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Abstract: This research builds upon previous work, which visualizes erosion, sea level rise, and storm 
surge in a single model. using a range of geospatial, image editing, 3D modeling, and animation tools. 
The previous work focused on simulating the effects of a high-wind storm event on an eroded coastline 
caused by sea level rise. The current research applies this same model to a new coastal area, and also 
uses parametric modeling tools to create several landscape design alternatives. These design alterna-
tives are then tested within the simulation of a high-wind storm event to observe the effectiveness of 
each landscape design alternative in stalling large waves and preventing them from damaging the coast-
line. Using a case study on Lake Ontario, we apply variables of scale, angle of repose, orientation of 
forms, and unit spacing to develop dune typologies. These typologies are then inundated by waves 
formed using a particle physics fluid motion simulator in order to analyze their effectiveness in slowing 
the speed of storm waves. The findings are used to develop a dual model of landscape mitigation and 
managed retreat. 
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1 Introduction 

Coastal mitigation strategies can address disaster risk, reduce socioeconomic vulnerability, 
and build social-ecological resilience. Dynamic forms of digital landscape visualization, such 
as three-dimensional modeling and animation may have more meaningful and inclusive re-
sults (DRYZEK 2000, BURCH et al. 2010, ACKERMAN et al. 2019). The visualizations which 
emerge from dynamic digital simulation of the environment can be effectively applied to 
climate change because they combine concepts and images of the real world to create com-
pelling visions (NASSAUER 2012, SHEPPARD 2012). Through the use of visualizations, par-
ticipants in a planning process can improve their understanding of climate change and make 
better choices about land use trade-offs (SHEPPARD 2005, 2012, 2015). M’CLOSKEY & 

VANDERSYS (2017) point out that the environmental site-based approach to visualization can 
help a lay audience to understand dynamic patterns. Visual communication media, especially 
3D visualization and time-based simulation, have been shown to enhance people's under-
standing and engagement with complex environmental problems (SHEPPARD 2012). Uses of 
digital simulation to model coastal change and sea level rise typically focus on analysis, vis-
ualizing potential outcomes in the face of a major coastal storm event, and producing visual-
izations of risk and potential. However, much less work has been done to test design alterna-
tives within these analysis models as a method of testing the effectiveness of landscape de-
sign interventions in mitigating coastal storm events. It is unclear why this is the case, though 
perhaps it is related to resistance in the public's acceptance of the risks of sea level rise in the 
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first place – resistance that can in some cases be overcome through the use of effective com-
munication tools (VELAUTHAM et al. 2019). If there is a hope of finding landscape-based 
solutions to climate-related coastal disasters, digital simulation tools need not only to model 
the behavior of the coastal environment, but to model the landscape-scale interventions which 
can offset the damage of coastal storms. 

Hazard Mitigation as a concept developed by HADDOW et al. (2010) represents “a sustained 
action to reduce or eliminate risk to people and property from hazards and their effects.” 
Hazard mitigation strategies are the core of mitigation, which are long-term strategies to re-
duce potential losses identified in risk assessment (KAUR & SINGH 2018). Mitigation strategy 
has three parts: goals, actions, and implementation action plans (FEMA 2019). Mitigation 
goals are long-term statements that explain what the community hopes to achieve, such as 
reducing or avoiding losses caused by identified hazards through the plans after reviewing 
the risk assessment. Mitigation actions are activities that help to achieve mitigation goals. 
There are several mitigation tools to reduce long-term vulnerability (FEMA 2019). Mitiga-
tion tools are divided into two categories: structural and non-structural tools. Structural mit-
igation tools are products of engineering of physical structures as protection from disasters 
or hazards (FITZGERALD et al. 2016), including dams, levees, floodwalls, and engineering 
and retrofitting facilities. Non-structural mitigation tools are defined as “policy and guide-
lines to influence not only the design and construction of physical elements but also the de-
sign and performance of non-physical elements” (FITZGERALD et al. 2016, 148). Structural 
mitigation tools have advantages such as reducing the loss of life and damage, reducing re-
construction costs, and reducing psychological impacts (KARL et al. 2009, PHILLIPS et al. 
2016). The digital tools used in this research are applied in an effort to develop structural 
mitigation tools as a design strategy to achieve a first measure of defense against flooding 
and erosion. 

2 Algorithmic Design of Barrier Dunes 

2.1 Case Study Overview 

To study the interaction of coastal waves within localized conditions, we selected a study 
area that was more contained than our previous, large-scale Atlantic Coast barrier island lo-
cation. We selected a small bay on the southern shore of Lake Ontario named Little Sodus 
Bay, which has been subjected to rising lake levels over several years and experiences months 
of seasonal flooding each summer. Little Sodus Bay is protected by a small barrier bar, yet 
with each year it becomes increasingly likely that this bar will be breached by the waves from 
a major storm on Lake Ontario. If such an event were to occur, the small bay would likely be 
overwhelmed by the scale and force of these waves. Therefore, the current research simulates 
the conditions that would be found in Little Sodus Bay during summer months: a 4-foot rise 
in water level, coupled with 5-foot waves from a major high-wind storm. The bay is long and 
narrow, just over half a mile wide and heavily populated along most of its waterfront edge. 
We selected a smaller study area of a heavily populated inlet in an area with high soil erodi-
bility. Our previous work (ACKERMAN et al. 2019) involved erosion of a DEM using the 
Photoshop plugin Geographic Imager, which was then converted into a Rhino 3D model and 
intersected with a water plane which was raised to account for elevated coastal water levels. 
Using this established method of digital terrain erosion, we edited the DEM to reflect future 
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erosion based on historic high/low erosion rates, the first step in preparing our digital terrain 
model for storm simulation. The impacted areas are heavily populated, making further inland 
areas more vulnerable to storm inundation in the absence of a mitigation strategy (Figure 1).  

 

Fig. 1: Little Sodus Bay. Left: soil types most likely to suffer erosion. Middle: Digital Ele-
vation Model of Little Sodus Bay, existing conditions. Right: Digital Elevation 
Model of Little Sodus Bay, eroded using geographic Imager. Smaller study area is 
inside rectangle.  

2.2 Storm Simulation with Particle Physics Fluid Motion  

This research combines several smaller digital workflows into one larger analytical and de-
sign process that can simulate terrain erosion, flooding, and storm simulation, which is com-
bined with parametric modeling to create and test barrier dunes (Figure 2). To simulate mov-
ing waves, we imported the modified Rhino terrain model into Maya and used a tool called 
Bifrost, which is a procedural framework which uses a fluid implicit solver for the Navier-
Stokes equations to simulate fluid motion. A goal of this current research was to enlarge the 
workable area of the simulation, which previously had to be kept very small in order to keep 
the number of rendered waves to a minimum. To enlarge the number of waves without over-
burdening the simulation, we created waveforms using BOSS (Bifrost Ocean Simulation Sys-
tem), which creates wind-driven waves on a water surface. Because BOSS enables the repe-
tition of a small wave pattern in space, a small wave computation can be used to deform a 
much larger mesh plane. This allowed us to quickly scale the wave simulation to inundate a 
large area without adding fluid particles to the model. Previously we were only able to study 
an area up to 5 meters wide, constraining our analysis to a single property boundary.  



A. Ackerman et al.: Animation of High Wind-Speed Coastal Storm Events 501 

 

Fig. 2: 
Workflow diagram showing 
each smaller workflow and 
their connections as part of 
a larger analytical and de-
sign process 

In response to these results and the relatively small scale of Little Sodus Bay compared to 
oceanfront areas, the form of design intervention chosen for this research is a series of sand 
dunes which, when placed at the foreshore of a coastal area, have been shown to reduce wave 
over-wash and sand displacement significantly (KIM et al. 2017). The approach of using ex-
perimental human-made dynamic coastal landforms to protect the shoreline has been suc-
cessful in projects such as the Sand Engine located in the Netherlands (STIVE et al. 2013). 
Our focus at this stage of the process was to establish a base understanding of the diameter 
that would be most effective to block large, fast-moving storm waves from reaching land. 
We developed three models with evenly-spaced dunes with diameters of 15 meters, 8 meters, 
and 3 meters. The array of 3 meter dunes failed to block any incoming waves, which did not 
cause us to eliminate it from possibility, but to avoid using only this smallest size dune in 
future simulations (Figure 3). Although the 15 meter dune size was successful, the dunes 
themselves are unrealistic for real-world application due to their size being prohibitive for 
both boat traffic and visual impact to the surrounding viewshed.  

 

Fig. 3: 15 meter, 8 meter, and 3 meter dune tests 
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BOSS is sensitive to water depth, which directly impacts the lateral movement of the waves. 
In order to accurately simulate wave behavior moving from larger depths towards shore, we 
merged the digital terrain model with a water basin mesh derived from the Bay’s bathymetry. 
The result is a continuous terrain surface which interacts with the wave simulation below the 
water’s surface (Figure 4). This terrain model served as the insertion site for the dunes. 

 

Fig. 4: Continuous terrain model above and below water’s surface   

To model dunes, we used Rhino and Grasshopper to model the dune variations, using the 
Grasshopper Paneling Tools plugin to quickly generate dune variations and test them within 
the coastal simulation environment. We created 20 versions of dune arrangements with var-
iation in form, scale, spacing between dunes, and orientation to incoming waves. Each dune 
prototype was tested using the same BOSS wave pattern simulating a typical high-wind sum-
mer storm on Lake Ontario. The dunes were placed as small interventions in a larger wave 
pattern, which helped us to see their effect alongside areas where there were no dunes. To 
allow the dunes to slow down the incoming water, the dune models were set as Bifrost col-
liders, which allows them to act as solid obstacles through which water cannot pass. It is 
important to note that the collider property does not allow for any flexibility in its collision 
properties, which does not accurately mimic the porosity of a natural landscape material such 
as sand or vegetation. For this reason, the results of each simulation are likely exaggerated 
and do not reflect any absorptive material properties, nor do they simulate drag of water on 
an organic surface.  

The process of creating the dunes was iterative, using a stepwise approach of testing each 
dune arrangement with the Bifrost wave simulation, visually analyzing its performance, and 
adjusting its parameters to regenerate an improved dune layout. During the creation of the 20 
iterations the dune layout was optimized to block waves, keep a low height to maintain 
viewsheds, and attain a low angle of repose. Using Grasshopper, we generated an array of 
conical forms representing dunes at sizes of 3 meters up to15 meters, placed on a large grid 
of 20 meter units. To achieve a gradiated spacing that kept the largest dunes away from the 
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shoreline and in the deeper waters of the bay, we used point attractors placed throughout the 
shoreline and edges of the conical array. These point attractors were scriped to generate 
3 meter dunes close to the point’s origin, gradually increasing the cone diameter from the 
point’s origin (Figure 5). 

 

Fig. 5: One iteration of the conical array in Little Sodus Bay, with attractor points shown 
in yellow 

The first iteration placed the attractor points in the middle of the bay, with dunes gradually 
increasing in scale the closer they were to shore. Although this was not ideal because of the 
visual impact to the surrounding viewshed, it was important to include this design in our 
simulations. Subsequent tests reversed this relationship to place larger dunes further out in 
the bay, gradually decreasing the dunes‘ dimaeter as they reached closer to shore. Each fur-
ther iteration of the dune array decreased the angle of repose of each dune uniformly across 
the array as a whole, searching for the lowest angle of repose which could successfully block 
large, fast-moving waves from reaching the shore. The search for the lowest possible angle 
of repose was to achieve the shape of older, more stable dunes as opposed to the high angle 
of repose of less mature dunes which are less stable and more subject to erosion (DOODY 
2012). Parametric adjustments to the dune cones‘ angle of repose was made possible by cre-
ating a component which multiplied the cone’s radius by a decimal representing the desired 
percent slope. Finally, the dune array was adjusted for spacing using a numeric slider com-
ponent in Grasshopper which increased or decreased the spacing between the cones. In-
creased spacing was desirable due to the need for recreational and commercial boat traffic to 
navigate between the dunes, yet it was important to keep the dunes spaced closely enough to 
form an effective wave barrier.  
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Fig. 6: Elevation of selected iterations of dune array in grasshopper. A: Largest dunes are 
closest to shore, with 1:1 angle of repose. B: Smallest dunes are closest to shore. C: 
Smallest dunes are closest to shore, with 1:2 angle of repose. D: Smallest dunes are 
closest to shore, with 1:4 angle of repose. E: Smallest dunes are closest to shore, 
with 1:4 angle of repose and increased spacing between each dune. 

3 Findings 

The simulations provide enough visual information to evaluate the strengths and weaknesses 
of each of the 20 dune formations. The diameter of the dunes proved to be more important 
than the angle of repose in slowing down large waves. The dune grid array proved to be 
effective in isolating fluid particles in the space between adjacent dunes, creating pockets of 
slower-moving water which were effectively stalled from progressing towards the shoreline. 
Although the dune array which placed the largest dunes closest to shore was moderately suc-
cessful in blocking the waves, it was less effective than the inverted iteration which placed 
the largest dunes in deeper water where the large waves begin to gain speed. This can be 
observed in the animated simulations by locating where the darkest, slowest moving fluid 
particles are stalled from moving towards shore (Figure 7). 

Logically, the largest diameter dunes blocked more water. However, not all dunes need to be 
large in diameter, and some smaller dunes can be interspersed with larger dunes to create 
more diverse landforms. We also observed that several small dunes each other did not effec-
tively stop most waves from reaching the shore, acting more as a sieve than as a protective 
measure. This suggests that as dunes undergo rapid erosion from being in the water, dredging 
and redeposition will need to occur in order to replenish the largest dunes, which can be 
thought of as the first lines of defense in major storm events, with the smaller dunes acting 
as supplemental defensive measures. These observations about dune-wave interaction were 
possible through visual analysis of the animated simulations. By pausing and capturing sev-
eral frames of the animation and different points in time, they can be overlaid with transpar-
ency to visualize the path of the water’s movement into and around the dunes, allowing us to 
effectively ‘trace’ the water’s path as a repetitive phenomenon. This ‘tracing’ allowed us to 
isolate the wave behavior and analyze its interaction with the dunes more systematically than 
would otherwise be possible by simply watching the animations (Figure 8). 
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Fig. 7: Selected iterations showing various parametric modelling formations. Slower mov-
ing water appears as dark blue particles; faster moving water appears as white or 
light blue particles.  
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Fig. 8: Transparent overlay of the six images (top) allows fixed-image observation of mo-
ments during the wave animation, showing pooling of darker, slower-moving water 
particles around the dunes and drag effects created as the waves move toward shore 

Given that no simulation showed the dunes blocking the waves from entirely reaching the 
shore, we accept that the dunes cannot be a standalone design. Rather, we will consider the 
dune defense as one part of a larger strategy to deal with the impact of waves on the shoreline. 
The other part will consist of managed retreat, a part of the coastal management toolbox 
which has been used for nearly 20 years (MORRIS et al. 2012). A common form of managed 
retreat is to protect coastal development by gradually moving landward, thus enabling the 
ecosystem to retreat or migrate to new locations (BERRY et al. 2013, ESTEVES 2014). Our 
next research steps will now aim to incorporated both defense and retreat landscape design 
strategies, visualizing these combined efforts by testing them against the waves created by 
our Maya Bifrost simulation. Due to the complexity of the scenarios we are modeling, we do 
not believe that any phase of this research will produce perfect results. Rather, we believe 
that the results of our digital simulations will direct us towards more effective solutions, as 
well as towards gaps where a solution has not yet been found. These gaps will then be the 
next areas to solve through an integrated landscape design approach, leading to a series of 
design options which can be effectively tested and refined through our computational models. 

4 Discussion and Conclusion 

The modeling environment developed for this research is useful in its flexibility and adaptive 
nature. The ability to input physical dune characteristics into a parametric environment which 
can generate improved typologies based on the results of previous wave simulations enabled 
us to quickly iterate further optimized designs. Bifrost’s colorization of fluid particles by 
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speed allowed us to track the path of the lightest-fastest-moving water particles and immedi-
ately observe which dune shapes and arrangements most effectively blocked these damaging 
waters from reaching the shore.  

Bifrost’s use of the Navier-Stokes fluid motion solver offers an acceptable level of realism 
and accuracy (ZASPEL et al. 2011), though this accuracy ultimately depends on the designer’s 
application of the tool and the accuracy of the designer’s three-dimensional terrain model 
itself. MORARU et al. (2019) argue that the two-dimensional hydrodynamic modeling still 
offers the best option in terms of precision and computational load, yet three-dimensional 
hydrodynamic modelling offers more visual realism within a reasonably accurate visual rep-
resentation. They also argue that the computational expense of three-dimensional hydrody-
namic modelling remains a significant drawback. Accordingly, Bifrost must simplify its out-
put and generalize certain results in order to produce results in a reasonable computation 
timeframe. Because of these simplifications which can reduce the accuracy of the simulated 
output, these computational tools could benefit from real-world validation. In the future, it 
would be beneficial to test the results of such simulations with a follow-up field team. Vali-
dation of a visualization tool to simulate complex ecological conditions under duress – par-
ticularly in an extreme weather scenario where human life is at stake – can enable responsible 
use of the tool within its limitations.  

All types of mitigation tools are equally important, and it is best to combine them based on 
different situations. Risk denial, political will, as well as the cost and lack of funds, are the 
main factors influencing the type of mitigation tools applied (FEMA 2015). Several other 
factors also affect local and state governments’ decisions on choosing which mitigation tools 
to manage flood risk, such as the number of flood hazard declarations, the degree of property 
damage, socioeconomic, and demographic characteristics (MACH et al. 2019). Therefore, it 
is important to identify near-term actions related to long-term goals and keep options open 
for the future in the decision-making process (ROELICH & GEISEKAM 2019). Ultimately, we 
observed that none of these simulations kept the water completely at bay. It will be important 
to begin modifying the digital model’s built landscape at the water’s edge to react to the 
advance of those waters that were not mitigated by the dunes, applying a managed retreat 
approach to the areas that remain threatened in our simulations. This will acknowledge the 
limits of structural mitigation and will apply it where it will be most effective, allowing the 
computational approach in this research to isolate the areas where landscape design is most 
needed. 
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