’ economic represents a compound annual growth rate in assets of 1%; while
the ‘High’ scenario assumes a 2% rate. Results are organized by years, for the future horizons of 2030 and 2050.
(a) Future risk values correspond to the target year and are not expressed in Net Present Value.
https://doi.org/10.1371/journal.pone.0192132.t003
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Fig 5. Future damages-frequency curve compared to present. Values represent the expected losses for each return period
(a return period R, has a probability of occurring of 1-in-R-years) across the US Gulf Coast. Current Risk is shown in grey.
The contributions of the future economic exposure (red) and the change in climate (blue; which includes subsidence, sea
level rise and changes in storms) are marked atop current climate risk. The dashed lines show the costs of Katrina and
Andrew (updated to 2015 US$’s) for reference purposes. The contribution of economic development and climate change is
assessed by calculating the risk in the future with (see Methods): the future exposure and present climate (red), and present
exposure and future climate (blue).
https://doi.org/10.1371/journal.pone.0192132.g005

Gulf, risk will increase significantly by the year 2050 (Table 3). Overall risk, from the effect of
both economic concentration of assets in the coastal zone and climate change, could more
than double the risk estimates by 2050 compared to 2030.
Table 3 also shows that economic exposure growth, a major driver of risk in the region in
the past, will continue to be a critical factor in the future. Coastal development in the coastal
zone is the main driver behind extreme infrequent losses, and will continue to be the main factor of major future disasters. Table 3 shows that the economic contribution to the 1-in-100-yr
loss overcomes the contribution of climate (34% economic to 29% from climate for low
growth, and 76% to 38% for high growth respectively) and contrasts with the contributions in
AED that are more balanced for both drivers (34% economic to 48% from climate, and 76 to
63% respectively, see AED contributions by 2030 in Table 3).
However, climate change will cause larger future annual expected losses. The effect of climate will become dominant in annualized values, as expressed by the Annual Expected Damages. The combined action of storms, sea level rise and land subsidence could raise AED in
48–63% by 2030 and in 144–260% by 2050 with respect to present estimates (Table 3). This
effect is amplified as climate changes become more acute into the future when the changes in
climate by 2050 will contribute significantly more to AED than the economic driver: 144%
compared to 86% (Table 3). However, even in the year 2050 the largest losses, as measured by
1-in-100-yr loss, will still be mostly driven by the growth in the coastal exposure (Table 3).

The economics of adaptation and risk reduction
Fig 6 shows a cost-benefit analysis on different adaptation measures to assess their relative cost
effectiveness for reducing risk. The adaptation portfolio of measures is organized in decreasing
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Fig 6. Cost-benefit analysis. Comparison of the costs and benefits of the adaptation measures. Benefit to cost ratios are represented in the vertical axis (height of the
bars), with the horizontal axis noting the aggregated benefit (i.e. total averted damage), and the width of the bars the individual benefit from each measure. The blue bars
identify nature-based adaptation measures, while the brown color represent the remaining adaptation measures. The values correspond to net present values with a 2%
discount rate, for low future economic exposure growth and an implementation period of 20 years. Sources of images: flickr from U.S. Geological Survey, National
Oceanic and Atmospheric Administration, U.S. Fish and Wildlife Service, and U.S. Geological Survey LandSat imagery.
https://doi.org/10.1371/journal.pone.0192132.g006

order of benefit to cost ratios. The heights of the bars represent the benefit to cost ratios, the
width the total benefit for each adaptation measure. Table 4 outlines these ratios and the total
Table 4. Benefit to cost ratios and total benefits.
Moderate estimates
MEASURE NAME
Local Levees
Sandbags
Dykes & Levees
Home Elevation
Wetland Restoration

Risk Reduction Priority
Conservation Priority

Barrier Island Restoration
Oyster Reef Restoration
Beach nourishment

B/C

More Conservative estimates
(effectiveness)

TB

B/C

TB

Most Conservative estimates
(effectiveness and costs)
B/C

TB

0.99

19.2

0.99

19.2

0.99

10.00

8.4

10.00

8.4

10.00

19.2
8.4

0.26

3.9

0.26

3.9

0.26

3.9

0.73

39.4

0.41

39.4

0.41

39.4

8.72

18.2

5.03

10.5

4.19

10.5

1.90

5.9

1.00

3.1

0.83

3.1

5.07

5.9

1.95

2.3

1.63

2.3

7.34

9.7

2.17

2.9

1.81

2.9

western Gulf (TX)

0.28

1.9

0.19

1.3

0.16

1.3

eastern Gulf (FL)

1.68

9.3

1.15

6.4

0.96

Total cost-effective adaptation
Nature-based cost-effective adaptation

6.4

57.4

33.6

24.1

49

25.2

15.7

B/C–Benefit to Cost Ratio
TB–Total Benefit (bill. $)
Benefit to cost ratios and total benefit for the list of adaptation measures, across scenarios of costs and effectiveness. The total climate risk for the scenario is $134 billion
(calculated from Annual Expected Damages over a 20-year period). Total cost-effective adaptation is the aggregated value of the total benefits (TB) for all measures with
benefit to coast ratio (B/C) above 1. The nature-based cost-effective adaptation is the aggregated value of the total benefits only for the nature-based measures (wetland
restoration, beach nourishment, barrier island restoration, and oyster reef restoration) with a benefit to cost ratio above 1. Values correspond to the low economic
growth for the year 2030. The discount rate of benefits and costs is 2%. In columns, the ‘more conservative’ and ‘most conservative’ cost-benefit scenarios correspond to
(see Methods): the sensitivity analysis where the effectiveness for green measures are reduced (see Table 2) and the costs increased by 20% (costs are only modified in the
most conservative scenario). Values for the moderate scenario are represented in Fig 6. A similar representation of other scenarios can be seen in S9 Fig.
https://doi.org/10.1371/journal.pone.0192132.t004
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benefits for each measure, and includes also results for other scenarios to test sensitivity to
costs and effectiveness.
Sandbags are a cheap and temporary measure with the highest benefit to cost ratio (bar
height), therefore the most cost-effective. However, they offer low overall risk reduction, i.e.
benefit (bar width), compared to other measures (Fig 6, Table 4). Nature-based measures, particularly marsh and oyster reef restoration, are among the most cost-effective measures (high
benefit to cost ratios) and together contribute the most to overall damage reduction (total benefit) from among the combo of cost-effective risk reduction measures in the analysis (Table 4).
Nevertheless, grey and policy measures such as local levees and elevation of homes could deliver
the greatest damage reduction benefits for a single measure, but they are expensive to implement over large areas and are not cost-effective overall, i.e. benefit to cost ratio below 1 in Fig 6.
For wetland and beach restoration, we compare the same adaptation measures in distinct
locations of the Gulf (see Table 1 for description and costs, and spatial distribution in Fig 4):
(i) wetland restoration in high risk areas versus conservation priority areas; and (ii) beach
nourishment in the eastern and western Gulf. The results, shown in Table 4, confirm very different benefit to cost ratios between them demonstrating that location matters for risk reduction. Although wetland restoration results cost-effective in both locations, restoration in highrisk areas is over 4 times more cost-effective than in priority areas for conservation (benefit to
cost ratios of 8.7 versus 1.9, Table 4). For beach restoration, only in the eastern Gulf it results
cost-effective and by 6 times more than in the western margin (1.68 versus 0.28, Table 4). The
risk reduction benefit of these measures is higher than their counterparts because they are
implemented in areas more exposed to hurricanes and with higher asset values, as seen in the
Benefit column in Table 4. Although changes in the cost and performance assumptions result
in different benefit to cost ratios, green measures are found consistently with high benefit to
cost ratios in a sensitivity analysis (see Methods) and with values above 1, thereby resulting
cost-effective options across the scenarios analyzed. Results of sensitivity analyses in the cost
and benefit factors are shown in Table 4 and represented in S8 Fig.
With Annual Expected Damage of $7.72 billion by 2030 (Table 3), the total risk over a
20-year time period is estimated to total $134 billion (net present value of all the annual
expected damages for a low economic growth scenario up to year 2030, see Methods). The
most cost-effective adaptation combo (measures with benefit to cost ratios over 1 in Table 4)
could avert approximately $57.4 billion in damages. This represents a 42.8% reduction of the
total risk. The majority (85%) of the cost-effective risk reduction could be averted by naturebased measures, for a total of $49 billion. Even under conservative estimates, 65% of naturebased adaptation is cost-effective (15.7 over 24.1 billion, Table 4).
This is also true for more aggressive economic exposure growth. For comparison, under a high
economic growth scenario, the aggregated annual risk over a 20-year period would total $176.6
billion. The implementation of cost-effective measures could avert $101 billion in damages (57.2%
of the total risk), of which $64.6 billion could come from nature-based measures (S4 Table).
By 2050, the cost effectiveness of adaptation is even more attractive. The total risk will vary
significantly depending on the future economic growth, from $398–720 billion (low and high
economic growth, over 40 years). Most of the adaptation portfolio becomes cost-effective
(including the large systems of floodwalls and levees) and, nature-based adaptation in the portfolio would represent approximately 47.8% (S5 Table).

Discussion
The need for adaptation and risk reduction is growing. This work demonstrates that it is possible to build a quantitative economic case for adaptation measures that include nature-based
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solutions and at scales relevant for planning. First, our assessment of damages helps to discriminate how much each driver of risk contributes to the future risk. While climate change
will be responsible for more frequent, relative small losses, a higher economic exposure in the
coastal zone (i.e. from aggressive coastal development) will continue to be the greatest driver
of coastal risk. This conclusion has important implications for both coastal management and
risk reduction strategies because land use and coastal management policy have direct influence
over development in the coastal zone.
The results show that some adaptation measures can be particularly cost-effective in
addressing the risking risks. We were able to compare cost-effectiveness of a number of adaptation measures, including green and grey options and find that a suite of cost-effective options
could avert these future damages considerably. Cost-effective options to reduce risks (i.e. measures with benefit to cost ratio above 1) includes a combination of measures (green and grey),
which could potentially avert up to 42.8–57.2% of total climate risk ($57.4–101 billion in damages) over the next 20 years (Table 4). Nature-based adaptation, in particular, could be among
the most cost-effective options. The nature-based measures in the analyzed portfolio may help
to avert 36.6% of total climate risk ($49–64.6 billion), with an average benefit to cost ratio of
3.7 to 4.9 (at an aggregate cost of $13.2 billion; Table 4). As sea level rises, land subsides, storms
increase in frequency and intensity, and assets in the coastal zone increase, all adaptation measures become more cost-effective over time. This also has practical implications for coastal
management, as the benefits of any funds that managers are able to spend now to reduce risks
will compound with time.
Some measures such as home elevation can provide the most protection, but they are
expensive to implement and thus have a low benefit to cost ratio (Table 4). This result suggests
that, while cost-effectiveness is an important consideration, adaptation decisions should also
take into account overall protection (or general effectiveness). Furthermore, cost effectiveness
and general effectiveness may be two of many factors for adaptation planning. Other considerations, such as the social benefits and vulnerability, environmental benefits, allowable regulations, perceived risk and other social perceptions are also in play.
Assessing how much it is worth now to prevent future damages is not a simple issue. Discounting plays a significant role in assessing cost effectiveness when there are significant differences in the timing of costs (now) and benefits (future). Several factors, including interest rates
and perceived costs, influence how adaptation is discounted to present dollar-value. There is
vigorous debate on the appropriate discount rate for adaptation benefits [89–91]. Lower discount rates (2%), associated with social discounting (rates used in computing the value of
funds spent on social projects), provide higher benefit to cost ratios, making investments in
protection today more attractive, while more aggressive discounting rates (10%) make it easier
to pay for these risks and damages in the future (but delay their implementation now). Here,
we used both values as a way to measure the range of variation in benefit to cost ratios. While
changes in the discount rate affect which measures result currently cost-effective (benefit to
cost ratios below 1, see S6 Table), they do not change the ordering of which measures are most
cost-effective.
This analysis may also stimulate a rethinking of the places where restoration is prioritized.
Conservation outcomes are principally achieved through the protection of intact habitat or the
restoration of degraded habitat. In general, restoration is generally considered a lower priority
action than protection, but recent research shows that both are crucial components of a conservation strategy to optimize biodiversity or ecosystem services, and in some circumstances,
restoration should be preferred [92]. The geographic location of adaptation measures influences their cost effectiveness and general effectiveness, which was particularly true for beach
and wetland restoration. When nature-based measures are implemented in areas with higher
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asset value and at greater risk, their cost effectiveness increases significantly. Habitat conservation and restoration actions are often prioritized in areas with lower population and development (e.g., Texas as compared to Florida in beach restoration, and South-East Louisiana for
marsh restoration). However, this study shows that it would be important to restore habitats
not only in places with conservation values but also risk reduction benefits, helping to meet
non-exclusive multiple goals.
The actual costs for each measure (e.g. marsh restoration) can vary strongly across the US
Gulf and will depend on many local factors too. Here, we use representative average values
and apply them homogenously throughout the region as a first cut. The costs of some measures, such as oyster reef restoration, are likely to be fairly consistent [93–95] (see review of
costs in S3 Table). However, in cases where land acquisition or permits are required (e.g. for
marsh restoration in high-value areas with strong market forces at play), the cost may vary significantly. We consider several scenarios as a way to manage this uncertainty, but this is one
area where future research, specifically downscaling and more granularity, will be particularly
useful.
Our analyses and results also highlight key areas for further research. For example, while
there are studies that provide a more detailed coastal hazards description in the region
[69,70,96], it is important to advance in combining hazard information with economic damages and adaptation assessments. This is, however, challenging. The use of complex numerical
modeling is usually restricted to smaller areas and to a limited number of scenarios. These limitations could be addressed through hybrid modeling approaches that combine numerical
modeling, statistical analysis and downscaling techniques. Furthermore, this study shows that
future economic exposure in the coastal zone can be a major driver of risk. Indeed, exposure
to hazards is influenced by land use and coastal policy, but research rarely considers how
future coastal development could influence future risk and the design of adaptation strategies.
More detailed adaptation scenarios should also factor in local characteristics, spatial variations
and local economic exposure, but at scales relevant for informing planning.
This study assumes that all measures are static and does not account for the fact that ecosystems can adapt and grow with changing environmental conditions, such as sea level rise,
which would add to their cost effectiveness relative to built infrastructure. For example, wetland accretion can help building land with a rising sea [36] and healthy oyster reefs have also
been shown to be able to keep up with sea level rise [34]. In contrast, built structures cannot
self-adapt and would require upgrade planning. These considerations were not part of the
analysis.
Nature-based measures also offer other environmental and ecosystems service beyond
coastal protection that would further increase their benefit to cost ratio. For example, restored
ecosystems can offer important tourism and recreational services, including recreation, fishing
and hunting as well as cultural services that may also play a vital role in identifying and prioritizing restoration and conservation priorities from a socio-economic perspective [97]. Beaches,
for example, provide important coastal protection benefits, but they also attract travel and
tourism, both major industries and employers, making them critical to local, state and the
national economies [98]. Hence, it is important to manage coastal ecosystems to reduce stressors so they can be healthy and more resilient to sea level rise and climate change to provide
both risk reduction and environmental benefits.
To build coastal resiliency, it is important to promote resilient infrastructure and solutions
able to reconcile multiple goals. A multi-objective perspective can also generate funding
sources and opportunities for environmental restoration, adaptation and risk reduction. As an
example, the RESTORE Act in the US Gulf established the ‘Gulf Coast Restoration Trust
Fund’ in response to the Deepwater Horizon oil spill, to restore and protect the natural
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resources and ecosystems [99]. Assessing the risk reduction potential of restoration projects
could support and inform funding allocation from the RESTORE Act into restoration that also
would reduce risks to people. Similarly, insurance incentives can help create opportunities to
meet goals in risk reduction and support environmental conservation as an added benefit.

Supporting information
S1 File. Supplementary methods and results: ‘Supplementary_methods_and_results.doc’.
(DOC)
S2 File. Permission and sources of photos. ‘Permission and sources of photos.doc’.
(DOCX)
S1 Fig. Statistics of simulated storms based on historical tracks. The simulation reproduces
the statistical distribution of Accumulated Cyclone Energy (upper left panel), the number of
tropical storms (upper right), total number of hurricanes (lower left) and major hurricanes, i.e.
category 3 or above (lower right).
(PNG)
S2 Fig. Wave height validation. Significant wave height at NOAA buoy 42040 (29.212 North,
88.207 West, 164.6 m deep).
(TIF)
S3 Fig. Relative sea level rise. Historical relative Sea Level Rise trends (mm/yr) from NOAA
[75] and the subsidence field digitalized from Ivins et al [77].
(TIF)
S4 Fig. Study units and hazard centroids. The centroids (red dots) are the basic units where
hazards are calculated and then associated to census tracts.
(PNG)
S5 Fig. Value of assets in the US Gulf. Spatial distribution of value of assets in low-lying
zones across the Gulf (below 10 m ground elevation) by county level. The topographic distribution of asset value aggregates for the Gulf is plotted in a subpanel (bar graphic), where the xaxis represents ground height and the y-axis total asset value across the Gulf.
(PNG)
S6 Fig. Adaptation model. Representation of the model to estimate adaptation for each
measure. The S-shape curves represent how adaptation is considered in the damage curves:
Hazard Reduction; first line of defense until overtopped (FL); local overtopping (OV); and elevation of structures (EL). MSL: Mean Sea Level, FH: Flooding Height onshore; Zi: topographic
elevation at each site (i.e. aggregated at study units).
(TIF)
S7 Fig. Risk now and in the year 2030. Risk evolution between 2010 and 2030 for the two economic scenarios: Low economic exposure growth (left panels), and high economic exposure
Growth (right panels). Bars represent current risk (left) and future risk (right), and separate
between the contribution from future economic exposure and climate. Upper panels (a,b) represent the Annual Expected Damage, while the lower panels (c,d) represent the 1-in-100-yr
risk.
(TIF)
S8 Fig. Annual expected damage by census tract across the US Gulf. Upper panel shows
Annual Expected Damage (AED) by county, with reference in year 2010. Lower panel shows
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the change in AED in 2030, showing areas with the greatest added risks from low economic
exposure growth and climate change. Values are given in US$ Millions.
(TIF)
S9 Fig. Comparison of the costs and benefits of adaptation measures. Benefit to cost ratios
are represented in the vertical axis (height of the bars), with the horizontal axis noting the
aggregated benefit (i.e. total averted damage), and the width of the bars the individual benefit
from each measure. Panel a: default estimates of protection and cost, equivalent to Fig 6; Panel
b: reduced hazard reduction potential by green options; Panel c: both reduced hazard reduction and increased cost for green options. The scenario corresponds to low discount (2%) and
assumes a low economic exposure growth in the next 20 years.
(TIF)
S1 Table. Present and future exposure in the Gulf. Total asset value at reference date (2010)
and two future timeframes (2030 and 2050), for the two scenarios of economic exposure
growth.
(DOCX)
S2 Table. Hazard attenuation from different coastal features. Range of parameters found in
the literature and data sources for attenuation of hazard for different coastal features, along
with a brief description of the basic principle for protection.
(DOCX)
S3 Table. Cost estimates and sources of information. Review of cost estimates and sources of
information for the definition of the adaptation measures.
(DOCX)
S4 Table. Benefit to cost ratios for year 2030 under a high economic exposure growth. Benefit to cost ratios and total benefit for the list of adaptation measures, across scenarios of costs
and effectiveness. The total climate risk for the scenario is 176.6 US$ billion (calculated from
Annual Expected Damages over a 20-year period). Total cost-effective adaptation is the aggregated value of the total benefits (TB) for all measures with benefit to coast ratio (B/C) above 1.
The nature-based cost-effective adaptation is the aggregated value of the total benefits only for
the nature-based measures (wetland restoration, beach nourishment, barrier island restoration, and oyster reef restoration) with a benefit to cost ratio above 1. Values correspond to the
high economic exposure growth for the year 2030. The discount rate of benefits and costs is
2%. In columns, the ‘more conservative’ and ‘most conservative’ cost-benefit scenarios correspond to (see Methods): the sensitivity analysis where the effectiveness of green measures are
reduced and the costs increased by 20% (costs are only modified in the most conservative scenario).
(DOCX)
S5 Table. Benefit to cost ratios for year 2050 under a low economic exposure growth. Benefit to cost ratios and total benefit for the list of adaptation measures, across scenarios of costs
and effectiveness. The total climate risk for the scenario is 398.2 US$ billion (calculated from
Annual Expected Damages over a 40-year period). Total cost-effective adaptation is the aggregated value of the total benefits (TB) for all measures with benefit to coast ratio (B/C) above 1.
The nature-based cost-effective adaptation is the aggregated value of the total benefits only for
the nature-based measures (wetland restoration, beach nourishment, barrier island restoration, and oyster reef restoration) with a benefit to cost ratio above 1. Values correspond to the
low economic growth for the year 2050. The discount rate of benefits and costs is 2%. In columns, the ‘more conservative’ and ‘most conservative’ cost-benefit scenarios correspond to
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(see Methods): the sensitivity analysis where the effectiveness of green measures are reduced
and the costs increased by 20% (costs are only modified in the most conservative scenario).
(DOCX)
S6 Table. Effect of discounting rates. Benefit to cost ratios and total benefit for the list of
adaptation measures, across scenarios of costs and effectiveness. Total cost-effective adaptation
is the aggregated value of the total benefits (TB) for all measures with benefit to coast ratio (B/
C) above 1. The nature-based cost-effective adaptation is the aggregated value of the total benefits only for the nature-based measures (wetland restoration, beach nourishment, barrier
island restoration, and oyster reef restoration) with a benefit to cost ratio above 1. Values correspond to the low economic growth for the year 2030. The cost-benefit scenario corresponds
to the default setting.
(DOCX)
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Möller I, Kudella M, Rupprecht F, Spencer T, Paul M, van Wesenbeeck BK, et al. Wave attenuation
over coastal salt marshes under storm surge conditions. Nat Geosci. 2014; 7: 727–732. https://doi.org/
10.1038/ngeo2251

33.

Narayan S, Beck MW, Reguero BG, Losada IJ, van Wesenbeeck B, Pontee N, et al. The Effectiveness,
Costs and Coastal Protection Benefits of Natural and Nature-Based Defences. PLoS One. Public
Library of Science; 2016; 11: e0154735. Available: http://dx.doi.org/10.1371%2Fjournal.pone.0154735
PMID: 27135247

34.

Rodriguez AB, Fodrie FJ, Ridge JT, Lindquist NL, Theuerkauf EJ, Coleman SE, et al. Oyster reefs can
outpace sea-level rise. 2014; 4: 493–497. https://doi.org/10.1038/NCLIMATE2216

35.

Sasmito SD, Murdiyarso D, Friess DA, Kurnianto S. Can mangroves keep pace with contemporary sea
level rise? A global data review. Wetl Ecol Manag. 2015; 24: 263–278. https://doi.org/10.1007/s11273015-9466-7

36.

Temmerman S, Kirwan ML. Building land with a rising sea. Science (80-). 2015; 349: 588 LP–589.
Available: http://science.sciencemag.org/content/349/6248/588.abstract

37.

EU. Green Infrastructure—Enhancing Europe´s Natural Capital. Brussels: Communication from the
Comission to the European Parliament, the Council, the European Economic and Social Commitee and
the Committee of the Regions; 2013 p. 249.

38.

EU. Towards an EU Research and Innovation policy agenda for Nature-Based Solutions & Re-Naturing
Cities. Final Report of the Horizon 2020 Expert Group on ´Nature-Based Solutions and Re-Naturing Cities´. Luxembourg; 2015.

39.

Executive Office of the President. The President’s Climate Action Plan. The White House, Washington,
D.C. 2013.

40.

Sutton-Grier AE, Wowk K, Bamford H. Future of our coasts: The potential for natural and hybrid infrastructure to enhance the resilience of our coastal communities, economies and ecosystems. Environ
Sci Policy. 2015; 51: 137–148. http://dx.doi.org/10.1016/j.envsci.2015.04.006

41.

Bridges T, Henn R, Komlos S, Scerno D, Wamsley T, White K. Coastal Risk Reduction and Resilience:
Using the Full Array of Measures. Washington, D.C.; 2013.

42.

Cooper JAG, Pile J. The adaptation-resistance spectrum: A classification of contemporary adaptation
approaches to climate-related coastal change. Ocean Coast Manag. 2014; 94: 90–98. http://dx.doi.org/
10.1016/j.ocecoaman.2013.09.006

PLOS ONE | https://doi.org/10.1371/journal.pone.0192132 April 11, 2018

21 / 24

Cost effectiveness of nature-based and coastal adaptation

43.

Mechler R, Schinko T. Identifying the policy space for climate loss and damage. Science (80-). 2016;
354: 290 LP–292.

44.

NAS. National Academy of Sciences—Water Science and Technology Board and Ocean Studies
Board [Internet]. National Academic of Sciences; 2014. Available: http://dels.nas.edu/wstb

45.

Travis WR, Bates B. What is climate risk management? Clim Risk Manag. 2014; 1: 1–4. http://dx.doi.
org/10.1016/j.crm.2014.02.003

46.

Aerts JCJH, Botzen WJW, Emanuel K, Lin N, Moel H De. Evaluating Flood Resilience Strategies for
Coastal Megacities. Science (80-). 2014; 344: 473–475. https://doi.org/10.1126/science.1248222
PMID: 24786064

47.

Aerts JCJH, Lin N, Botzen W, Emanuel K, de Moel H. Low-probability flood risk modeling for New York
City. Risk Anal. 2013; 33: 772–88. https://doi.org/10.1111/risa.12008 PMID: 23383711

48.

Broekx S, Smets S, Liekens I, Bulckaen D, Nocker L. Designing a long-term flood risk management
plan for the Scheldt estuary using a risk-based approach. Nat Hazards. 2010; 57: 245–266. https://doi.
org/10.1007/s11069-010-9610-x

49.

Reddy SMW, Guannel G, Griffin R, Faries J, Boucher T, Thompson M, et al. Evaluating the role of
coastal habitats and sea-level rise in hurricane risk mitigation: An ecological economic assessment
method and application to a business decision. Integr Environ Assess Manag. 2016; 12: 328–44.
https://doi.org/10.1002/ieam.1678 PMID: 26123999

50.

Cobell Z, Zhao H, Roberts HJ, Clark FR, Zou S. Surge and Wave Modeling for the Louisiana 2012
Coastal Master Plan. J Coast Res. Coastal Education and Research Foundation; 2013; 88–108. https://
doi.org/10.2112/SI_67_7

51.

Fischbach JR, Johnson DR, Ortiz DS, Bryant BG, Hoover M, Ostwald J. Coastal Louisiana Risk
Assessment Model. Technical Description and 2012 Coastal Master Plan Analysis Results. 2012.

52.

Peyronnin N, Green M, Richards CP, Owens A, Reed D, Chamberlain J, et al. Louisiana ‘ s 2012
Coastal Master Plan: Overview of a Science-Based and Publicly Informed Decision-Making Process. J
Coast Res. 2013;Sp.Issue: 1–15. 10.2112/SI

53.

FEMA. Gulf of Mexico, Coastal Regions [Internet]. 2015. Available: http://www.fema.gov/protectinghomes/gulf-mexico-coastal-information

54.

USCensus. Coastline Population Trends in the United States: 1960 to 2008. Population Estimates and
Projections. [Internet]. 2010. Available: http://www.census.gov/prod/2010pubs/p25-1139.pdf

55.

NOAA. Explore Coastal Communities, Economy, and Ecosystems The Gulf of Mexico at a Glance: A
Second Glance. Washington DC; 2011.

56.

Pielke R, Gratz J, Landsea C, Collins D, Saunders M, Musulin R. Normalized Hurricane Damage in the
United States: 1900–2005. Nat Hazards Rev. American Society of Civil Engineers; 2008; 9: 29–42.
https://doi.org/10.1061/(ASCE)1527-6988(2008)9:1(29)

57.

Blake ES, Gibney EJ. The deadliest, costliest, and most intense United States tropical cyclones from
1851 to 2010 (and other frequently requested hurricane facts) NOAA Technical Memorandum NWS
NHC-6 [Internet]. 2011. Available: http://www.nhc.noaa.gov/pdf/nws-nhc-6.pdf

58.

Stockdon BHF, Doran KJ, Thompson DM, Sopkin KL, Plant NG, Sallenger AH. National Assessment of
Hurricane-Induced Coastal Erosion Hazards: Gulf of Mexico. 2012;

59.

Res C, Titus JG, Richman C. Maps of lands vulnerable to sea level rise: modeled elevations along the
US Atlantic and Gulf coasts. 2001; 18: 205–228.

60.

NRC. Reducing Coastal Risks on the East and Gulf Coasts Reducing Coastal Risk on the East and Gulf
Coasts. Water Science and Technology Board, editor. Washington, D.C.: The National Academies
Press; 2014.

61.

ECA. Shaping Climate-Resilient Development, a framework for decision-making. 2009.

62.

Bresch DN. Shaping Climate Resilient Development: Economics of Climate Adaptation. In: Salzmann
N., Huggel C., Nussbaumer S.U., Ziervogel G, editor. Climate Change Adaptation Strategies–An
Upstream-downstream Perspective. Springer; 2016. https://doi.org/10.1007/978-3-319-40773-9_13

63.

Souvignet M, Wieneke F, Mueller L, Bresch DN. Economics of Climate Adaptation (ECA)—Guidebook
for Practitioners—A Climate Risk Assessment Approach Supporting Climate Adaptation Investments
[Internet]. Frankfurt am Main, Germany; 2016. Available: https://www.kfw-entwicklungsbank.de/PDF/
Download-Center/Materialien/2016_No6_Guidebook_Economics-of-Climate-Adaptation_EN.pdf

64.

Bresch DN. Climada the open source NatCat model; model code, tropical cyclone and storm surge
module, and documentary material [Internet]. 2014. Available: https://github.com/davidnbresch/climada

65.

Reguero BG. Climada for Coastal Areas, a module to assess coastal hazards and coastal risk [Internet].
Santa Cruz; 2018. Available: https://github.com/borjagreguero/climada_coastal_hazards_module

PLOS ONE | https://doi.org/10.1371/journal.pone.0192132 April 11, 2018

22 / 24

Cost effectiveness of nature-based and coastal adaptation

66.

Añel JA. The Importance of Reviewing the Code. Commun ACM. 2011; 54: 40–41. https://doi.org/10.
1145/1941487.1941502

67.

Reguero BG, Bresch DN. Assessing Coastal Risk and the Economics of Climate Adaptation [Internet].
2018. https://doi.org/10.17504/protocols.io.miyc4fw

68.

Kron W. Flood Risk = Hazard • Values • Vulnerability. Water Int. Routledge; 2005; 30: 58–68. https://
doi.org/10.1080/02508060508691837

69.

Resio DT, Irish JL. Tropical Cyclone Storm Surge Risk. Curr Clim Chang Reports. 2015; 1: 74–84.
https://doi.org/10.1007/s40641-015-0011-9

70.

Resio DT, Irish J, Cialone M. A surge response function approach to coastal hazard assessment—Part
1: Basic concepts. Nat Hazards. 2009; 51: 163–182. https://doi.org/10.1007/s11069-009-9379-y

71.

Bresch DN, Mueller L. Climada Manual. 2014; 1–73.

72.

Losada IJ, Reguero BG, Méndez FJ, Castanedo S, Abascal AJ, Mı́nguez R. Long-term changes in sealevel components in Latin America and the Caribbean. Glob Planet Change. 2013; 104: 34–50. https://
doi.org/10.1016/j.gloplacha.2013.02.006

73.

Gesch D, Oimoen M, Greenlee S, Nelson C, Steuck M, Tyler D. The national elevation dataset. Photogramm Eng Remote Sensing. ASPRS AMERICAN SOCIETY FOR PHOTOGRAMMETRY AND; 2002;
68: 5–32.

74.

Scawthorn C, Flores P, Blais N, Seligson H, Tate E, Chang S, et al. HAZUS-MH Flood Loss Estimation
Methodology. II. Damage and Loss Assessment. Nat Hazards Rev. 2006; 7: 72–81. https://doi.org/10.
1061/(ASCE)1527-6988(2006)7:2(72)

75.

NOAA. Sea Level Variations of the United States 1854–2006. Silver Spring, Maryland; 2009.

76.

Nicholls RJ, Hanson SE, Lowe J a., Warrick R a., Lu X, Long AJ. Sea-level scenarios for evaluating
coastal impacts. Wiley Interdiscip Rev Clim Chang. 2014; 5: 129–150. https://doi.org/10.1002/wcc.253

77.

Ivins ER, Dokka RK, Blom RG. Post-glacial sediment load and subsidence in coastal Louisiana. Geophys Res Lett. 2007; 34: 1–5. https://doi.org/10.1029/2007GL030003

78.

IPCC. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation
[Internet]. Field CB, Barros V, Stocker TF, Dahe Q, editors. A Special Report of Working Groups I and II
of the Intergovernmental Panel on Climate Change. Cambridge, UK, and New York, NY, USA: Cambridge University Press; 2012. https://doi.org/10.1017/CBO9781139177245

79.

Walsh KJE, McBride JL, Klotzbach PJ, Balachandran S, Camargo SJ, Holland G, et al. Tropical
cyclones and climate change. Wiley Interdiscip Rev Clim Chang. John Wiley & Sons, Inc.; 2016; 7: 65–
89. https://doi.org/10.1002/wcc.371

80.

Bender M a, Knutson TR, Tuleya RE, Sirutis JJ, Vecchi G a, Garner ST, et al. Modeled impact of anthropogenic warming on the frequency of intense Atlantic hurricanes. Science. 2010; 327: 454–458. https://
doi.org/10.1126/science.1180568 PMID: 20093471

81.

PWC-Economics. World in 2050. The BRICs and beyond: prospects, challenges and opportunities.
2013.

82.

Messner F, Penning-rowsell E, Green C, Tunstall S, Veen A Van Der, Tapsell S, et al. Evaluating flood
damages: guidance and recommendations on principles and methods principles and methods. Flood
Risk Manag Hazards, Vulnerability Mitig Meas. 2007; 189.

83.

NOAA. Adapting to Climate Change: A Planning Guide for State Coastal Managers [Internet]. 2010.
Available: http://coastalmanagement.noaa.gov/climate/adaptation.html

84.

FEMA. Homeowner’s Guide to Retrofitting [Internet]. 2014. Available: http://www.fema.gov/
floodproofing

85.

FEMA. Engineering With Nature. 2011; 3–33.

86.

Louisiana CP and RA of L. Louisiana’s Comprehensive Master Plan for a Sustainable Coast [Internet].
Baton Rouge; 2012. Available: https://issuu.com/coastalmasterplan/docs/coastal_master_plan-v2

87.

Thomson G, Ce D, Brodnax C. Barrier Island Restoration in the Gulf Coast—Is it Worth it? 2010; Available: https://www.estuaries.org/pdf/2010conference/monday15/yacht/session3/thomson-brodnax.pdf

88.

USACE. North Atlantic Coast Comprehensive Study: Resilient Adaptation to Increasing Risk [Internet].
2015. Available: http://www.nad.usace.army.mil/Portals/40/docs/NACCS/NACCS_main_report.pdf

89.

Nordhaus W. Critical Assumptions in the Stern Review on Climate Change. Sci. 2007; 317: 201–202.
https://doi.org/10.1126/science.1137316 PMID: 17626869

90.

Mendelsohn R. Is the Stern Review an Economic Analysis? Rev Environ Econ Policy. 2008; 2: 45–60.
Available: http://reep.oxfordjournals.org/content/2/1/45.abstract

91.

Karp L. Global Warming and Hyperbolic Discounting. J Public Econ. 2005; 89: 261–282. https://doi.org/
10.1016/j.jpubeco.2004.02.005

PLOS ONE | https://doi.org/10.1371/journal.pone.0192132 April 11, 2018

23 / 24

Cost effectiveness of nature-based and coastal adaptation

92.

Possingham HP, Bode M, Klein CJ. Optimal Conservation Outcomes Require Both Restoration and
Protection. PLOS Biol. Public Library of Science; 2015; 13: e1002052. Available: https://doi.org/10.
1371/journal.pbio.1002052 PMID: 25625277

93.

TNC. Natural Infrastructure and restoration projects database. At: In: The Nature Conservancy [Internet]. 2015. Available: http://projects.tnc.org/coastal/

94.

Edwards PET, Sutton-Grier a. E, Coyle GE. Investing in nature: Restoring coastal habitat blue infrastructure and green job creation. Mar Policy. Elsevier; 2013; 38: 65–71. https://doi.org/10.1016/j.
marpol.2012.05.020

95.

Kroeger T. Dollars and Sense: Economic Benefits and Impacts from two Oyster Reef Restoration Projects in the Northern Gulf of Mexico The Nature Conservancy. The Nature Conservancy. 2012.

96.

Westerink JJ, Luettich RA, Feyen JC, Atkinson JH, Dawson C, Roberts HJ, et al. A Basin- to ChannelScale Unstructured Grid Hurricane Storm Surge Model Applied to Southern Louisiana. Mon Weather
Rev. American Meteorological Society; 2008; 136: 833–864. https://doi.org/10.1175/2007MWR1946.1

97.

Ghermandi A, Nunes PALD. A global map of coastal recreation values: Results from a spatially explicit
meta-analysis. Ecol Econ. 2013; 86: 1–15. https://doi.org/10.1016/j.ecolecon.2012.11.006

98.

Houston JR. The economic value of beaches–A 2008 update. 2008; 76.

99.

RESTORE. Gulf Coast Ecosystem Resotoration Council [Internet]. 2014. Available: https://www.
restorethegulf.gov/

PLOS ONE | https://doi.org/10.1371/journal.pone.0192132 April 11, 2018

24 / 24

