SUPPLEMENTARY INFORMATION
1. Additional information on hazard definition 

S1 Fig represents different characteristics of the storm simulation and the comparison with the historical set. 

To define the pressure field of each tropical storm, we use the Hydromet-Rankin Vortex model [1]: 
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where P0 is the pressure at the center of the hurricane (mb), Pr is the pressure at a distance r from the center (km), PN is the pressure outside the hurricane (usually1013 mb), and R is the radius of the maximum cyclostrophic winds (km), with 
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. These parameters can be obtained from the historical storms records and the climada storm simulation routines - see [2]. 

From the information of the storm tracks, the model (see CLIMADA coastal hazards module
) infers the spatial field of pressure and winds, and from them the effect on waves and surges. These models are explained below. 
For the wind field, the model uses a non-symmetric fields model [3], where the maximum gradient of winds UR (km/h) can be obtained from:
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Where f is the Coriolis parameter
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 is the latitude in degrees

The wind velocity (10 m; km/h) at a distance r from the center of the storm is: 
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With 
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 being the angle between the hurricane moving speed 
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 and the wind speed at distance R from its center, UR. 
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 is a damping factor that depends on the relative location to the storm: 
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A and B are obtained as: 
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We then calculate wind waves generated by the wind field using three different models, for comparison purposes [3–5]: 

· Bretschneider et al (1990) [3], for Hs from a non-stationary cyclone at offshore depths 
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· Young (1988) [4], adjusting and calibrating the Hs max with numerical modeling at offshore depths.
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· Shore Protection Manual [5], modified to include some of the near-shore depth induced effects on the waves (Hs and Tp)
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S2 Fig shows a comparison of the three wave models at a buoy in the Gulf. 

‘Storm Surge’ refers to the water height above predicted astronomical tide level due to the inverse barometer effect and the wind stress over the sea surface [6]. Storm Surge is supposed to be the linear sum of two effects: (1) elevation due to the atmospheric pressure and (2) the wind shear stress over the sea surface. The storm surge sea level pressure effect spatial variation is supposed stationary and symmetric, only depending on the pressure gradient, and is calculated as [7]: 
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where 
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 sea level elevation; Pn pressure outside the storm (mbar); P0 central pressure (mbar); 
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 water density (1025 kg/m³) and R is the hurricane radius (km)

The shear stress produced by the wind on the sea surface generates an elevation of the water level at the coastline, known as Storm Surge. Although its modeling is complex [8,9], the long wave equations can be used to described it on the continental shelf or a lagoon [7]:

The sea level surface induced by the wind stress (
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; SS) can be obtained from the following equation: 
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where h is the depth, n is a factor taken that varies between 1.15 and 1.30, and 
[image: image28.wmf]W

t

is the wind shear stress in the cross-shore direction. 

The wind stress over the water surface is [5]:
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where 
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 is the water density in kg/m³; 
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 is the maximum wind speed (10 m over sea level), m/s; 
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 is a friction factor, O(106) , taken from [10]:
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The wind stress acting on the transect is 
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. Although the wind shear stress is usually very small, when its effect is integrated over a large body of water, like the coastal shelf, it results in significant water levels onshore. 

The approach assumes an orthogonal transect to the bathymetry and responds to an approximation of the long-wave shoaling on the continental shelf. Conditions are also assumed stationary for each storm position and the maximum wind speed acting on the coastal transect. The relative angle between the maximum wind speed and the bathymetric transect is considered to define the tangential stress and is taken at the beginning of the continental shelf (i.e. where shoaling starts having an effect), here assumed at 200 m deep. Bottom friction and 2D effects are neglected in this approach.  

Although there are significant simplifications behind parametrical models like the ones used in this analysis, they are easy to implement and computationally efficient to run in large domains [11]. These characteristics make them suitable for comparison of many different factors and scenarios in a large domain, while conserving the stochastic approach. 
The analysis was performed using the ‘‘CLIMADA’ open source model [2,12], simulating a set of synthetic 15,000 storms from the historical record, for the present (reference in year 2010) and future climates in years 2030 and 2050. The hazard scenarios included the effects of climate change in storms, through changes in intensity and frequency, according to [13] and [14], as well as relative sea level rise: 

· We considered the intensity of all categories of storms increased by 11% by the end of the century and the category 4 and 5 hurricanes become an 80% more frequent, while the lower intensity storms become 28% less frequent. 

· For future sea levels, we accounted for land subsidence, particularly important in the highly subsiding Mississippi delta [15], 

· For sea level rise, historical trends [16] are extrapolated to the target years, which can be considered a conservative approach  (S3 Fig).
2. Economic Exposure 

We extracted asset values from the HAZUS database at a block level, aggregated them by tracts and integrated all the information into a total of 3,238 centroids (S4 Fig). We also processed the assets by ground heights across the Gulf using the national Elevation Dataset [17]. S5 Fig shows the spatial distribution of assets in low-lying areas (i.e. below 10 m of elevation). The assets were subsequently aggregated into centroids (S4 Fig), which constitute the basic units of study and where we calculate damages from the hazards.

The hazard term is not only the unique factor that could change risk in the future, exposure and coastal development also changes with time. Moreover, change in exposure is particularly acute in coastal areas. For example, the Gulf Coast population has increased by 109% since 1970, compared to a 52% increase in the US total [18,19]. 
We examined future exposure for two economic scenarios of coastal development, for the years 2030 and 2050, based on past and expected growth in the region [18–20]: ‘Low economic exposure growth’ assumes growth in existing assets/year of 1% in value and  ‘High economic exposure growth’ assuming a 2 %/year increase. 

S1 Table outlines the regional aggregates for the two growth scenarios considered. We updated present asset values and number of houses to the two future timeframes considering: (1) past historical data on the House Price Index by state (ranging from 21.1% in Mississippi to 43.7% in Louisiana, with an average of 2.67% from 2001-2010); (2) historical evolution of economic growth, and (3) projections from the World Bank and PwC Economics [20] for the years 2030 and 2050 (correspond to annual rates of 2.89% and 3.89%, respectively). 

3. Correction of total water levels by landscape features 
Because large coastal geomorphology features (e.g. the presence of embayments, extensive wetlands, barrier islands, and large scale dyke systems like in New Orleans) influence waves and thus flood height, we correct the total water levels when these features are in the pathway of the storm with estimates based on a literature review (see S2 Table). The correction factors consider the reduction potential on both short (wind-waves) and long waves (storm surges). This approach is similar to how we also model adaptation. 

For managing uncertainty, we compare damages in three different scenarios: the first scenario assumes the landscape features have no effect in reducing waves (no-defense scenario); the second considers a conservative measure of the effectiveness of these features (high-defense); and the third scenario uses the most likely estimates of the effectiveness (low-defense) of these measures. The variation between the no- and high-defense parameterization is a proxy of present protection offered by the coastal landscape in the Gulf. We compared the risk values with private losses estimates and determined the intermediate parameterization (low defense) was the best representation of losses. 
4. Adaptation and cost-benefit analysis
We estimate a representative unit cost for each of the measures after literature review of restoration and engineering projects in the region. S3 Table provides the list of estimates from the literature review and the sources of information. 

The model also considers that only a percent of study units would benefit from protection of measures, which is referred to as “penetration” in the model [2,12] (i.e. fraction of assets and at what geographies the influence of measures is likely to penetrate). With costs and benefit calculations, the benefit to cost ratios for averted damages from each adaptation measure can be obtained for present and future assets and climate. Total Net Present Values (NPV) of the costs and benefits are obtained after discounting over each timeline. We considered two discount rates: one of 2% and a larger discount rate of 10% to account for a more aggressive discount valuation. Finally, the net present value of the costs of each measure considers 20-year implementation periods and periodic maintenance. See Tables in the main text. 

Benefits were calculated assuming three modes of adaptation, summarized in the S6 Fig. 

The annualized NPV is the average yearly net return over the lifetime of the suite of adaptation options, that is, the annualized cash flow. The benefit to cost ratio is the ratio of the present value of discounted benefits to the present value of the discounted costs for each of the measures. This outcome of the analysis can provide an intuitive answer regarding the desirability of the measure. If the ratio is greater than one then the project is cost-efficient, and the ratio itself gives the return of investment through the period considered (benefits of reduced losses per dollar spent on the measure).  The resulting benefit-cost ratios can be represented in a benefit to cost curve, where the width of each bar along the x axis represents the cumulative potential of that measure to reduce total expected damage up to a target year for a given scenario, and the height of each bar represents the ratio between benefits and costs for that measure.  The assembled cost curve shows (from left to right) the range of measures from least cost-efficient to most cost-efficient. The results should thus be used to start discussions on the different measures and the opportunity to avert expected damage, rather than be read as recommendations to implement certain measures.
5. Supplementary results of risk and drivers
S8 Fig shows Annual Expected Damage by census tract across the US Gulf. 

S9 Fig shows the benefit to cost ratios for the three adaptation scenarios. Only the first panel is shown in the main paper (Fig 6). 
S4 Table outlines the benefit-cost ratios for a High Economic growth, for comparison with the Low Economy case (in the main paper). A higher exposure involves larger total benefits from risk reduction measures and more favorable benefit-cost ratios across all scenarios. Note also that as the time period considered for calculating the benefits increases (for example for the climate and the exposure in 2050) these ratios become much more favorable (results for year 2050 in a low growth scenario are outlined in S5 Table). 

Finally, for the purpose of comparing discounting rates, S6 Table shows the different benefit-cost ratios obtained for the two different discounting options. 

6. Extended Discussion 

a) A word on managing uncertainty by comparing scenarios and parameterizations 
Valuation and sensitivity analysis can range from simple presentations of possible ranges of values or confidence intervals to simulation methods exploring the implications of uncertainty in the parameters. This study opted to compare range of values to assess the key parameters and the levels at which the conclusions may change, for example by exploring if the benefit to cost ratio fall below one under a wide set of factors. By changing these parameters across scenarios, we can manage the intrinsic uncertainty and assess what creates the most variation in risk and, more importantly, in the cost effectiveness of risk reduction measures. These results can help to identify areas in which further research to resolve key uncertainties would be justified. 

b) A word on tools and the problem of scales

The need for better strategic visions for risk reduction are clear; these visions must be guided by national coastal risk assessments that identify areas most at risk and help to prioritize future investments [e.g. ,21]. Cost-benefit analysis and risk assessments are increasingly being used in the context of climate adaptation at local sites [22–24]. However, large-scale assessments [e.g. ,25,26] are mostly useful for global and large regional analyses (i.e. order of hundreds of kms), but they fail to include a probabilistic assessment of hazards and the range of adaptation measures is limited, although they include dynamic interactions of climate change scenarios and socio-economic pathways. Conversely, high-resolution public studies, e.g. Coastal Master Plan in Louisiana [27–29] and public risk models, e.g. HAZUS – Flood [30,31], work at much higher resolutions (resolutions of 100 m) but are only applicable to small areas. Furthermore, all of them they rarely include natural ecosystems. There is a need of tools at a regional scale bridging the gap between large-scale assessments and high-resolution studies that also account for the natural protection that ecosystems offer and to assess the benefits and costs of green infrastructure for coastal defense.  

Recently, [32] following the method in [33], provided US-wide flood risk estimates as well as cost of nourishment, armoring and managed retreat as adaptation options for different climate scenarios. Our application in the US Gulf further shows how these set of tools and approaches are becoming increasingly available.  
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_1563024381.unknown

_1563024379.unknown

_1563024373.unknown

_1563024376.unknown

_1563024377

_1563024375.unknown

_1563024371.unknown

_1563024372.unknown

_1563024370.unknown

_1563024361.unknown

_1563024365.unknown

_1563024367.unknown

_1563024368.unknown

_1563024366.unknown

_1563024363.unknown

_1563024364.unknown

_1563024362.unknown

_1563024357.unknown

_1563024359.unknown

_1563024360.unknown

_1563024358.unknown

_1563024355.unknown

_1563024356.unknown

_1563024354.unknown

