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Abstract:

Recent literature, the US Global Change Research Program’s National Climate Assessment, and recent events, such
as Hurricane Sandy, highlight the need to take better account of both storm surge and sea-level rise (SLR) in
assessing coastal risks of climate change. This study combines three models — a tropical cyclone simulation model;
a storm surge model; and a model for economic impact and adaptation — to estimate the joint effects of storm surge
and SLR for the US coast through 2100. The model is tested using multiple SLR scenarios, including those
incorporating estimates of dynamic ice-sheet melting, two global greenhouse gas (GHG) mitigation policy scenarios,
and multiple general circulation model climate sensitivities. The results illustrate that a large area of coastal land
and property is at risk of damage from storm surge today; that land area and economic value at risk expands over
time as seas rise and as storms become more intense; that adaptation is a cost-effective response to this risk, but
residual impacts remain after adaptation measures are in place; that incorporating site-specific episodic storm surge
increases national damage estimates by a factor of two relative to SLR-only estimates, with greater impact on the
East and Gulf coasts; and that mitigation of GHGs contributes to significant lessening of damages. For a mid-range
climate-sensitivity scenario that incorporates dynamic ice sheet melting, the approach yields national estimates of
the impacts of storm surge and SLR of $990 billion through 2100 (net of adaptation, cumulative undiscounted
20058%); GHG mitigation policy reduces the impacts of the mid-range climate-sensitivity estimates by $84 to $100

billion.
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1. Introduction

Recent events have caused coastal residents, planners, and government officials to worry about
the damaging effects of storm surge, a phenomenon where storm activity can temporarily raise
sea levels well beyond the normal tide range. In addition, surging waves associated with these
storms have force which can cause great damages to property and infrastructure and put the
safety of coastal residents at risk. The study of these effects took on new urgency as a result of
the more than $50 billion in damage caused by Hurricane Sandy, much of it attributed to the
effects of storm surge (NCDC 2013, Abel et al. 2012). In recent years, researchers also have
begun to link elevated storm surges with sea-level rise (SLR) associated with climate change.
For example, an assessment of climate-related risks to the Northeast established that storm surge
flood heights which have historically been reached with a 1 in 100 year probability could
increase in frequency to rates as high as once every four years, simply because SLR will provide
a higher “launch point” for all future storm surges (Frumhoff et al. 2007). That report
acknowledged that a quantitative assessment of the likely damages from these events was not yet
possible, but recent research has made progress in identifying flood heights from the combined
effect of storm surge and SLR over broad areas (Bromirski et al. 2012); in linking models of
storm activity to storm surge models for selected areas (Lin et al. 2012); and in conceptualizing
the long term damages of storm surge (Kirshen et al. 2012). These effects have been assessed in
the coastal chapter of the ongoing US Global Change Research Program’s National Climate
Assessment (see Draft for Public Comment as of January 2013), which acknowledges that no

national assessment of the joint effect of SLR and storm surge has yet been undertaken.

In this paper, we for the first time extend previous efforts to comprehensively link a tropical
cyclone simulation model with a model of storm surge, and assess economic damages, cost-
effective adaptation options, and the effects of global greenhouse gas (GHG) mitigation policy
using the US Environmental Protection Agency’s (USEPA’s) National Coastal Property Model
(NCPM) across the coastline of the contiguous US.

The model is tested using multiple SLR scenarios, including those incorporating estimates of
dynamic ice-sheet melting, two GHG mitigation policy scenarios, and multiple general

circulation model climate sensitivities. Detailed descriptions of the GHG emissions scenarios,
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along with projections of global climate change and SLR, are provided in Paltsev et al. (2013). In
short, three emission scenarios are used: a reference or ‘business as usual’ (REF), and two
scenarios representing futures with policies that limit global GHG emissions such that radiative
forcing levels in 2100 are stabilized at 4.5 W/m? (Policy 4.5) or 3.7 W/m? (Policy 3.7). The
scenarios used here reflect results for global SLR through 2100, but also incorporate adjustments
to account for the omitted effect of dynamic ice-sheet melting, a potentially important factor for
SLR projections (Meier et al. 2007). Dynamic ice-sheet melting scenarios incorporate estimates
from the empirical model of Vermeer and Rahmstorf (2009), and use as inputs the decadal
trajectory of global average air temperature results from the IGSM climate model (Paltsev et al.

2013) (see online supplemental material for additional detail on the climate modeling). .

2. Methods and Data

The NCPM comprehensively examines the contiguous US coast at a detailed 150m x 150m grid
level; incorporates site-specific elevation, land subsidence, and property value data; estimates
cost-effective responses to the threat of inundation; and provides economic impact results for
three categories of response: shoreline armoring, beach nourishment, and property abandonment
(Neumann et al. 2010a and 2010b) (see online supplemental material for additional
methodological details for the NCPM). The model was originally developed to address the
threat of SLR, and was modified for this work to incorporate the effects of storm surge on

estimates of vulnerability, impact, adaptation response, and economic damages.

Incorporating Storm Surge into the NCPM

Incorporating storm surge requires modifying the NCPM in three ways: 1) Estimating a
cumulative distribution function for location-specific storm surge; 2) Estimating a cumulative
distribution function for economic damages; and 3) Adding a new response option (property
elevation) that represents a cost-effective alternative in areas subject to episodic flooding but
which are not permanently inundated. The first modification relies on the work of Emanuel et al.
(2008) for the East and Gulf Coast sites where tropical cyclone activity is the primary threat.
Emanuel et al. have developed a method for estimating the generation, track, intensity, and
landfall location(s) of simulated tropical cyclone events in climate states represented by large-
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scale climatology or by global climate models. The wind field output from this simulated storm-
generation activity is used as an input in the National Oceanic and Atmospheric Administration’s
Sea, Lake, and Overland Surge from Hurricanes (SLOSH) model to estimate storm surge depths
resulting from these hypothetical storms (Jelesnianski et al, 1992). SLOSH takes into account
the storm’s pressure, size, forward speed, forecast track, wind speeds, and topographical data.
The result is a cumulative density function for storm surge over a century-long time scale at any
given location.

Tropical cyclones only rarely strike the West Coast, but periodic storms do cause coastal
flooding. For the West Coast sites, therefore, we relied on an analysis of historic tide gauge
water levels following Tebaldi, Strauss, and Zervas (2012). Hourly and monthly data from the
gauges are used to elicit historic patterns of extreme high water events. A peak-over-threshold
analysis is performed to select extreme high water events using a threshold corresponding to the
99™ percentile of each gauge’s distribution of observed water levels. The probability of these
extreme events is then modeled using a generalized Pareto distribution, the parameters of which
can be used to estimate a cumulative density function for storm tide at each gauge. For this
analysis, we use SLOSH and the West Coast tide gauge data to model storm surge in the base
case (without SLR) over the 21% century. This storm surge cumulative density function is then
modified to reflect the effects of SLR on surge height by simply increasing the surge height by
the height of relative SLR at any given point in time.

The second modification to the NCPM follows the approach applied in Kirshen et al. (2012) to
estimate a cumulative distribution function for economic damages. First, the storm surge
cumulative density function from SLOSH is used to develop an exceedance curve of surge
heights. If damages are assigned to each point along the storm surge exceedance curve, then it
would become a damage frequency curve. The area under this curve is the annual expected
value of storm surge damage. The model calculates damages at eight points along the storm
surge exceedance curve (points roughly corresponding to the 2-year, 5-year, 10-year, 20-year,
50-year, 100-year, 250-year, and 500-year surge level) using cell-specific data on elevation,
property value, and structure and contents depth-damage functions from the U.S. Army Corps
(USACE 2000; USACE 2003). These damage values and their corresponding exceedance
probabilities are used to estimate the annual expected value of storm surge damage. The storm

surge analysis is run on a decadal basis in the NCPM to keep processing time within reasonable
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limits; therefore, the annual damage estimate is multiplied by ten to estimate damages over the
10-year time period. This value is then added to damages calculated in previous time periods to
estimate cumulative storm surge damage.

The final modification made to the NCPM is the addition of an elevation response option. This
response is only allowed as an adaptation to storm surge. We assume a fixed cost to elevate a
structure as well as a cost based on amount of fill needed, consistent with the elevation option
used in Neumann et al. (2010a).

With these modifications, the NCPM is able to calculate storm surge damage for cells at risk.
Storm surge damages are calculated for all cells with an elevation less than the height of the
future (21 century) 500-year storm surge. Note that the effect of adaptation means that some
cells with elevation below the 500-year storm surge height are actually not at risk from storm
surge, precisely because cells seaward of some vulnerable cells may be modeled to implement a
protection response (i.e., armor or nourish), providing protection to the landward cells. The
model relies on a “contour analysis” to identify cells that are unprotected and at risk. The
contour analysis defines contours based on proximity to open water. Cells adjacent to open
water are defined as the first contour. For each cell in this contour, the model first determines
whether the cell is at risk. Cells that have armored or nourished are considered “not at risk” from
a storm event less than the 100-year surge level (cells protect to withstand a 100-year surge
level). Abandoned and elevated cells remain “at risk” from all storm events. Storm surge
damage for at-risk cells includes damages from all storms, while storm surge damage for not-at-
risk cells includes only damage from storms that “overtop” the protection, or storms greater than
the 100-year surge level.

The model determines an adaptation response for at-risk cells based on the estimated decadal
storm surge damage. In each time period, a cell’s decadal storm surge damage 1s compared to its
property value to determine its response to the threat of storm surge. If the decadal storm surge
damage is greater than total property value (structure and land), the cell will be abandoned. If
the decadal storm surge damage is less than property value and also less than protection costs,
the cell will temporarily incur storm surge damage. If the decadal storm surge damage is less
than property value, but greater than protection cost, the property will be protected. The model

contains two protection options for storm surge — elevation and armoring (although beach
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nourishment can also provide some protection from surge). The model chooses the protection
option that costs less overall.

After completing the above process for the first contour, the model moves onto cells within the
next contour and repeats the process. Cells adjacent to at risk (i.e., unprotected) cells from the
first (or previous) contour are considered at risk. Adjacent cells include those in both the
cardinal and inter-cardinal directions. The contour analysis continues until all cells have been

analyzed.

National Extrapolation

We ran the NCPM to determine the cost of adaptation to and damage from storm surge for 17
multi-county study areas on the East coast (Barnstable, MA; New York, NY; Ocean County, NJ;
Virginia Beach, VA; Wilmington, NC; Charleston, SC; Jacksonville, FL; and Miami, FL) Gulf
coast (Tampa, FL; Pensacola, FL; Mobile, AL; New Orleans, LA; and Galveston, TX), and West
coast (Southern California; Northern California; Oregon State; and Washington State). The
results of this analysis were extrapolated to the remaining un-modeled coastal counties to
calculate a national estimate of tropical cyclone-related costs.

To accomplish this extrapolation we tried various discrete and continuous methods of assigning
to the unmodeled counties a ratio of SLR and storm surge costs to SLR-only costs (note that the
SLR-only costs result from running the model without storm surge effects, using the older
version of the NCPM described in Neumann et al. 2010). Both types of methods considered
factors such as location, area, property value at risk, population, and shoreline length in
explaining the results. The continuous approaches attempted did not have much explanatory
power, therefore we chose to use a discrete approach of assigning ratios of SLR and storm surge
costs to SLR only costs from the modeled counties to the unmodeled counties. The discrete
approach used first assigns the unmodeled counties to the closest multi-county study area within
the same coastal region (East, Gulf, or West Coast) and then assigns the unmodeled counties to a
modeled county within that study area based on the closest match for property value at risk. The
ratio of SLR and storm surge costs to SLR only costs, calculated under the REF 3.0°C scenario
for the assigned modeled county, is applied to the SLR only results to calculate SLR and storm
surge costs for the unmodeled county. The national estimate of tropical cyclone-related costs
under the various SLR scenarios is calculated as the sum of storm surge and SLR costs for the
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counties modeled directly in the NCPM, and storm surge and SLR costs for the counties

calculated using the extrapolation process described above.

3. Results

Results of our analysis of adaptation to SLR across the seven analyzed scenarios, incorporating
dynamic ice sheet melting, are presented in Figure 1. Total undiscounted costs of adaptation to
SLR (excluding storm surge) through 2100 range from $470 billion to $610 billion under the
REF scenarios, depending upon the climate sensitivity value applied, and $400 billion to $510
billion under the GHG mitigation policy scenarios. Therefore, the benefits of the mitigation
scenarios range from $65 billion to $98 billion.* The largest share of the costs associated with
adaptation to SLR are associated with shoreline armoring, followed by nourishment, and the
value of abandoned property.

As described above, we ran the NCPM to determine the cost of adaptation to and damage from
storm surge for 17 multi-county study areas on the East, Gulf, and West Coasts. Figure 2
provides the results of this analysis by scenario across the 17 modeled storm surge sites. This
figure shows that in the modeled storm surge sites only, the costs associated with storm surge
through 2100 range from $540 billion to $610 billion under the REF scenarios, depending upon
the climate sensitivity value applied, and $510 billion to $560 billion under the policy scenarios.
Benefits of the GHG mitigation policy scenarios range from $28 billion to $49 billion. The
largest share of the costs associated with adaptation to SLR and storm surge are associated with
shoreline armoring, followed by nourishment, the value of abandoned property, and finally
elevating. In addition, a large portion of the costs are associated with residual storm surge
damages which occur during storms with surge greater than the height of protection (the NCPM
assumes that armoring, nourishment, and elevation is done to protect sufficiently from a 100-
year storm) and when the cost-efficient adaptation option is to do nothing and accrue damages.
Figure 3 provides a site-specific comparison of the SLR only to the SLR and storm surge results
under the REF 3.0°C scenario with dynamic ice sheet melting. Figure 3 also depicts the storm

! Discounted at 3% (2005$ with a 2015 base year), these estimates range from $200 billion to $230 billion for the
REF scenarios and $190 billion to $220 billion for the policy scenarios, thereby yielding mitigation benefits ranging
from $9.4 billion to $14 billion (see Online Resource 1 for additional detail on discounted results).
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surge study areas upon which the national extrapolation was based. Total costs of adaptation to
SLR through 2100 range from $1.3 billion in Washington State to $51 billion in Miami,
increasing to $1.6 billion in Washington State to $130 billion in Miami when also considering
adaptation to storm surge. In the 17 study areas analyzed, the change in the total cost of
adaptation when also considering storm surge, compared to SLR only, ranged from zero percent
in Oregon State to an increase of 420 percent in Tampa.

The results of the national extrapolation are provided in Figure 4 for each of the seven scenarios
analyzed. Total undiscounted costs of adaptation to SLR and storm surge through 2100 range
from $930 billion to $1.1 trillion under the REF scenarios, depending upon the climate
sensitivity value applied, and $840 billion to $980 billion under the different policy
scenario/climate sensitivity combinations. This represents an increase of 84 to 110 percent over
the costs of adaptation to SLR only. Benefits of the GHG mitigation policy scenarios range from
$84 billion to $140 billion when considering costs associated with adaptation to both SLR and
storm surge.? Figure 5 depicts the cumulative benefits of GHG mitigation over time under the
three degree climate sensitivity alternative. This figure shows that benefits do not begin to
substantially accrue until mid-century. Beginning around 2050, benefits accrue rapidly and at a

more substantial pace when also considering impacts associated with storm surge.

4. Discussion and Conclusions

The results presented in this paper indicate the importance of considering the combined effect of
SLR and storm surge when analyzing the risk of climate change to coastal property.
Incorporating episodic storm surge increases the undiscounted national scale costs associated
with adaptation by approximately a factor of two, compared to an SLR only estimate. Further,
GHG mitigation results in cumulative undiscounted avoided costs of up to $98 billion through
2100 when considering SLR alone and up to $140 billion when considering the joint effect of

SLR and storm surge. Because GHG mitigation has a delayed effect on SLR, the majority of the

Z Discounted at 3% (2005$ with a 2015 base year), these estimates range from $680 billion to $730 billion for the
REF scenarios and $660 billion to $700 billion for the policy scenarios, thereby yielding mitigation benefits ranging
from $18 billion to $29 billion (see online supplemental material for additional detail on discounted results).
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benefits associated with mitigation are not felt until mid-century. Benefits increase rapidly
beginning around 2050.

While mitigation does have a substantial effect on reducing future damages of climate change on
coastal property, adaptation plays a crucial role in responding to the threat. In particular, due to
the high value of coastal property, driven by the high amenity value of coastal property, the
optimal adaptation response more often involves protection rather than abandonment of property.
When considering SLR only, costs associated with armoring and beach nourishment represent
approximately 59 and 29 percent of the total costs associated with adaptation, respectively.
Abandonment of property makes up the remaining 12 percent of these costs. When also
considering storm surge in the 17 modeled sites, costs associated with armoring, nourishment,
and elevation represent a smaller share of the costs associated with adaptation, between 66 and
74 percent. Abandonment becomes an optimal adaptation option in more cases due to the
significant damages caused by storm surge. This is illustrated in Figure 6 for the Tampa study
site — the left panels illustrate the cost-effective adaptation response to SLR risks, with red areas
indicating abandonment, black areas lines of armoring defense, yellow areas beach nourishment,
and brown areas structure elevation. The incremental effect of dynamic ice sheet melting is
shown in the bottom panels. A significant difference in abandoned area is evident when
comparing the left and right panels. In particular, the red areas in the low elevation east bay
show great sensitivity to storm surge. A similar map for New York City would show less
abandonment and more protection and elevation in response to risks of episodic flooding, owing

to higher property values in New York City’s vulnerable areas.

It is also important to note that there are significant residual impacts due to storm surge after
adaptation measures are in place. These damages make up between 25 and 31 percent of the
total costs associated with SLR and storm surge in the modeled sites. The residual impacts
include two components. The first component arises from areas where episodic flooding occurs,
but where the extent and damage from flooding are not so great as to trigger an abandonment
response. The second component arises in areas where protection is warranted, but there is
infrequent overtopping of the protection for rare but severe storms. The first component
accounts for the largest portion of residual impacts, on an expected value basis, but the second

component, associated with severe storms, may underestimate effects because of our current
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inability to estimate indirect effects such as loss of critical infrastructure, business interruption,
and debris removal costs that may be a much larger component of damages than the direct

structure damage in these more severe storms.

The effect of storm surge varies dramatically by location. As expected, costs associated with
storm surge vary geographically due to topography, value of coastal property, and the nature of
storms. In some areas, responding to the gradual effects of SLR provides nearly sufficient
protection from storm surge as well. But in many other areas, storm surge is significant
amplifying factor. Low lying areas with significant coastal development that have greater storm
activity have the greatest costs associated with storm surge. Under the REF scenario with 3°C
climate sensitivity, the four sites with the greatest increase in costs when also considering storm
surge are Tampa (420 percent increase), New York City (220 percent increase), New Orleans
(210 percent increase), and Galveston (190 percent increase). In recent years major storms have
hit the New York, New Orleans, and Galveston areas showing firsthand how susceptible these
areas are to storm surge.

The approach presented in this paper does have some limitations. For example, we are currently
unable to capture damages from wind or rain associated with coastal storms. The spatial extent
as well as the magnitude of the damages are likely to increase when also considering the effect of
wind and rain (see Mendelsohn et al. 2012 for more details on the potential for wind damage
from tropical cyclones). In addition, our approach is designed to analyze impacts to coastal
property, but does not explicitly account for impacts to infrastructure and ecosystem services.
The model also does not include post-disaster damages such as those from power outages and
lost productivity (Abel et al. 2012). We recognize that the effect of a major storm on the
economy of a region may be felt long after the actual storm. In addition, for the East and Gulf
coasts, our analysis focuses on storms of tropical origin. Extra-tropical storms also cause

significant damage but are not addressed here (see Narita et al. 2010 for more information).

Three key directions emerge for further research. First, while the sea-level rise impacts and
adaptation literature has firmly established that adaptation such as that modeled here is a very
cost-effective response to coastal inundation and flood risks, recent storm events have shown that

in many cases cost-effective adaptation measures have yet to be adopted. This suggests that
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further attention should be paid to establishing the level of economic assets that are vulnerable to
the coastal SLR and storm surge risks modeled here, absent adaptation, and evaluating how
incremental “tiers” of adaptation action can serve to mitigate those risks, with costs and benefits
tracked along the way. Second, for computational reasons we focus our national estimates on the
application of the SLOSH storm surge model — but in many locations a more detailed
hydrodynamic model (e.g., ADCIRC) that includes all key physical processes (e.g., wind, waves,
freshwater discharge) is needed to better characterize surge risks. Further site-specific
comparisons are needed along the lines of Lin et al. (2012) that include evaluation of the impact
on economic assessments such as ours when using these more refined storm surge tools. In
addition, in areas identified at high risk from storm surge likely justify a modest analytic
investment in ADCIRC modeling, in part to provide better assurance that planned adaptations to
storm surge can be both effective and cost-effective, before the much larger infrastructure
investments are made. Third, recent research suggests that SLR is likely to manifest with
regional “hotspots” of unusually high SLR. One of these hotspots is the US North Atlantic coast,
an area with substantial economic value near the coast (Sallenger et al. 2012). Future analyses
should take into account these emerging findings and test the sensitivity of impact and adaptation
cost results to higher levels of SLR that reflect the non-uniform influence of currents and other

local factors.
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Fig. 1 Cumulative total costs of adaptation in the contiguous US by 2100 for sea-level rise with

dynamic ice sheet melting, undiscounted ($ million). CS is climate sensitivity of the underlying

general climate model
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Fig. 2 Cumulative total costs of adaptation by 2100 for sea-level rise with dynamic ice sheet
melting and storm surge for the 17 modeled sites only, undiscounted ($ million)
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Fig. 3 Total costs of adaptation by 2100 under reference 3° scenario with dynamic ice sheet melting, undiscounted ($ million)
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Fig. 4 Comparison of cumulative total costs of adaptation by 2100 in the contiguous US for sea-

level rise with dynamic ice sheet melting with and without storm surge, undiscounted ($ million)
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Fig. 5 Cumulative benefits in the contiguous US for sea-level rise with dynamic ice sheet melting

with (dashed line) and without (solid line) storm surge, undiscounted ($ millions)
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Fig. 6 Effect of incorporating storm surge in economic impact estimates for Tampa, Florida

(NOTE: better quality graphic available for publication purposes)

Sea Level Rise Only Sea Level Rise with Storm Surge

[0 wetiands [l Abandon [ Eevate [ Armor

Nourish




O©CO~NOOOTA~AWNPE

Online Resource 1

Joint Effects of Storm Surge and Sea-level Rise on US
Coasts: New economic estimates of impacts, adaptation, and

benefits of mitigation policy

James E. Neumann;, Kerry Emanuel,, Sai Ravela,, Lindsay Ludwig;, Paul Kirshens, Kirk

Bosmay, and Jeremy Martinichs

Affiliations:

Industrial Economics, 2067 Massachusetts Avenue, Cambridge, MA 02140
WindRiskTech, L.L.C., and Massachusetts Institute of Technology, Cambridge, MA
University of New Hampshire, Durham, NH

Woods Hole Group, Falmouth, MA
USEPA, Climate Change Division, Washington, DC



OCoO~NOUTAWNE

Fig. 1 Sea-level rise with dynamic ice sheet melting
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Fig. 2 Cumulative total costs of adaptation by 2100 in the contiguous US for sea-level rise with

dynamic ice sheet melting, discounted at 3% ($ million)
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Fig. 3 Cumulative total costs of adaptation by 2100 for sea-level rise with dynamic ice sheet
melting and storm surge for the 17 modeled sites only, discounted at 3% ($ million)
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Fig. 4 Total costs of adaptation by 2100 under reference 3° scenario with dynamic ice sheet melting, discounted at 3% ($ million)
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Fig. 5 Comparison of cumulative total costs of adaptation by 2100 in the contiguous US for

sea-level rise with dynamic ice sheet melting with and without storm surge, discounted at 3%
($ million)
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Additional Information on Climate Projections

Three emissions scenarios are used: a reference (REF) or business as usual scenario,
corresponding to a radiative forcing of 9.8 W/m? by 2100, and two future scenarios that limit
global GHG emissions such that the global radiative forcing levels in 2100 are stabilized at
3.7 W/m? (Policy 3.7) and 4.5 W/m? (Policy 4.5). In addition, three alternative climate

sensitivity values are applied in the analyses of this paper: 2°C, 3°C and 6°C.

Using these scenarios, future climate projections for projecting SLR effort were developed
using the National Center for Atmospheric Research’s Community Atmospheric Model
(Version 3), a three-dimensional atmosphere model, linked with the Integrated Global
Systems Model (IGSM-CAM) (Monier et al. 2013). As a full general circulation model
(GCM), IGSM-CAM generates projections that incorporate not only changes in mean
climate, but also incorporates features explicitly designed to allow for year-to-year
variability. Decadal SLR projections (absent dynamic ice-sheet melting) were a direct output
of the IGSM-CAM model. As described in the text, estimates that include dynamic ice sheet
melting were derived from the empirical model of Vermeer and Rahmstorf (2009) using
average ambient air temperature trajectories from the IGSM-CAM model. Storm surge
estimates derive from hurricane modeling that simulates storm generation activity over the
20 century using backcasting results from the GFDL Climate Model for the historic period
of 1956 to 2005.
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Additional Methodological Details for EPA’s National
Coastal Property Model (NCPM)

The overall framework of the model is presented in Figure 1. The basic structure involves
arraying relevant input data, listed on the left side of Figure 1, and constructing a spatial
geodatabase on a 150-m grid cell frame, which can then be analyzed to estimate response to
SLR, the cost of the adaptive response, and the ‘residual damages’ that result in areas where
adaptive measures are not cost-effective, and therefore flooding damages are evident. The
grid frame encompasses virtually all areas potentially vulnerable to the effects of SLR and
storm surge, including approximately 300 coastal counties in the continental US. Most of
these counties have direct coastal or bay frontage, but some are affected only through
proximity to tidally influenced rivers and tributaries, a common geographic feature in the
Southern Atlantic and Gulf regions. Analysis and aggregation modules of the model,
depicted in the center right and bottom right corner of Figure 1, access the site-specific data
within the geodatabase (e.g., elevation) along with a series of user-defined input parameters
(e.g., SLR scenario and the cost of armoring or beach nourishment), and estimate the timing
and costs of adapting to SLR over time. Armoring involves a hard structure of some sort—
prior work and review suggests concrete structures on ocean-fronting areas, and less
expensive bulkheads on bay-fronting areas—and beach nourishment involves placing sand on
beach areas. In all cases, long-term maintenance of structures or period re-nourishment is

also required, with differential costs for each.
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Figure 1:

OVERALL MODEL STRUCTURE
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Some elements of the framework, particularly the optimal response model, rely extensively
on earlier research by Yohe et al. (1996 and 2011) assessing economic impacts for 30 coastal
US sites. The optimal response approach is based on a simplified benefit—cost analysis of
protective structures and beach nourishment relative to a retreat response. The planning

problem expressed as an optimization problem involves choosing a time between today and
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2100 to initiate a protection plan as adaptation to SLR which maximizes the following

expression:

PV{BI[t0,T]} — PV{CI[t0,T]} (1)

where t0 is the time when protection as adaptation is initiated, T is the time when protection
that had been initiated subsequently might be abandoned, and the present value of B and C
are expressions of the benefits and costs, respectively, of protection over time as a function of
the choice of t0. Prior theoretical work established that if hard structure protection prior to
2100 is optimal, then it remains optimal to continue to maintain that hard structure in
perpetuity, making the otherwise difficult estimation of T irrelevant. As a result, this generic
model simplifies to the following decision rules. First, where the cost of measures designed
to protect properties from SLR is less than the benefit of avoided property value loss, the time
to begin protection that maximizes Eq. (1) is earlier than 2100, and the adaptation cost
incurred in response to SLR is estimated as the capital cost of construction plus ongoing
maintenance costs. Second, where the estimated protection cost exceeds the benefit of
adaptation, the expression is maximized when t0 is equal to the time horizon of the
simulation, in this case 2100. Then retreat (i.e., abandonment) is the estimated response to

the threat, and the impact of SLR is lost structure and land value.

Projecting resources at risk involves, at minimum, estimating how real property values could
appreciate—our approach links future property value to a projection of US gross domestic

product (GDP) developed as part of a broader EPA project (see Neumann et al. 2014).

Implicit in our response analysis are two key features of the approach: (1) we estimate the
optimal timing of a response, largely based on the timing of inundation and (2) abandonment
decisions are irreversible, and protection and beach nourishment decisions, while
theoretically reversible, are also effectively permanent. Estimating optimal timing demands
that we rely on an SLR trajectory, rather than simply an endpoint, and also critically affects
the economic cost calculations through application of a positive discount rate. Irreversible
decisions are not a requirement of the approach, but prior work suggests that, at least within

the optimal response paradigm, these decisions are made once and remain robust over time.
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