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Rapid, risk-based levee design framework for greater risk reduction at lower cost than standards-

based design 

Abstract 

Standards-based levee design aims to protect against events with specific probabilities, for example 

eliminating overtopping from a “1-in-100-year” storm surge. This allows levee segments to be analyzed 

independently but ignores interior dynamics and overall risk. We present and implement a framework for 

calculating optimal risk-informed design heights. Using this design paradigm and multi-objective 

evolutionary algorithms, we identify levee and floodwall design heights that minimize the total system cost 

and expected flood losses over 50 years. With our model, decision makers may feasibly evaluate hundreds 

or thousands of alternative designs. Comparing to the existing design elevations of the Larose to Golden 

Meadow Hurricane Protection Project in coastal Louisiana, over multiple climate change scenarios, we 

identify system configurations of similar cost that reduce the expected value of discounted residual risk of 

26-73% ($8-85 million). We also achieve the same residual risk at 90-97% of the cost of the existing 

system (saving $19-73 million). 

 

Introduction 

Coastal flood risk management efforts in the United States commonly adopt a standards-based approach1,2. 

Analysts estimate a standard design load, such as the 100-year storm surge (a peak surge elevation with a 1-

in-100 chance of occurring or being exceeded in a given year). Structural protection systems (e.g., levees, 

floodwalls) are then designed with crest heights that withstand the design load with some specified level of 

performance. For example, the U.S. Army Corps of Engineers (USACE) might set crest heights using a 

design criterion specifying that “the [maximum] overtopping rate should be less than 0.1 cfs/ft with 90 

percent assurance”3. USACE guidance formally regards this kind of “level of protection” as a legacy term 

and requires risk assessment of any design alternatives under consideration4,5. However, in practice, 
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communities requesting feasibility studies for structural protection often opt for a 100-year, standards-

based design as providing minimal protection to be considered “outside of the designated floodplain” and 

avoid requirements of the U.S. National Flood Insurance Program. This approach is tractable, interpretable, 

and intuitive, allowing analysts to treat each point along the system boundary independently. However, it 

does not provide any assurances about the remaining risk to assets the system is designed to protect. 

Further, reducing 100-year overtopping to a negligible rate all along the system boundary does not even 

guarantee that 100-year flood depths on the interior will be negligible, due to nonlinearities in overtopping 

and fragility dynamics and consideration of rainfall and pumping behavior6.  Cost-effective flood risk 

mitigation therefore requires a risk-based analysis--one which is driven by the probability distribution of 

flood depths and consequences on the system interior, rather than hazard on the boundary7. This can be 

achieved by optimizing economics-based objective functions, such as (i) simultaneously minimizing the 

system cost and minimizing expected losses (i.e., Pareto frontier), (ii) simultaneously minimizing system 

cost and losses with various annual exceedance probabilities, or (iii) maximizing the system’s net present 

value (i.e., risk reduction benefits minus project cost)8,9. 

Existing models of surge- and wave-induced flooding are either sufficiently detailed for standards-based 

planning and design, or computationally efficient enough to optimize risk reduction, but not both. While 

risk-based policy analysis for the management of natural hazards risks and natural resources has become 

increasingly prevalent in recent years, it has been used primarily in relation to water quality10–15. Past 

studies have addressed the risk-based design of protection systems, as early as van Dantzig in 195616. 

However, prior analyses make simplifying assumptions that limit their usefulness for real-world 

application, such as (i) ignoring dynamics such as wave overtopping, rainfall, interior pumping, or levee 

failures; (ii) modeling levees/dikes as rings with uniform crest heights; (iii) assuming a single, often 

catastrophic, value for stillwater elevations or damage if overtopping occurs; (iv) ignoring future economic 

growth or changes to the vulnerability of exposed assets; (v) assuming stationarity in climate conditions 

such as future storminess; and/or (vi) applying a bathtub model of sea level rise rather than explicitly 
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modeling surge/waves as a function of storm parameters and sea level8,9,16–23. Due to the complexity and 

computational requirements of modeling storm surge and wave hydrodynamics and their interactions with 

engineered systems, risk-based approaches to levee design have heretofore used statistical representations 

of surge hazard rather than process-based physical simulations of tropical cyclones. Some research 

demonstrates sophisticated approaches to optimizing risk reduction strategies but limits their 

implementation to an abstract representation rather than a real context24. USACE regulations require risk 

analysis to estimate the benefit-cost ratio of proposed projects4, but models used for this purpose (e.g., 

HEC-FDA) make other simplifying assumptions25. Therefore, existing modeling frameworks do not permit 

optimization or an effective search of the space of possible interventions; analysts instead construct and 

compare design alternatives based on simple assumptions about how 100-year protection standards may 

change over time due to factors like sea level rise. In this analysis, we introduce a process-based model that 

overcomes these simplifications and limitations. 

The model introduced in this paper, the Surge and Waves Model for Protection Systems (SWaMPS), 

maintains sufficient realism for practical application while achieving sufficient computational efficiency to 

enable risk-based design in the domain of coastal flooding. SWaMPS simulates the physical processes of 

surge/wave overtopping, rainfall, pumping, system fragility, and climate change to evaluate flood risk 

within a single-polder ring levee system. For any specified set of environmental conditions, it runs Monte 

Carlo simulations for 120 synthetic tropical cyclones, aggregating the results into an annual exceedance 

probability distribution using joint probability methods26–28. Critically, SWaMPS is four orders of 

magnitude faster than a similar model, the Coastal Louisiana Risk Assessment (CLARA) model used to 

support recommended investments in structural and nonstructural risk mitigation measures as part of the 

State of Louisiana’s Coastal Master Plan26,29. Thousands of designs can be evaluated rapidly, enabling 

levee and floodwall design heights to be optimized against an [economic] objective function(s) in a 

computationally feasible time frame.  
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In this analysis, we simultaneously minimize the cost of system upgrades and the present value (PV) of 

expected losses over a 50-year planning horizon. We utilize the Borg multi-objective evolutionary 

algorithm30,31, the NSGA-II genetic algorithm32 and a greedy algorithm that selects incremental upgrades 

producing the greatest marginal cost effectiveness. While the model and optimization frameworks are 

designed to be portable to other poldered (i.e., enclosed) protection systems, the initial application 

presented in this paper is the Larose to Golden Meadow Hurricane Protection Project in coastal Louisiana, 

where we optimize the crest heights of the twelve levee reaches defined by the South Lafourche Levee 

District33. For simplicity, we focus on exploring the impact of climate change factors on risk-based levee 

designs, but we note that SWaMPS also permits variation in population/economic growth, discount rates, 

the planning horizon, and changes to building codes affecting vulnerability (e.g., raising first-floor 

elevations). 

Results 

We first examined the performance of potential system designs in four modeled future states of the world; 

the first assumes stationary (i.e., constant) risk over time, and the other three represent the assumptions of 

the Low, Medium, and High environmental scenarios from Louisiana’s 2017 Coastal Master Plan34. These 

scenarios vary in their assumptions about future sea level rise and changes to the average intensity and 

frequency of tropical cyclones impacting the Louisiana coast. They were originally informed by the best 

available science at the time35–48, but we have also chosen them for their salience to policy makers, and to 

explore the sensitivity of optimal design heights to assumptions about nonstationary hazards; we do not 

make assertions about the likelihood of any one scenario coming to pass. The parameter values in Year 50 

corresponding to each scenario are summarized in Table 1. 

The left-hand pane of Figure 1 illustrates the Pareto frontier of nondominated strategies that minimize the 

system cost (e.g., planning and design, construction, and maintenance) and the discounted present value of 

expected damage to assets within the polder, both over a 50-year time horizon. For this analysis, we 

consistently apply a 3% annual discount rate to convert future cash flows to their present value. This value 
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was chosen as approximately equal to the rates used in recent years by the US Army Corps of Engineers 

when evaluating flood protection projects49. The four shapes correspond to the frontiers of the four future 

scenarios. Light gray marks indicate the cost and performance of the existing system’s design heights 

(located on the horizontal axis at $728 million). The actual Larose to Golden Meadow project began 

construction in 1972 and underwent periodic construction over the next four decades. In order to make a 

consistent cost comparison, we show estimates from the SWaMPS cost module, which is a Python 

implementation of the costing spreadsheet used to estimate the cost of proposed structural protection 

projects for Louisiana’s 2017 Coastal Master Plan. Other colors indicate which algorithm produced a given 

strategy. Because we wish to minimize the total cost and expected losses, any strategy shown below and to 

the left of the existing system dominates the existing system, outperforming it on both metrics in the given 

state of the world. 

The right-hand pane of Figure 1 puts the sum of system costs and expected losses on the vertical axis, 

allowing us to more easily identify strategies that minimize the total cost, i.e., where the expected marginal 

risk reduction and the marginal system cost are equalized. 

Looking at strategies that dominate the existing system, we can estimate the maximum cost savings 

associated with a strategy that still results in the same expected losses; alternatively, we can estimate the 

minimum expected losses achievable by a strategy with the same cost as the existing system. These 

maximal improvements are summarized in Table 2.  

By optimizing the system design heights, we find that under current conditions, the system cost could be 

reduced by 10% while maintaining the same expected annual damage. A system with the same cost could 

reduce expected annual damage by 73%. However, this large proportional reduction is a consequence of the 

low baseline risk; in absolute terms, it represents an improvement of $8 million in damage over 50 years. 
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Over the three nonstationary states of the world tested, risk-minimizing strategies reduce the present value 

of expected damage over 50 years by an average of 31%. Cost-minimizing strategies achieve equivalent 

risk profiles at an average of 4% lower cost ($27 million). 

Risk-based design heights differ substantially from those of the existing system, which is designed to 

protect against current 100-year surge and wave events (plus some freeboard as a factor of safety). Figure 2 

plots the design elevations (in NAVD88 meters) of the strategies that minimize total costs in each of the 

four future scenarios (noted by color), alongside the existing design elevations in black. The inset map 

shows the system centerlines with the existing design elevations in color, and the main panels show the 

length of each reach as a transect plot (noting that the eastern half of the system is longer due to the 

protrusions of the E North reaches). While the figure presents reach heights for the four specific optimal 

strategies identified by our experimental design, they are broadly representative of the designs of all 

strategies with lower cost and lower residual risk than the existing system: Table S1 shows the coefficient 

of variation in the design heights by reach (i.e., the standard deviation expressed as a proportion of the 

mean) for all such strategies in a given scenario. On average, the standard deviation over dominant 

strategies of the design elevation is only 3.4% of the optimal design elevation (when the elevation is 

measured relative to the topographic elevation at the foot of the levee). The figure clearly shows that if a 

risk-informed design paradigm has been used to develop the existing system, it would have been more 

efficient to have lower-than-existing crest heights on some reaches. 

Surprisingly, the total cost-minimizing strategy assuming stationary risk employs design heights that are 

uniformly lower than the existing configuration, excepting the nearly identical height of the D North reach. 

Total cost-minimizing reach heights generally increase from the Low to the Medium to the High climate 

change scenario, though not always. This motivates a closer examination of the climate change factors 

driving changes in the risk-informed design heights for each reach.  
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In keeping with the concept of risk-informed design, we determine what design heights for each reach, ℎ𝑖𝑖 
for 𝑖𝑖 ∈ {1,12}, can efficiently achieve a policy-driven level of acceptable residual risk under various 

assumptions about future climate change. To this end, we solved for the Pareto frontier of efficient designs 

under 27 different scenarios representing every combination of the three different levels of sea level rise 𝑠𝑠𝑠𝑠𝑠𝑠, future average storm intensity 𝑖𝑖𝑖𝑖𝑖𝑖, and future storm frequency, 𝛼𝛼, comprising the Low, Medium, and 

High scenarios from the previous analysis. Using the resulting design heights and performance metrics, we 

fit a regression model to predict the efficient height of each reach as a function of expected losses, ℒ, and 

the climate variables: 

ℎ𝑖𝑖 = 𝛽𝛽0𝑖𝑖 + 𝛽𝛽1𝑖𝑖ℒ + 𝛽𝛽2𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛽𝛽3𝑖𝑖𝛼𝛼 + 𝛽𝛽4𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛽𝛽5𝑖𝑖ℒ × 𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛽𝛽6𝑖𝑖ℒ × 𝛼𝛼 + 𝛽𝛽7𝑖𝑖ℒ × 𝑠𝑠𝑠𝑠𝑠𝑠 

Table S2 details the fitted 𝛽𝛽∗𝑖𝑖 coefficients for each reach and confirms that future sea level rise and storm 

frequency have a statistically significant impact on the efficient reach heights. The future average storm 

intensity generally does not. Averaging over the reaches, this model specification explains more than half 

of the variance in risk-based design heights (𝑠𝑠2��� = 0.543). These results allow us to construct marginal 

effects describing how reach heights should change in response to new knowledge [or beliefs] about future 

climate change. For example, if policy makers wish to achieve a specific level of expected losses ℒ̃, then 

the marginal increase in design height corresponding to a small change in projected future sea level rise Δ𝑠𝑠𝑠𝑠𝑠𝑠 is, ceteris paribus, Δℎ𝑖𝑖 ≈ 𝛽𝛽4𝑖𝑖Δ𝑠𝑠𝑠𝑠𝑠𝑠 + 𝛽𝛽7𝑖𝑖ℒ̃ × Δ𝑠𝑠𝑠𝑠𝑠𝑠. 

We can visualize upgrade pathways and optimal design heights in several ways. Figure 3 shows the risk-

informed design height for reach A East as a function of the desired residual risk (i.e., expected losses over 

the planning horizon) in the right pane, and the system cost (for all reaches) in the left pane. Each line 

represents a different trace of selected assumptions about future SLR and storminess. The [𝑆𝑆𝑆𝑆𝑆𝑆 =

0.46 𝑚𝑚,𝛼𝛼 = −0.28, 𝑖𝑖𝑖𝑖𝑖𝑖 = 0.1] scenario represents the best-case assumptions among the 27 scenarios 

tested, with the lowest sea level rise, largest reduction in the frequency of storms, and lowest increase in 

average storm intensity. [𝑆𝑆𝑆𝑆𝑆𝑆 = 0.83 𝑚𝑚,𝛼𝛼 = 0, 𝑖𝑖𝑖𝑖𝑖𝑖 = 0.15], conversely, represents the worst-case 
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scenario, while the other three scenarios depicted in Figure 3 correspond to the Low, Medium, and High 

scenarios from Louisiana’s 2017 Coastal Master Plan.  

The optimal upgrade pathways for the A East reach in the best- and worst-case scenarios are more similar to 

each other than the three scenarios “in between” them with respect to the severity of assumed climate change. 

This is an indication of the complex spatial relationships of storm surge around the system boundary and 

tradeoffs between the marginal benefits of upgrades at a given cost point, wherein increasing one reach’s 

design height requires lowering another to maintain the same cost. 

 

Viewing the system as a whole, planners can match their subjective beliefs to either an acceptable level of 

risk or willingness to pay (WTP) for protection in order to identify an efficient risk-informed design. 

Sensitivity of the design to misspecification of future conditions can be evaluated analytically using the 

marginal effects, or visually by examining variation in the design heights for fixed levels of risk or WTP 

across different traces. For example, planners may wish to hedge against higher-than-expected SLR in a cost-

effective manner by adding freeboard only to reaches where optimal heights are highly sensitive to SLR (i.e., 

large marginal effects). 

Discussion  

Our best understanding of climate change impacts is that coastal hazard from storm surge-based flooding 

will rise50–53. Risk-informed, data-driven designs of levee and floodwall systems enable more cost-effective 

investments in protection. This paper provides a decision-analytic framework for levee design based on 

simulation of risk to the system interior. We introduce SWaMPS as a computationally efficient, physical 

process-based model for use in implementing our new approach. The model simulates surge/wave 

overtopping and system failures under varying assumptions about climate change (and/or population 

growth, although this uncertainty was not explored here) with sufficient accuracy to inform design 

decisions. The model runs quickly enough on consumer-grade computing resources to implement 

optimization algorithms that trace out the efficient tradeoff frontier between protection system costs and 
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residual risk. It is easily modifiable to optimize alternative objectives, such as maximization of a benefit-

cost ratio (i.e., maximize expected loss reduction rather than minimize residual expected losses).  

We show that our approach yields designs that substantially improve economic performance over systems 

that are based on protecting against 100-year storm surge along the system boundary. We identify many 

Pareto-efficient design alternatives corresponding to policy-driven levels of acceptable risk, or willingness 

to pay for protection, in a fraction of the time required to evaluate a single design using traditional methods 

and models. Our model and design framework enables planners to evaluate a much larger number of design 

concepts than are traditionally evaluated under a standards-based approach. Exploration of the impact of 

climate change factors on optimal designs indicates that optimal reach heights are sensitive to sea level rise 

and the frequency of tropical cyclones. The complex spatial relationships and tradeoffs between reaches 

demonstrate that the ability to quickly evaluate risk under a large number of design alternatives would be 

valuable to planners. The SWaMPS model overcomes the limitations and simplifying assumptions of other 

similar models while being fast enough to use with techniques for decision-making under uncertainty that 

require large experimental designs to identify robust designs. This will allow future work to leverage 

advances in decision and risk analysis in the domain of levee and floodwall system design. 

 

Methods 

This section outlines the methods and experimental design used for the analysis described in this paper. 

Methodological details, as well as calibration and validation information for the SWaMPS model used to 

execute the analysis, are provided as Supplementary Information. 

The traditional standards-based approach for levee design typically considers a design-level event 

occurring under current conditions (i.e., the topography, bathymetry, storm frequency, and distribution of 

storm parameters at the time of the study). The resulting design heights may be buffered using additional 

freeboard, but not all studies explicitly take nonstationarity in future conditions into account. As such, we 

formulate risk-based design elevations in two ways: (a) assuming that current conditions persist (i.e., risk is 
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stationary), and (b) considering future climate change, both over a 50-year planning horizon. (SWaMPS’s 

“current conditions” baseline models the Louisiana coastal landscape as it existed in 2015, chosen because 

it was the baseline year for the state’s 2017 Coastal Master Plan.) In the latter case, we examine three 

scenarios that vary in their assumptions about the rate of eustatic sea level rise and the average intensity 

and frequency of future tropical cyclones. These assumptions correspond to the Low, Medium, and High 

environmental scenarios from Louisiana’s 2017 Coastal Master Plan. The parameter values in Year 50 

corresponding to each scenario are summarized in Table 1. 

Our decision lever, 𝐇𝐇 =< ℎ1,ℎ2, … ,ℎ12 >, defines a system configuration that sets the crest elevation of 

each reach 𝑖𝑖 to ℎ𝑖𝑖 NAVD88 meters, incurring a cost 𝐶𝐶(𝐇𝐇) and yielding average annual losses (AAL) in 

year 𝑖𝑖 of 𝑆𝑆(𝐇𝐇, 𝑖𝑖) (𝑖𝑖 ∈ ℤ, 0 ≤ 𝑖𝑖 ≤ 50). When calculating the system cost and surge/wave overtopping, we 

assume that floodwalls and gates are placed in the same locations and extents as the existing protection 

system. The twelve reaches are mapped and labeled in the inset of Figure 2. 

In case (a), we minimize AAL under the current conditions landscape and calculate the expected PV of 

losses, with discount rate 𝑠𝑠, assuming AAL does not change over 50 years. In (b), we minimize the PV of 

the sum of AAL in each year of the planning horizon. Fischbach, et al. (2019) found that AAL in coastal 

Louisiana can be reasonably approximated as a piecewise linear function over time54, so for computational 

efficiency we explicitly model AAL every ten years in case (b) and use linear interpolation to estimate 𝑆𝑆(𝐇𝐇, 𝑖𝑖) in the intervening years. In both cases, we simultaneously minimize the cost 𝐶𝐶(𝐇𝐇), which is also 

expressed as a present value and includes planning and design, construction, as well as future maintenance 

(future costs are also discounted at rate 𝑠𝑠). Therefore, by scalarization, our optimization problem in each 

case is to identify 

𝐇𝐇∗ = argmin𝐇𝐇 𝜔𝜔𝐶𝐶(𝐇𝐇) + (1 − 𝜔𝜔)� 𝑆𝑆(𝐇𝐇, 𝑖𝑖)
(1 + 𝑠𝑠)𝑡𝑡

50
𝑡𝑡=0              (0 ≤ 𝜔𝜔 ≤ 1) 
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We identified these risk-based design heights using the Master-Slave Borg Multi-objective Evolutionary 

Algorithm (MS Borg-MOEA)30,31, NSGA-II genetic algorithm, and a greedy algorithm that selects 

incremental 0.1-m upgrades on the basis of which reach’s upgrade would produce the greatest marginal 

cost effectiveness (i.e., marginal risk reduction divided by marginal cost). Each algorithm was used to find 

Pareto-efficient combinations of design elevations over the 12 levee reaches, with respect to the system 

cost and expected losses over a 50-year planning horizon. We repeated each optimization process with 

unique multiple random seeds in order to mitigate variability in the composition and quality of the non-

dominated solutions. The resulting Pareto frontiers from each macro replication have then been combined 

and sorted, discarding dominated solutions to arrive at the final frontier. 

Storm surge and wave behavior for each of the 120 synthetic storms is predicted as a function of their 

characteristics at landfall (e.g., central pressure, radius of maximum windspeed, forward velocity, landfall 

location and heading). Local mean sea level varies over time in the nonstationary future scenarios and is 

also incorporated into the response surface. The response surface model is taken from the CLARA model26. 

It has been trained on a corpus of 600 storms representing 60 storms with varying landfall parameters, each 

run under 10 different initial sea level conditions, through a coupled ADCIRC+SWAN model using the 

same high-resolution mesh utilized for Louisiana’s 2017 Coastal Master Plan55. Changes to the average 

intensity and frequency of tropical cyclones impact the statistical aggregation of individual storm results to 

an annual exceedance probability (AEP) curve. The former affects the probability distribution for storms’ 

central pressure at landfall, and the latter affects the mean interarrival rate of storms used to convert the 

cumulative distribution function of stillwater elevations, conditional upon a storm occurring, to the AEP 

curve. The probabilities of system breaches are modeled as a function of surge and wave overtopping rates, 

with the functional relationship derived from the assumptions of a previous USACE flood risk study in 

coastal Louisiana26,56. 

We hold other factors in the model constant throughout the planning horizon, such as population and 

construction standards for structure foundation heights, in order to isolate the impact of climate change 
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factors on optimal design elevations. We also assume that the locations of floodwalls on top of the levee 

and control structures (e.g., gates, pumping stations) do not change over time. 
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Figures and Tables 

 

 

Figure 1. Pareto frontier showing performance of nondominated designs minimizing system cost and 

residual risk over 50 years.  
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Figure 2. Optimal design heights by reach and scenario (colors), compared to existing design heights 

(black, also shown spatially in color by reach in the inset top-right). 
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Figure 3. Risk-informed design heights for reach A East in selected climate change scenarios, as a function 

of the associated system cost (left) and achieved residual risk (right). 
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Table 1. Climate change assumptions defining future scenarios (all values in 2065 relative to 2015). 

Scenario 

Sea Level 

Rise (m) 

Storm 

Intensity 

Storm 

Frequency 

Low 0.46 +10.0% -0% 

Medium 0.63 +12.5% -14% 

High 0.83 +15.0% -28% 
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Table 2. Performance and improvement of cost-minimizing and risk-minimizing strategies by future 

scenario. 

  State of the World 

 ($ millions) Stationary Low Medium High 

Existing System PV(Cost) $728 $728 $728 $728 

Existing System PV(EAD) $11 $76 $173 $293 

Cost-Minimizing PV(Cost) $655 $709 $693 $701 

Risk-Minimizing PV(EAD) $3 $56 $108 $208 

Improvement PV(Cost) 10% 3% 5% 4% 

Improvement PV(EAD) 73% 26% 38% 29% 
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Figures

Figure 1

Pareto frontier showing performance of nondominated designs minimizing system cost and residual risk
over 50 years.



Figure 2

Optimal design heights by reach and scenario (colors), compared to existing design heights (black, also
shown spatially in color by reach in the inset top-right).



Figure 3

Risk-informed design heights for reach A East in selected climate change scenarios, as a function of the
associated system cost (left) and achieved residual risk (right).
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