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Rapid, risk-based levee design framework for greater risk reduction at 

lower cost than standards-based design 

This Supplementary Information describes the design and methods used by the Surge and Waves Model for 

Protection Systems (SWaMPS), a process-based simulation model of storm surge-based flood risk on the 

interior of a levee/floodwall system. While SWaMPS could be configured to represent any real or proposed 

protection system subject to storm surge from tropical cyclones, our initial implementation is a 

representation of the Larose to Golden Meadow Hurricane Protection Project (LGM), located southwest of 

New Orleans, Louisiana.  

The model runs a Monte Carlo simulation of 120 synthetic tropical cyclones whose hydrographs (i.e., storm 

surge elevation over time), significant wave heights, and wave periods are predicted as a function on the 

storm’s parameters, location on the boundary of the protection system, and local mean sea level. The 

simulations include surge and wave overtopping, rainfall, pumping, and the potential for system failures in 

the form of catastrophic breaches. Each replicate calculates a resulting stillwater elevation (SWE) on the 

system interior. The annual exceedance probability (AEP) distribution function for flood elevations is 

calculated using joint probability methods to estimate the relative likelihood of each synthetic storm. The 

underlying mean arrival rate of storms is used to convert the cumulative distribution function for flooding, 

conditional upon a storm occurring, to the AEP curve. Direct economic damage is a function of a SWE, 

population, mitigation standard for nonstructural flood protection (e.g., elevating or floodproofing houses), 

and a rate of participation in the nonstructural practices. The resulting damage metrics include estimates of 

damage by return period (e.g., “100-year” damage exceedances) and the average annual losses (AAL) 

found by integrating over the damage AEP curve. 

In creating SWaMPS, we were inspired by the Coastal Louisiana Risk Assessment (CLARA) model. 

CLARA is a peer-reviewed risk model used to evaluate the risk reduction impacts of flood protection 

measures considered by the State of Louisiana’s Comprehensive Master Plan for a Sustainable Coast 

(hereafter, “Coastal Master Plan”). It is described elsewhere in hundreds of pages of detail, so in this 

document, we provide a conceptual outline of the modeling framework while pointing to CLARA 

references for greater detail where methods are the same between models. We focus here on differences 

between the models and information about SWaMPS’ calibration and validation. For example, one of the 

major efficiencies of SWaMPS is its representation of the LGM system using 12 reach segments, whereas 

CLARA uses 318. 

Model Overview 

SWaMPS implements a risk framework consisting of the following elements. Each is explained in more 

detail in the subsequent sections. Following a description of the risk framework, we also outline the cost 

model. 

1) Hazard – the probability distribution of experiencing a tropical storm with specific characteristics, 

relating to the storm surge and waves experienced on the exterior boundary of the protection 

system  

2) Vulnerability – the probability distribution of stillwater elevations (SWE) in the polder, expressed 

as an annual exceedance probability 

3) Exposure – the collection of economic assets at risk of damage and their associated attributes, such 

as the topographic elevation at their location, asset type (e.g., single-family residence, industrial 

facility), foundation height, and square footage 

4) Consequences – the direct economic damage caused by a given stillwater elevation, aggregated 

over the polder and expressed as a damage AEP curve or AAL, sometimes referred to as expected 

annual damage (EAD) 
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Risk in our representation of the LGM system is derived from Monte Carlo simulation of 120 synthetic 

storms. These correspond to the synthetic storms run through the CLARA model to estimate risk in future 

states of the world for Louisiana’s 2017 Coastal Master Plan.  

Surge and Wave Hazard. As noted in the main text, SWaMPS does not follow a standards-based design 

approach that requires calculation of a storm surge exceedance curve. However, in order to calculate the 

AEP curve for flooding on the system interior, we still need to know the relative likelihood of experiencing 

tropical cyclones with characteristics like the 120 synthetic storms. We also need to predict the storm surge 

over time, significant wave height, and mean wave period for any synthetic storm. To allow for storms to 

be simulated in any future year, i.e., with any future assumptions about sea level rise, we developed a 

response surface to predict these characteristics as a function of storm parameters and mean local sea level. 

Relative Likelihood of Synthetic Storms. SWaMPS adopts the joint probability distribution functions (PDF) 

recommended by previous coastal Louisiana flood risk studies using the joint probability method with 

optimal sampling (JPM-OS) 1–3. This involves using the characteristics of historic observed tropical 

cyclones at landfall (as extracted from the National Hurricane Center’s HURDAT2 dataset for storms from 

1950 to present 4) to fit a joint PDF over the storm parameters. Because the training storms do not vary by 

angle or forward velocity, this simplifies to fitting a joint distribution over the central pressure 𝑐𝑝, radius of 

maximum windspeed 𝑟, and landfall location in degrees longitude 𝑥:  

Λ(𝑐𝑝, 𝑟, 𝑥) = Λ1 ∙ Λ2 ∙ Λ3 

Λ1 = 𝑓(𝑐𝑝|𝑥) =
𝜕

𝜕𝑥
{exp {− 𝑒𝑥𝑝 − [

𝑐𝑝 − 𝑎0(𝑥)

𝑎1(𝑥)
]}} 

Λ2 = 𝑓(𝑟|𝑐𝑝) =
1

𝜎(cp)√2𝜋
𝑒

−
(�̅�(𝑐𝑝)−𝑟)

2

2𝜎2(𝑐𝑝)  

Λ3 = 𝑓(𝑥) = Φ(𝑥) 

Φ(𝑥) is the empirical frequency distribution of longitudinal landfall locations (rounded to 1-degree bins). 

Using the HURDAT data, we construct Φ(𝑥) and then fit 𝑎0(𝑥), 𝑎1(𝑥), �̅�(𝑐𝑝), and 𝜎2(𝑐𝑝) using maximum 

likelihood. This follows CLARA methodology outlined in more detail in other reports 3,5. 

The space of storm parameters (central pressure, radius of maximum windspeed, and landfall location) is 

partitioned into boxes defined by an interval for each parameter. The bounds of the intervals defining each 

box are set such that each box is occupied by a single synthetic storm with parameters equal to the average 

of the interval bounds.  The joint PDF is then numerically integrated over each box to calculate a 

probability mass associated with each storm. The probability masses of each synthetic storm represent the 

relative likelihoods of observing a storm with parameters contained within the box a synthetic storm 

inhabits. 

Response Surface Predictions. The 2017 Coastal Master Plan ran hydrodynamic simulations of 60 synthetic 

storms using a coupled ADCIRC+SWAN model in a total of ten states of the world leveraged in this work. 

They consist of the current conditions (2015) landscape, and all combinations of the years 2025, 2040, and 

2065 under three scenarios with different sea level conditions. Conveniently, this experimental design 

provided 10 distinct values for mean local sea level. Using the 10 sea levels and 600 synthetic storm 

simulations, we train a response surface for peak surge elevation, 𝑠𝑖, and significant wave height, 𝑤𝑖, at 

reach 𝑖, as a function of the storm parameters at landfall and mean local sea level:  

𝒔𝒊, 𝒘𝒊 = 𝜷𝟎 + 𝜷𝟏𝒄𝒑 + 𝜷𝟐𝒓 + 𝜷3𝒅𝒊𝒍
𝟑 + 𝜷4𝒅𝒊𝒍

𝟐 + 𝜷5𝒅𝒊𝒍 + 𝜷𝟔 𝒔𝒊𝒏 𝝋𝒊𝒍 + 𝜷7𝒙 + 𝜷𝟖𝒔𝒍𝒓 + 𝜺𝒊 

where 𝒄𝒑 is the central pressure, 𝒓 the radius of maximum windspeed, 𝒅𝒊𝒍 the distance between the centroid 

of reach 𝑖 and the storm’s landfall point 𝑙, 𝝋𝒊𝒍 the azimuthal angle between the landfall point 𝑙 and reach 𝑖, 
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𝒙 the location of landfall in degrees longitude, and 𝒔𝒍𝒓 the mean local sea level in a given state of the 

world. 

This response surface is identical to that of CLARA, with the exception of adding the sea level rise term; 

CLARA fits a response surface independently for each state of the world using only the storm parameters 

and geospatial variables. Supplementary Figure 1 demonstrates that incorporating sea level rise into the 

response surface and training on all ten landscapes simultaneously does not meaningfully alter the 

predictive accuracy of the response surface. It shows the root mean squared error of predictions of storm 

surge from the 600 synthetic storms available in the training corpus. Colors indicate whether the response 

surface is fit independently on each of the ten states of the world (orange), as in the CLARA method; fitting 

with all states of the world simultaneously (blue); or applying leave-one-out cross-validation to a fit with 

all states of the world simultaneously (beige). The figure reports RMSE as a transect plot at each of the 318 

points along the system centerlines in CLARA’s representation of the LGM system. Performance is nearly 

identical, indicating that SWaMPS is justified in using the modified response surface to predict storm surge 

and waves; the leave-one-out cross-validation results suggest acceptable performance for out-of-sample 

prediction, at least in states of the world with sea levels close to the range of scenarios modeled in the 

training set. 

The hydrograph (i.e., runup and drawdown of surge over time) and mean wave period are fit as a function 

of a synthetic storm’s peak surge elevation, using the 600 ADCIRC+SWAN simulations as training data 

and methods following the U.S. Army Corps of Engineers’ Louisiana Coastal Protection and Restoration 

(LACPR) study 6. SWaMPS uses a temporal resolution of 15 minutes and calculates surge for one day 

before peak surge and two days after. 

Vulnerability. Once the surge and wave characteristics of each synthetic storm have been predicted, 

SWaMPS runs a Monte Carlo simulation of overtopping and levee/floodwall failure. In each replicate, the 

total volume of water entering the polder is then added to rainfall volumes, pumping volumes are 

subtracted, and the resulting volume of water is translated to a stillwater elevation (SWE) using a stage-

storage curve (i.e., a function, derived from a digital elevation model, that relates a volume of water within 

an enclosed spatial region to the SWE that results). To arrive at an AEP distribution for interior SWE, we 

describe the following steps of the model in greater detail: (i) calculating overtopping volumes for a given 

storm; (ii) calculating the probability and consequences of system failure(s); and (iii) aggregating the 

frequency distributions of SWE from the Monte Carlo simulations of each storm to the AEP curve. 

Surge and Wave Overtopping. SWaMPS uses equations for surge and wave overtopping from the LACPR 

study that include coefficients defining stochastic variability in overtopping rates for a given surge 

elevation and significant wave height 6. As described in the previous section, response surfaces to predict 

surge and wave characteristics were fit at each of CLARA’s 318 points along the boundary of the LGM 

system. To simplify the system representation in SWaMPS wherein each of the 12 reaches is treated as 

homogeneous, we needed to identify what surge and wave values should be assigned as representative of 

all CLARA points on a given reach.  

Because overtopping dynamics are nonlinear, using a mean value for surge elevation, significant wave 

height, or wave period could introduce bias in the total overtopping volume from a storm. To calibrate a 

bias-correction factor 𝛽𝑖 for each reach, we proposed to assign reach 𝑖 a surge and wave characteristics for 

storm 𝑗 of the form 𝝁𝒊𝒋 + 𝛽𝑖𝝈𝒊𝒋, where 𝝁𝒊𝒋 and 𝝈𝒊𝒋 are vectors containing the mean and standard deviation 

of the peak surge, significant wave height, and wave period values over the CLARA points located along 

reach 𝑖. We then minimized the sum of the squared error in overtopping volumes over all 600 training 

storms, as compared to the overtopping volumes calculated by CLARA. Where the CLARA overtopping 

volume for reach 𝑖 and storm 𝑗 is 𝑉𝑖�̃� and the volume calculated by SWaMPS is 𝑉(. . ), we thus identified an 

optimal bias-correction factor: 

𝛽𝑖
∗ = argmin

𝛽𝑖

∑(𝑉(𝝁𝒊𝒋 + 𝛽𝑖𝝈𝒊𝒋) − 𝑉𝑖�̃�)
2

𝑗
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Upon finding bias-correction factors for every reach, we found little variation between them, so for 

simplicity, the model ultimately adopts a bias-correction factor found by minimizing over all reaches and 

storms simultaneously: 

𝛽∗ = argmin
𝛽

∑ ∑(𝑉(𝝁𝒊𝒋 + 𝛽𝝈𝒊𝒋) − 𝑉𝑖�̃�)
2

𝑗𝑖

= 0.03181 

System Fragility. The probability of system failure is expressed as a function of the overtopping rate, with 

the functional relationship taken from CLARA’s IPET Low fragility curve 3. However, SWaMPS departs 

from CLARA’s fragility calculations in two key ways: (i) because we assume overtopping rates to be 

homogeneous at all points along one of the twelve reaches, the reach is treated as a series of characteristic 

lengths of 305 m (1000 ft), each of which can fail independently of other lengths; and (ii) failures are 

allowed to occur at any time during surge runup (whereas CLARA assumes failures occur at the time of 

peak surge). For each characteristic length, SWaMPS draws a uniform random variate. It then calculates 

the failure probability for each length given the overtopping rate at each timestep, and the number of 

breaches at a given time is taken to be the number of uniform variates that are exceeded by the failure 

probability up to and including that time. Failures are assumed to be catastrophic, i.e., full-length for a 

characteristic length, and full-depth. For breached regions, the free weir equations are used after setting the 

levee crest elevation to the elevation of the levee base. In each time period, the final overtopping volumes 

are calculated by calculating the length of the reach with and without breaches, then calculating 

overtopping assuming a constant rate over the 15-minute time step.  

The possibility of failures occurring before the time of peak surge makes a modest but noticeable 

difference, as shown in Supplementary Figure 2. Blue indicates the new fragility implementation, while 

orange represents the CLARA approach to fragility (as implemented in SWaMPS, so that the only 

difference is whether failures are constrained to occur only at peak surge). Each trace of the same color 

represents a different macroreplication of the case (i.e., initializing the model with a different random seed). 

Results are shown in the top pane for current conditions and for Year 50 of the High environmental 

scenario in the bottom. Differences are larger in the latter case, where the SWaMPS approach generally 

increases SWE exceedances by 0.1-0.3 m over a range of return periods.  

Annual Exceedance Probabilities. Once each storm in a given case has been simulated, SWaMPS generates 

the AEP curve by aggregating the results using a simplified version of the approach used by the CLARA 

model; full details are given in Fischbach, et al (2017) 3. As described in the Hazard section, a joint PDF is 

estimated using HURDAT2 data. The resulting probability masses associated with each synthetic storm are 

combined with the frequency distribution of SWE over the Monte Carlo replicates to form a cumulative 

distribution function (CDF), conditional upon a storm occurring. Storms are modeled as a Poisson process, 

and the observed frequency of historical tropical cyclones impacting coastal Louisiana is used to estimate 

the probability of observing 𝑛 ∈ {0, ℕ} storms in a given year. The law of total probability is then applied 

to convert the CDF of SWE for a single storm event to a CDF for the maximum annual SWE. SWaMPS 

follows this same approach but does not take CLARA’s extra step of bootstrapping the historical record 

and repeating the process to generate confidence bounds around the point estimates of SWE exceedances. 

Supplementary Figure 3 compares SWaMPS’ estimates of SWE exceedances to CLARA’s median 

estimates and 80% confidence bounds in current conditions and Year 50 of the High scenario. In this 

figure, both models use the IPET Low fragility curve, and SWaMPS is constrained to allow failures only at 

the time of peak surge (in order to make as close a comparison as possible). The results show that the bias-

correction of surge and wave characteristics results in a well-calibrated model of vulnerability within the 

polder. 

Exposure and Consequences. SWaMPS, like CLARA, models direct economic damage associated with 

storm-surge based flooding. In fact, the SWaMPS damage model consists of a lookup table of precomputed 

damage results from CLARA. Results were calculated at 0.1-foot intervals for SWE and can be modified 

using a population multiplier and assumptions about mitigation measures such as elevating houses, 

floodproofing, and buying out high-risk properties. All assets but roads and agricultural crops are assumed 
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to scale with the population multiplier, which takes a value of 1 in the current conditions (2015) case as its 

baseline. Mitigation measures are specified as a mitigation standard corresponding to the NAVD88 

elevation to which policy makers desire protection. Not all types of assets are eligible for each measure, but 

for eligible assets, floodproofing is applied if it would take 3 feet or less of elevation above grade to raise 

the foundation to the mitigation standard; elevation-in-place is applied where the mitigation standard can be 

achieved by foundation heights 3-12 feet above grade; and buyouts occur if more than 12 feet of elevation 

would be required. Another system parameter specifies the assumed rate of participation in these measures. 

Within a given state of the world and time period, SWaMPS obtains the damage associated with the SWE 

exceedances for 22 return periods ranging from AEP values of 0.2 to 0.0005 (i.e., 5-year to 2,000-year). 

Average annual losses are calculated by numerically integrating (i.e., taking a weighted average) the 

damage exceedance curve. 

The analysis presented in this paper assumes no additional mitigation measures are applied and that 

population remains at the current level. We made these choices to isolate the impact of climate change and 

to focus on the risk-informed levee/floodwall design framework. 

Costs. To calculate the present value of costs for structural protection and the additional risk mitigation 

measures outlined in the previous section, we replicated the cost models and unit cost assumptions used by 

the State of Louisiana in their 2017 Coastal Master Plan. These equations and assumptions are detailed in 

the plan’s Project Definitions appendix 7, but we used the actual costing spreadsheet templates for two 

proposed upgrades to the existing LGM protection system as a reference to ensure the accuracy of formulas 

and unit costs. Protection system costs include planning and design, mobilization, construction, and annual 

operations and maintenance over a user-specified planning horizon. The present value of this stream of 

costs depends on a user-specified discount rate.  

The model is initialized by a configuration file that allows for an existing system to be in place on the 

landscape. Costs are therefore implicitly defined as the cost of upgrading an already-present system from 

its existing reach elevations to an upgraded set of design elevations. In this analysis, we designed a new 

system by configuring the model to assume the “existing” system had design heights of zero meters.  
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Supplementary Figure 1. Root mean squared error of response surface predictions of storm surge over all 

training storms. Colors indicate whether the response surface is fit independently on each of the ten states 

of the world (orange), fitting with all states of the world simultaneously (blue), or applying leave-one-out 

cross-validation to a fit with all states of the world simultaneously (beige). 
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Supplementary Figure 2. Stillwater elevation by AEP under current conditions and Year 50 of the High 

environmental scenario, according to the fragility model used. Each trace of the same color represents a 

different macroreplication of the case. 
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Supplementary Figure 3. Comparison of stillwater elevations by annual exceedance probability estimated 

by SWaMPS and CLARA, 2015 and 2065 (High scenario). Shades of blue indicate CLARA’s median 

estimate and 80% confidence bounds; orange indicates the SWaMPS estimates. 
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Table S1. Standard deviation of design heights (as a percentage of the mean design height) among all 

strategies with lower cost and lower residual risk than the existing protection system. 

 Future State of the World 

Reach Stationary 

Risk 

Low 

Scenario 

Medium 

Scenario 

High 

Scenario 

A East 10.2% 2.4% 2.6% 1.7% 

A West 3.7% 2.5% 3.5% 4.1% 

B North 1.1% 6.1% 2.4% 1.5% 

B South 1.8% 6.2% 3.0% 6.6% 

C North 4.0% 3.7% 2.5% 2.3% 

C South 1.7% 1.5% 2.8% 4.6% 

D North 1.7% 2.4% 2.6% 1.8% 

D South 9.3% 5.9% 2.5% 2.6% 

E North 1 6.5% 5.7% 1.9% 2.9% 

E North 2 3.9% 3.6% 4.5% 4.4% 

E South 1.4% 1.4% 2.4% 3.1% 

F 1.3% 2.6% 2.0% 2.2% 
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Table S2. Regression coefficients, statistical significance of covariates predicting risk-based design heights, and 𝒓𝟐 values for each reach. 

Reach 𝜷𝟎: 𝒊𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕 𝜷𝟏: 𝓛 𝜷𝟐: 𝒊𝒏𝒕 𝜷𝟑: 𝜶 𝜷𝟒: 𝒔𝒍𝒓 𝜷𝟓: 𝓛 × 𝒊𝒏𝒕 𝜷𝟔: 𝓛 × 𝜶 𝜷𝟕: 𝓛 × 𝒔𝒍𝒓 𝒓𝟐 

A East   4.67E+0*** -5.03E-5***   2.00E-1   1.31E-1*   6.47E-2 -2.32E-6   1.79E-5***   2.01E-5*** 0.584 

A West   4.11E+0*** -4.18E-5***   8.45E-1*   1.26E-1*   3.97E-2 -1.76E-5   1.50E-5***   1.81E-5*** 0.521 

B North   4.18E+0*** -4.18E-5*** -2.02E-1 -9.23E-3   4.39E-1***   5.55E-6   2.06E-5***   1.07E-5*** 0.457 

B South   4.66E+0*** -5.25E-5***   5.01E-1   1.45E-1* -2.33E-1*** -8.03E-6   1.70E-5***   2.66E-5*** 0.512 

C North   3.24E+0*** -2.17E-5***   6.37E-2   6.70E-2   7.63E-1*** -1.72E-6   1.30E-5*** -1.37E-6 0.583 

C South   3.49E+0*** -2.90E-5***   6.70E-2   2.35E-1***   6.60E-1***   4.28E-6   8.87E-6**   4.76E-6* 0.457 

D North   4.12E+0*** -3.93E-5***   4.12E-1   2.56E-2   2.89E-1*** -7.91E-6   1.81E-5***   1.28E-5*** 0.628 

D South   4.75E+0*** -5.24E-5***   2.77E-1 -2.64E-2 -2.66E-1*** -1.91E-6   2.09E-5***   2.70E-5*** 0.544 

E North 1   4.39E+0*** -4.14E-5*** -5.03E-1 -3.76E-2   2.68E-1***   3.61E-6   2.05E-5***   1.32E-5*** 0.532 

E North 2   3.65E+0*** -3.39E-5*** -2.10E-1   8.46E-2   5.29E-1***   7.03E-6   1.48E-5***   7.96E-6*** 0.557 

E South   4.57E+0*** -4.94E-5***   1.26E-1 -2.25E-2 -1.31E-1**   4.44E-6   1.90E-5***   2.36E-5*** 0.592 

F   3.36E+0*** -2.73E-5***   1.36E-1   4.06E-2   7.45E-1*** -2.93E-6   1.55E-5***   1.94E-6 0.555 

* 𝐩 < 𝟎. 𝟎𝟓; ** 𝐩 < 𝟎. 𝟎𝟏; *** 𝐩 < 𝟎. 𝟎𝟎𝟏; average 𝒓𝟐 over all reaches = 0.543 

𝓛 = expected losses over 50 years; 𝒊𝒏𝒕 = change to future mean storm intensity; 𝜶 = change to future storm frequency; 𝒔𝒍𝒓 = local sea level rise over 50 years 
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