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Supplemental Information on National Coastal Property Model (NCPM)
Overview

In previous work, the Environmental Protection Agency (EPA) and other funders, in cooperation with Industrial Economics Inc. (IEc), developed the National Coastal Property Model to identify areas at risk from permanent inundation due to sea-level rise (SLR) and from temporary flooding due to storm surge and to evaluate an economically efficient adaptation response.  The NCPM has been used in some form, with comprehensive coastal cover, for over a decade, and for other local and national scale analyses since 1995. 

The major versions of the NCPM as currently configured are as follows.

· Version 1: NCPM v1 was a sea level rise only model and is described in Neumann et al. (2010a and 2010b)

· Version 2: NCPM v2 included a storm surge damage and adaptive response component, described in Neumann et al. (2015)

· Version 3: NCPM v3 includes numerous updates that are detailed in this supplement and in various working papers and technical reports.

This supplement describes changes to the NCPM made since Version 2 published in 2015 and used in the second modeling phase of the Climate change Impacts and Risk Analysis (CIRA) project (U.S. EPA 2017). Since this last published description, modifications have been made to the NCPM, which include: 

1. Energy infrastructure damage assessment
2. Updating sea level rise projections
3. Updating storm surge heights 
4. Improving the decision rules used for selecting protection the best protection options
5. Updating model initialization (or spin-up)
6. Updating property values

Energy Infrastructure Damage

In 2015, energy infrastructure was added as an additional type of infrastructure damage assessed. The objective of this module is to analyze the value of at-risk coastal energy infrastructure and the costs of adapting that infrastructure to SLR and storm surge.  Prior to 2015, we analyzed the extent to which coastal energy infrastructure within the contiguous U.S. could be vulnerable to SLR and storm surge (Version 2).  One of the updates since 2015 was to build upon Version 2 by considering the adaptive response and evaluating direct costs to energy infrastructure.  The adaptive response component is described below.

To evaluate exposure to these threats, spatial data were downloaded from the Energy Information Administration’s (EIA’s) U.S. Energy Mapping System (USEIA 2016). In particular, we gathered data on natural gas, natural gas liquid, crude oil, and petroleum pipelines as well as power plants, petroleum refineries, liquefied natural gas import/export terminals, crude oil rail terminals, petroleum product terminals, and natural gas market hubs.  To estimate energy infrastructure sensitivity to the risks of SLR and storm surge, the EIA data were joined to the county-level data used in the NCPM. The data were summarized by grid cell, producing statistics such as facility counts, kilometers of pipeline by type, and total capacity levels for power plants and petroleum refineries, and incorporated into the NCPM.  

The first step in evaluating the adaptive response is to value the facilities and pipelines at risk.  Facilities were valued using the property values incorporated into the NCPM.  The property value data in the NCPM were primarily derived from assessor data and where these data were not available from Census property value data.  Some corrections were made to the property value data where grid cells containing energy facilities had particularly low or high values.  Low valued grid cells (those with values less than $250,000) were scaled upwards using the average value per facility calculated by facility type and applying this value to the facilities falling within the grid cell.  High valued grid cells (those with values more than $50 million) were scaled downwards according to the percentage of value derived from industrial and commercial land uses.  

Pipelines were valued based on replacement cost, or the cost of constructing new pipeline.  Average construction cost for natural gas, natural gas liquid, and crude oil pipeline were calculated using data from the INGAA Foundation, which represents natural gas pipelines and companies that provide goods and services to pipelines (INGAA Foundation 2014).  These costs were applied to our spatial pipeline data assuming that the cost to construct petroleum pipelines would be most similar to the cost to construct crude oil pipelines to estimate the pipeline value per grid cell.

The next step in evaluating the adaptive response is to determine the value that could be lost due to SLR inundation or flooding caused by storm surge.  For SLR inundation, this value is simply the total property value.  On the other hand, because storm surge only causes temporary inundation, the full property value would not be lost following these episodic events.  Instead, we apply depth-damage functions from the Army Corps to calculate the percentage of a property’s structural value that could be lost.  For pipelines, we assume that the full value of pipeline would be lost (i.e., the pipeline would be completely destroyed) due to any amount of storm surge.  Although it is likely that pipeline along the coast would be built to withstand some amount of storm surge, we were unable to identify evidence of this.  Therefore, our assumption of complete loss provides a high-end estimate of potential damages to this type of energy distribution infrastructure.

Once we have determined the value that could be lost due to SLR inundation and flooding, the model weighs these values against the costs to protect the property.  Figures S-1 S-2 outline the protection decisions contained within the model.  In summary, when at risk from SLR, a property will be abandoned if the cost to protect the property is greater than its value.  If the cost is less than the value of the property the property will either armor or nourish depending upon whether it is located on a sandy beach.  The value of a property includes both the assessed property value plus the value of any energy pipelines located within the property.  

In the case of storm surge there is one additional decision option available to property owners, to neither abandon nor protect, but temporarily incur storm surge damages and the costs associated with repair.  For storm surge, a property will be abandoned if storm surge damages over a 10-year time frame are greater than the value of the property, if not the property will temporarily incur storm surge damages if the costs to protect are greater than the 10-year storm surge damages and will either armor or elevate, whichever is lower cost, if the costs to protect are less than the 10-year storm surge damages.


Figure S-1	SLR Decision Tree with Energy Analysis	
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Figure S-2	Storm Surge Decision Tree with Energy analysis	
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The storm surge analysis can be run for 17 multi-county study areas (covering 70 of the 302 coastal counties in the NCPM) for which we have modeled storm surge from Emanuel (2013).  These results are then extrapolated to the remaining 232 unmodeled counties using a discrete approach that 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.  This extrapolation allows us to preliminarily assess the impacts to energy infrastructure at a national level.  The storm surge component of the energy analysis can also be run using the comprehensive historic storm surge data available for all coastal counties – when this alternative storm surge data is used, no extrapolation is necessary.

Sea Level Rise Projections

For the Fourth National Climate Assessment, Sweet et al. (2017) developed a set of six global sea level rise scenarios that used the Kopp et al. (2014) projections to tie global scenarios to regional sea level changes. The highest of their six scenarios (the ‘extreme’ scenario) led to 2.5 m (8.2 ft) of global mean sea level (GMSL) rise between 2000 and 2100.  The decision to add this 2.5 m scenario (which ended at 2.0 m for the Third National Climate Assessment) was based on newer evidence about the contributions of Antarctic ice-sheets to sea level rise (Kopp et al. (2017) and arguments from Miller et al. (2013) that 2.3–2.7 m (7.5–8.9 ft) of global mean sea level (GMSL) rise by 2100 was within the realm of physically plausibility. In addition, leveraging the Kopp et al. (2014) projection engine, the results from Sweet et al. (2017) include local sea level rise grids for each of their six GMSL rise scenarios. For this analysis, we use these 1-degree gridded projections from Sweet et al. (2017) by aggregating to the county-level. Of the three uncertainty scenarios—low, medium, high—we use the medium. 

Storm Surge Probabilities

Previous studies using the NCPM relied on projected storm surge probabilities derived from Emmanuel (2013). The modeling in Emanuel (2013) is complex and computationally expensive. As a result, storm surge probabilities were produced for 70 counties (of the 302) where major damages were expected. In previous NCPM work, an extrapolation technique was used to estimate damages for the remaining 232 counties. For this analysis we use historical tide gauge measurements (NOAA 2018), which allows direct estimation of storm surge for all counties. Using these tide gauges, we extracted the maximum daily water level from each record, and de-trended the resulting set of maximum gauge heights from each time series. From the detrended data, we then calculated a distribution of storm surge heights by fitting a generalized extreme value distribution to the annual maximum time series from each gauge. This provided an estimate of the surge heights associated with return intervals ranging from 2 years to 500 years. Tide gauges with less than 10 years of data were excluded. Stations were matched to counties using proximity and topography.  Storm surge probabilities may change in the future. However, for this analysis we opt to use historical tide gauge information because these provide greater coverage across coastal counties. 

Property Protection Decision Rules

The original formulation of the NCPM triggered adaptation decisions for storm surge with simplified cost-benefit tests. The decision rules for permanent inundation associated with SLR were not changed. However, the decision rules for adaptation to episodic flooding caused by storm surge, which rises as sea levels rise, were reformulated to enable a traditional cost-benefit test. New rules were developed that compare the cost of different adaptation options within each cell to the expected reduction in damages that would result from those adaption options. As with the previous version of the NCPM, we assume that armoring and elevation will be implemented for the 100-year flood. The new cost-benefit test compares an estimate of discounted avoided damages over the next 30 years with the cost of each adaptation option. This decision rule is based on an estimate of expected annual damages (EAD) and expected annual benefits of adaptation. EAB is the avoided damages given the assumption that adaptation will prevent damages for events up to and including the current 100-year flood. The decision relies on the following variables:

P = Property value in a cell; varies across cells and is inflated over the model run
C = Cost of adaptation; varies across cells and adaptation type. For abandonment, C = P. For armoring and elevation, cost includes capital and present value of maintenance.
EAD = Expected annual damages = Area A + Area B from Figure S-3 below. 
EADP = Expected annual damages with adaptation in place = Area B (i.e., damages for events larger than the 100-year event)
EAB = expected annual benefits of adaptation = EAD – EADP
The new cost-benefit test compares an estimate of discounted avoided damages over the next 30 years with the cost of each adaptation option (see Figure S-4). The decision rule is based on an estimate of expected annual damages (EAD) and expected annual benefits of adaptation.


Figure S-3	Illustration of how the NCPM estimates expected annual damage. The area under the curve represents EAD; area A is the EAD for floods that have at least 1% annual chance exceedance and area B is the EAD for floods that have less than 1% annual chance exceedance. The NCPM estimatesdamages for flood events shown by the larger points along the curve.
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Figure S-4	New adaptation decision rule for storm surge in the NCPM
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For each adaptation decision, the NCPM looks ahead 30 years, using current EAD as the approximation. The NCPM discounts future EAD, which has for Federal Government sponsored analyses been the 3 percent (real) rate required by OMB Circular A-4, to obtain a present value of expected damages over 30 years. Expected damages are estimated with and without adaptation for the 100-year event in order to estimate a present value of expected benefits of adaptation. In its simplest form, the decision rule implements the lowest cost adaptation option if EAB for that option exceeds C. This represents a traditional cost-benefit test for optimal risk reduction investment. 

Model Initiation (Spinup)

Comprehensive data on existing storm surge protection (sea walls, elevated structures) across CONUS, to our knowledge, is not available. We account for existing protection by first running the NCPM over an initiation period. This technique is also called model “spin-up” and is often used in dynamic models to provide a consistent starting point for each simulation. Model initiation allows for the most cost-effective protection during model initiation, with all options available independent of the adaptation scenario. These costs are excluded in the total costs. There is evidence (Bakkensen and Mendelsohn 2016) that suggests there is little meaningful adaptation to coastal flood risk in the U.S. Further, there is ample evidence that people’s flood risk choices, including mitigation investments, do not follow traditional rational economic assumptions (Wachinger et al. 2013; Bubeck et al. 2012; Poussin et al. 2014).  With this in mind, it’s likely that our model initiation overbuilds—i.e., decisions made are more cost effective than reality. If we were to use a less than optimal initiation, three main issues arise. First, the model would need to estimate a suboptimal decision framework that mimics reality—a difficult task for model developers and nearly-impossible without historical information to tune or calibrate the results. Second, the model needs to start from a “stable” state. For example, if the model starts in a sub-optimal state for a proactive adaptation, a slug of protection will occur in the earlier years.   

Costs were estimated nationally both with and without model initiation for the 150 cm, without adaptation scenario in order to better understand the impacts of model initiation on the final costs. The 150 cm scenario represents a high-end estimate but not as extreme as 200 or 250 cm and we expect model initiation (or spinup) to have the largest impact on the No Adaptation scenario than either the Reactive or Proactive scenarios. Figure S-5 shows a comparison of these costs over time (left) and with a scatter plot (right) on a decadal basis. As shown, without spinup scenario starts in the first year with costs already reaching over $150 billion and rising to $350 billion. This gap of $150 billion persists between the with and without spinup results, although over time this gap lessens over time, as shown by the curve in the scatter plot.
FIGURE S-5: COMPARISON OF COSTS WITH AND WITHOUT SPINUP IN TIMESERIES (LEFT) AND IN A SCATTER PLOT (RIGHT), WITHOUT ADAPTATION, UNDISCOUNTED, BILLION $2017 / YEAR, FOR THE 150 CM SCENARIO
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Comparison of costs for two sites

Two sites were chosen for comparison because these sites have history with extensive storm surge damage. The two- county Tampa site (Pinellas and Hillsborough Counties) was chosen because it represents the highest estimated SLR and storm surge damage among Gulf Coast sites – Tampa also has an interesting combination of open ocean and back bay frontage; includes urban, rural, and beachfront settings; and includes a complex canal- style development that can be particularly difficult to assess in an aggregate model of this type. The four- county Virginia Beach site was chosen because it ranks high on most SLR and storm surge vulnerability assessments and also includes a mix of urban, suburban, and beachfront development.  Further, the Virginia Beach area has experienced a relatively high historic SLR rate for Atlantic Ocean fronting sites owing to high rates of subsidence (mainly due to isostatic rebound effects). The Virginia Beach site includes Hampton, Portsmouth, Norfolk, and Virginia Beach counties. 

Table 1 shows differences in the resulting total costs (2001-2100) between Version 2 of the NCPM and the updated version that includes the updated SLR, updated storm surge probabilities, new decision rules, and model initiation. The main driver for these differences in total costs (particular discounted totals) is model initiation, which includes high abandonment costs for these two study sites, as well as costs for armoring and elevating. The new decision rules also significantly reduced abandonment, especially for the Tampa site (see Figure S-6). 
Table S-1	Comparison of costs for two study sites, Tampa and Virginia Beach, undiscounted and discounted $2015, for 2001-2100 and the 150 cm SLR scenario.
	
	Cost Type
	Undiscounted Costs
	Discounted Costs

	 
	
	Version 2
	Updated Version*
	Differ-ence
	Version 2
	Updated Version*
	Differ-
ence

	Tampa
	Armor
	$9,659 
	$6,333 
	-34%
	$4,092 
	$1,706 
	-58%

	
	Elevate
	$202 
	$66 
	-67%
	$177 
	$30 
	-83%

	
	Nourish
	$11,338 
	$11,338 
	0%
	$2,164 
	$2,164 
	0%

	
	Abandon
	$17,978 
	$77 
	-100%
	$20,882 
	$17 
	-100%

	
	Storm Surge 
	$22,150 
	$15,940 
	-28%
	$10,246 
	$5,648 
	-45%

	
	Total
	$61,327 
	$33,754 
	-45%
	$37,562 
	$9,566 
	-75%

	Virginia Beach
	Armor
	$6,080 
	$4,898 
	-19%
	$2,044 
	$1,299 
	-36%

	
	Elevate
	$30 
	$22 
	-29%
	$16 
	$6 
	-61%

	
	Nourish
	$5,910 
	$5,910 
	0%
	$1,166 
	$1,166 
	0%

	
	Abandon
	$1,151 
	$793 
	-31%
	$1,152 
	$165 
	-86%

	
	Storm Surge
	$5,469 
	$3,179 
	-42%
	$2,941 
	$1,297 
	-56%

	
	Total
	$18,641 
	$14,803 
	-21%
	$7,318 
	$3,934 
	-46%



* Includes updated SLR, updated storm surge, probabilities, decision rules, and model initiation
 


Figure S-6	Comparison of cell-by-cell decisions for the Tampa study site over the evaluation period, 2000-2100, for 150 cm SLR scenario. Note that model initiation is included in both maps.
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* Includes updated SLR, updated storm surge, probabilities, new decision rules





Property Value Database Update

Spatially explicit property value data, when compared to the cost of protection, ultimately determines whether at-risk cells will be protected or abandoned.  In 2009, we obtained the broadest possible coverage of assessed values for individual parcels, including all residential, commercial, industrial, institutional, and government properties, by contracting with a commercial service (DataQuick Information Systems) that compiles assessed property data from assessors’ records across the country. This acquired data was provided to us aggregated to the Census block group level. Property values reflect mostly 2009 and 2008 property assessments, with some 2007 assessments.  We converted all property values to 2006 dollars as a pre-processing step. Note that, except to the extent they are incorporated or capitalized in property values, the value of public infrastructure is excluded from property values.
In 2018, coastal property values in the NCPM were updated to 2017 values using the Zillow Home Value Index (ZHVI),[footnoteRef:1] which is freely available for two resolutions: by (1) zip code nationally and (2) for select municipalities by “neighborhood” (smaller than zip code but larger than census block). [1:  https://www.zillow.com/research/data/ Accessed in August 2018] 

ZHVI was used to scale the previous values (2006) to 2017 by

This method maintains the finer spatial resolution of the census block data, but updates the values closer to those in 2017. 
Calculating these ratios is simple; however, since the ZHVI is provided at varying resolutions and is, in rare cases, missing for certain zip codes, maintaining the finest resolution available and filling in the missing data is more complex. 
We do this by applying the following steps:
· Neighborhood level data: If the Zillow neighborhood data is available, assign the calculated ratio for the neighborhood.
· In some cases, we have neighborhood designation without the necessary data to calculate the ratios. In these cases, the average ratio was calculated based on the neighborhood’s city designation. 
· If data was not available at the city level, the neighborhood was not assigned a ratio and the Zip-resolution data was used.
· Zip level data: For all grids that are not assigned a ratio at the neighborhood level, we apply the following rules
· If zip code is included in the Zillow data, use zip code property value ratio
· For zip codes missing from Zillow database, ratios were imputed by
· Use the average ratio in the county
· If no data for the county, use average ratio across the State 

Below is a summary of available or unavailable ZHVI data for calculating the ratios:
· 7,441 neighborhoods have data in Zillow excel workbook
· 10,924 neighborhoods in Zillow neighborhood shapefile
· 5,830 neighborhoods in the Zillow shapefile are missing from the Excel workbook
· 234 neighborhoods in Excel workbook are missing property value data and cannot calculate a ratio for
· 409 neighborhoods are found in cities that have no data collected
· 95 cities have no data collected
Table S-2 below shows the property values by region for the original DataQuick property values obtained in 2010 and compares these with the property values adjusted by the ZHVI (in 2018) as just described. These values represent all property with elevation less than 50 cm as these are the most vulnerable to sea level rise. Also, all values are brought to year 2017 dollars so they are comparable. The largest changes are in the South Atlantic with a 23% reduction in value. The Gulf and North Atlantic show reduction while the Pacific shows an increase of about 9%. Overall property values decrease by 5%. Figure S-7 shows these same comparisons for all coastal States. We see that Florida property values decrease significantly compared to other States.
Table S-2	Property Values by Region (bill $2017), all property with elevation less than 50 cm)
	REGION
	DATAQUICK
(2010) 
	ZHVI UPDATED
(2018)
	DIFFERENCE
	% CHANGE

	Gulf
	$1,308
	$1,197
	-$111
	-8%

	Pacific
	$1,955
	$2,130
	$175
	9%

	North Atlantic
	$4,235
	$4,125
	-$110
	-3%

	South Atlantic
	$1,957
	$1,498
	-$459
	-23%

	Total
	$9,455
	$8,950
	-$505
	-5%



Figure S-7	Changes in property value (billion $2017, all property with elevation less than 50 cm). Change is presented by value in the bar chart and by percent in the row labels.


Tables S-3 and S-4 compare the costs to coastal property (NCPM model results) for RCP8.5 for the No Adaptation scenario and the Proactive Adaptation scenario, respectively. Nationally, the No Adaptation costs are reduced by about 4%, while projected costs are reduced by about 8% for the Proactive Adaptation scenario. Note that these results include all of the updates to the model described above as part of Version 1.3.
Table S-3	Total costs to coastal property for the No Adaptation scenario for RCP8.5 (billions of $2017)
	REGION
	DATAQUICK (2010) 
	ZHVI UPDATED (2018)
	DIFFERENCE

	North Atlantic
	$154
	$140
	-9%

	South Atlantic
	$923
	$888
	-4%

	Gulf
	$481
	$472
	-2%

	Pacific
	$77
	$75
	-3%

	Total
	$1,635
	$1,575
	-4%



Table S-4	Total costs to coastal property for the proactive adaptation scenario for RCP8.5 (billions of $2017)
	REGION
	DATAQUICK (2010) 
	ZHI UPDATED (2018)
	DIFFERENCE

	North Atlantic
	$143
	$113
	-21%

	South Atlantic
	$166
	$156
	-6%

	Gulf
	$196
	$190
	-3%

	Pacific
	$39
	$42
	6%

	Total
	$545
	$500
	-8%
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