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Further testing with other solutions and geographies 

The method of assigning the NbS profiles by a shoreline suitability rank needs further 

elaboration based on the transect performance, its better spatial snapping to the topobathymetry, 

and specific local environmental and geomorphologic data (as such – see InVEST and 

CLIMADA). This will help mitigate the external validity issues and extend the applicability of 

the model in a broader range of coastal cities both in the US and abroad. These include but are 

not limited to the US cities highlighted in the reports of the Union of Concerned Scientists 

(UCSUSA, 2017), Amsterdam and Venice Metropolitan Areas as major historic cities at risk of 

coastal floods. Further tests will define the correlation and magnitudes of the tourism economy 

towards the risk exposure areas.  

Further steps towards Building with Nature and Living with water 

Contemporary cities need to make the choices in terms of further adaptation of the coastal 

communities against the accelerating flood risks. The relocation or protection of tourist business 

establishments is essential for the future economic resilience and the image of a city. Together 

with the further in-depth cultural and economic assessments this model supports the communities 

in prioritization of their choices. Core tangible and intangible assets, visitor behavior and major 

sectors constituting the balance of local economy – these are the factors enforcing the research-

based generative approach to designing resilient shorelines. The model has a great potential for 

increasing resilience against climate change through the informed risk exposure reduction. These 

are the steps the coastal cities need to make today towards better understanding and active 

implementation of the principles of building with nature approach to develop and apply the best 

practices allowing future generations to successfully learn how to live with water.   
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APPENDICES 

Appendix 01 

Sea level rise scenarios 

USACE Peninsula study scenarios 

The latest efforts in flood mitigation planning such as USACE Peninsula study and 

Louisiana coastal protection masterplan, involved local tide stations observations and expected 

high tide flood depths (CPRA, H2, White et al., 2021). USACE data for Sea Level Change are 

gathered from the NOAA Center for Operational Oceanographic Products and Services 

Application Programming Interface based on observed changes in MSL and SLC projections of 

USACE, NOAA, and the Coastal Assessment Regional Scenario Working Group. (USACE, 

2022, Table 3.3.2.1; CO-OPS API; Sea Level Tracker). By the year 2032 the incremental RSLC 

rates based on NOAA projections identified the level of 0.56 feet is expected for intermediate 

rate of sea level rise and 1.01 feet for high rate of sea level rise. The 50-year life of the project 

correlates with the intermediate rate of 1.65, and the high of 3.93 feet. According to the National 

Oceanographic and Atmospheric Administration, higher average sea levels correlate to higher 

storm surge elevations. In the year 2082, assuming a high rate of sea level rise, a 9 ft NAVD88 

storm surge inundation would be a 20% Annual Event Probability event. (USACE, 2022).  

Climate central probabilistic flood risk model 

My study utilized the latest sea level projection models to assess the risks with greater 

accuracy and inform the decisions accordingly. Climate Central has integrated future projections 

with local data according to Kopp et al. (2017) that included Antarctic physics from DeConto 

and Pollard study (2016) as shown in the Figure 33. 

https://coastal.la.gov/wp-content/uploads/2023/01/H2_ICM-HighTideFloodingApproach_Feb2021_v2.pdf
https://climate.sec.usace.army.mil/slr_app/
https://climate.sec.usace.army.mil/slr_app/userguide.html
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Figure 33. Kopp et al., 2017. Projections of global-mean sea-level (GMSL) rise for three RCPs under probabilistic framework of 

Kopp et al. (2014) (a, b) and Antarctic melt model of DeConto and Pollard (2016) (c, d).  

My model considered the SLR and storm surge risks per a scenario year and RCP level. I 

obtained these levels from the advanced forecast in Risk Finder for Kopp et al. (2017) for SLR 

and coastal storm surge of 1% probability of occurrence for each of the RCP`s (see Figure 34). 

The projections are based on different levels of heat-trapping pollution over time - 

Representative Concentration Pathways (RCPs), as well as different sensitivities of climate and 

sea level to pollution (Climate Central Surging Seas, http://riskfinder.org). The limitations of the 

http://riskfinder.org/
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model include natural variability causing sea level fluctuations and departures from projections. 

The flood depths in this source are measured from the Mean Higher High Water level of the 

Charleston station (MHHW, 1983-2001 national tidal epoch). 

  

Figure 34. Climate Central Risk Finder, Kopp et al., 2017 

The topobathymetric data exported in the Grasshopper model structured the first module 

– “Flood Impact Assessment”. I analyzed slopes, extracted the contours for the illustrative clarity 

of the terrain conditions, and classified the terrain by depths. The Continuously Updated Digital 

Elevation Model (CUDEM) provided better representation of the terrain for both land and 

underwater which we need in this model.  NCEI Continuously Updated DEM (CUDEM) data 

includes NCEI-stewarded bathymetry and topography mosaic DEMs. The depth values in 

meters, stored as 32-bit floating point values. The rasters are fine grain with cell sizes range from 

1/9 arcsecond to 3 arcseconds, allowing the essential accuracy of building level elevations (see 

Figures 35-37). 
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Figure 35. Short-term scenarios of SLR and coastal storm surge with the tourism/recreation businesses affected, 2032 

 
Figures 36-37. Long-term scenarios of SLR and coastal storm surge with the tourism/recreation businesses affected, 2082, 

RCP`s 4.5 (top) and  8.5 (bottom). 
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Appendix 02.  

Living Shorelines Suitability 

The featured suitability parameters are represented by the shapefiles of secondary GIS 

data: Shoreline perimeter structure, Topobathymetry slope, Wetland types, Shoreline 

transformation index, Exposure to the maximum fetch energies, and Zoning patterns. Each of the 

parameters are ranked from 1 to 5 representing the values gradient from the least suitable to the 

most suitable for the NbS sitting. The resulting NbS suitability ranking is calculated as an 

average 1 to 5 value of the six variables discussed: NbS_Rank=(!Str_Rank! + !Slope_Rank! + 2 

* !Wetland_Rank! + 3 *  !Zoning_Suitability! + !Energy_Rank! + 3 * !SCR_R!) /10. In my 

model I weighed parameters of structural characteristics of the shoreline segments based on their 

importance for the ecosystem's vitality according to the literature review. As such, according to 

the study on the Economics of Climate Adaptation (Reguero et al., 2014), urbanization affects 

the risks for ecosystems greater than the natural context, and I weigh zoning with the coefficient 

of 0.3. The importance of shoreline change is also ranked with 0.3, and the current wetlands 

conditions as 0.2. The remaining parameters were equally weighed as 0.1 of the total. 

Nevertheless, these parameters might be updated in ArcGIS equation based on the local 

conditions and should be further defined based on the updated research. I explained their 

components per suitability factor in detail below. 

The NbS strategy proposed with “Imagine the wall” study subdivided the perimeter in the 

areas of various solutions based on the urban context. In my study land use patterns vary from 

the most suitable to ecosystems to the least suitable. Intensive and low-accessible green 

interventions are assigned the rank of 1 – industrial zones and private residential areas. The most 

suitable for the ecosystem restoration are recreation, conservation, and park uses – corresponding 
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with the rank of 5. Since I subdivided the area of interest into the model areas based on the land 

use, I can further refer to this parameter when assigning the simplified solution to the model 

areas perimeter. The land use factors of the shoreline suitability ranking are illustrated in the 

Figures 38-39. 

 

 
Figures 38-39. Shoreline suitability ranking “Land use” and “Future land use” components (Charleston GIS services, 2022) 
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Ecosystem context  

The NOAA Environmental sensitivity index shoreline data is classified based on wave 

exposure as it relates to coastal storm risk measures. The SACS utilized the NOAA 

Environmental Sensitivity Shoreline Index data for a consistent shoreline dataset across the study 

area for the primary use of oil spill contingency planning (NOAA 2017, NOAA 2000). The 

structure of shorelines defined by SACS South Atlantic study by USACE shows the ecosystem 

and man-made structures of the shore (https://data-

sacs.opendata.arcgis.com/apps/f0d3616a44824897a1bfbd1a6f1ce063/explore). The values from 

1 to 5 correspond with hard structures exposed to the winds and waves to wetlands/ marshes/ 

swamps sheltered from them (See Figure 40)  

 
Figure 40. Shoreline suitability ranking “Existing Structure” component - (USACE, ESI, 2021) 
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The databases of the National Wetland Inventory NWI provide the habitat layers defining 

the rank of wetlands suitability of a shoreline segment (FWS, 2020). It is based on visible 

hydrologic vegetation, which means the importance of incorporating marine and estuarine 

aquatic vegetation on the further stages upon data availability. The distribution of coastal 

wetlands around the Charleston Peninsula with the corresponding types allow to rank the areas. 

The deepwater wetlands do not provide coastal flood protection, whereas the estuarine and 

marine wetlands provide the opportunity to restore the protective ecosystems (See Figure 41). 

 
Figure 41. Shoreline suitability ranking “Wetlands allocation” component - (FWS, 2020) 

Topobathymetric context 

Ecosystem restoration and ecosystem-based solutions require a range of topographic 

gradients to support diverse vegetation communities and provide ecosystem services. Thus, 



Clemson CRP. Thesis research. Doctor C. Dyckman. Prepared by Ok.Veselkova 126 

 

 126 

topobathymetric structure of the area is classified into slopes below 3 %, 3-5%, 5-10%, 10-20%, 

and over 20 %. According to the NNBF guidelines these parameters correspond with the green-

gray specter of possible ecosystem-based solutions (Bridges et al., 2021 b). Charleston has a 

relatively gentle slope with most areas suitable for an array of ecosystem-based solutions. 

Nevertheless, this parameter will have more substantial importance in the areas of steeper terrain 

(See Figure 42).

 

Figure 42. Shoreline suitability ranking “Topobathymetry” component - (NOAA Digital coast, 2021) 

Furthermore, ecosystem vegetation requires sediment accumulation to compensate for 

compaction, decomposition, and erosion of the seabed surface (Morris et al. 2016). Thus, we aim 

to assess sediment supply, accretion, erosion, and distribution of the sedimentation. Sediment 

supply is critical for the development and maintenance of wetlands, as it provides the substrate 
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for vegetation growth and nutrient cycling. In this study I used the available layers of South 

Carolina Living Shoreline Explorer (TNC, 2020, 

https://maps.coastalresilience.org/southcarolina/living-shorelines/). The application classifies 

shoreline change rates associated with the wind and wave conditions. The estuarine shoreline 

transects are examined by associated change rates based on South Carolina Department of Health 

and Environmental Control's Office of Ocean and Coastal Resource Management (DHEC 

OCRM) using the open-source geospatial tool, AMBUR (Analyzing Moving Boundaries Using 

R). The analysis utilized three time steps: 1800s, 1930s, and 2000s, covering a period from 1849 

to 2015.  The tool also considers the averaged fetch as a factor in wind wave energy, but also 

establishes a threshold for estuarine shorelines. This threshold represents the maximum energy 

that could be introduced by specific storm events when conditions and wind direction align for 

maximum impact. Sites with a maximum fetch distance less than 2.75 miles in any direction are 

classified as having low energy potential, while sites with a maximum fetch distance exceeding 6 

miles in any direction are classified as high energy potential. These distances are equivalent to a 

RWE20 of 200 J/m and 700 J/m, respectively (See Figure 43).  

Local inlets, channels, creeks, and estuaries transfer volumes of water and sediments 

twice a day. For detailed estimation of these patterns the numeric modeling and observation-

based data will be needed. Future climate and sea-level rise projections can also influence the 

sediment transport patterns and the effectiveness of nature-based solutions. Incorporating these 

projections into the assessment can help ensure that the solutions are designed to be resilient and 

adaptable to changing conditions. (Bouw, 2021) 

https://maps.coastalresilience.org/southcarolina/living-shorelines/
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Figure 43. Shoreline suitability ranking “Wave energy” and “Sediment patterns” components (TNC, 2020) 
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Appendix 03.  

Nature-based solutions 

Basic principles of NbS performance 

The meta-analyses of sixty-nine studies conducted by Narayan et al.(2017) has shown 

how various habitats  reduce wave heights depending on the site conditions - between 35% and 

71%. For instance this study shows that wetlands reduce them by 72% (95%CI: 62–79%). For 

the harder solutions, flood protection is mainly defined by width relative to the wave height and 

height (see Figure 44). The study of Barbier et al., 2013 analyzes the transects of wetlands to 

define their protective values. He defines the flood mitigation capacities by wetlands width and 

roughness (see Table 15). 

Figure 44. Narayan et al., 2017. Wave high reduction provided by various ecosystems 
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Table 15. Wetlands wave attenuation capacity (Barbier et al., 2013) 

 

More specifically, studies show the performance of different ecosystem-based solutions 

are explored and explained in the studies of Guerry et al. (2022) and the International Guidelines 

for NNBF (Bridges et al., 2021). These are shown in the Figure 46 and explained in detail by a 

Nature-based solution below 
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Table 16. Parameters of 

the various ecosystem-

based strategies (Guerry et 

al, 2022) 
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Barrier islands - living breakwaters 

This type of green infrastructure provides a multi-faceted nature-based approach to wave 

energy protection by incorporating habitat and recreational features into the engineered structure 

seaward from a protected area. The basic principle of allocating this structure offshore provides 

the highest potential for wave reduction based on the dissipation (see Figure 45). 

 

 

Figure 45. Barrier islands transect and protective principle (Bridges et al, 2021 b.) 
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Living bulkheads with softened edges (riprap, vegetated levee) 

These solutions represent a half-structured wall with a softened interface suitable for 

oyster beds and other ecosystems within the rocky shores and rip-rap. The green parts of the 

structures dampen wave energy and provide additional resiliency to the coastline by enhancing 

aquatic habitat. The principle and the transect are illustrated with the Figure 48 

 

 

Figure 46. Bulkheads with softened edge transect and protective principle (SCAPE, 2020) 

Vegetated dikes and levees 

These hybrid structures combine a hard moderately steep protective structure allowing 

the allocation of vegetation both inland and seaward. They can incorporate surface vegetation 

including shrubs with higher wave attenuation capacities (See Figure 49).  



Clemson CRP. Thesis research. Doctor C. Dyckman. Prepared by Ok.Veselkova 134 

 

 134 

 

Figure 47. Vegetated dikes transect and protective principle (Bridges et al, 2021 b.) 

 

Horizontal levee  

This solution combines a hardened structure with an elongated slope toward the water. It 

absorbs wave energy and provides room for tidal wetlands to migrate upslope as seas rise. The 

solution has the top elevation allowing the reduction of the storm surge levels under short-term 

scenarios. It allows the integration of trails, connectors, greenways, parks, and other green 

infrastructure features and temporary outdoor activities (See Figure 50).  

 

Figure 48. Horizontal levees transect and protective principle (Tonkin & Taylor, 2013) 

Wetlands restoration 

This is the most naturally based solution among the chosen range, and it requires 

especially flat slopes and low wave energies to allow the sustained development of the 

ecosystem. Wetlands need to have an additional source of sediments to adjust for the sea level 

rise. Therefore, it is essential to avoid hard structures between wetlands and shoreline thus 
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allowing the mass accretion. A potential erosion preventing measure will be the structured toeing 

of the slope seaward. A 1% increase of the Wetland width along the segments is expected to 

reduce storm surge by 8.4% - 11.2%, whereas an 1% in wetland roughness - by 15.4% to 28.1%. 

In terms of storm surge depths – it means that 9.4 - 12.6 km of wetlands will reduce the storm 

surge by 3 ft (See Figure 51, Table 52). 

 

 

Figure 49. Wave-attenuation function of wetlands (Bridges et al., 2021b.) 
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Table 17. Wetlands design and performance (Bridges et al., 2021b) 

 

The model assumes that the choice of a transect is related to the most suitable parameters 

according to the previously discussed suitability module. The dimensions are chosen based on 

the height and slope inclination minimally required to prevent the permanent levels of SLR 

expected according to the planning scenarios, while partially attenuating storm surge. This is an 

effort to find the golden middle between planning the structures with considerable margins 

against the extreme risks, and avoiding preparation to protect the recreation qualities of the site.  
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Appendix 04.  

Business operation module 

The specific assessment equations used in the Hazus model to incorporate business 

operation losses include depth-damage and disruption functions. Depth Damage Function (DDF) 

curves allow to estimate structural damage repair times and further assess the disruption time 

(FEMA, 2009). I need solely retail and tourism services footprints within the study area, that are 

summed by sector and used to identify disruption costs. The Hazus model uses a loss function to 

compute the economic losses associated with business interruption can be represented with the 

following equation: 

Economic Loss = Output x (1 - BIF) x R x (1 - OFR), 

or “!(!Output_DB! * (1-!BIF!) * !Rec_time! * (1-!OFR!)) * !Disruption_Sc2_with!” in 

ArcGIS code 

where: 

Output = Annual output of the business - annual revenue generated by the business that 

we take from Hazus data, but either  can be estimated based on local economic data 

BIF = Business Interruption Factor - the degree of business interruption based on the 

sector and can be obtained from the Hazus database or can be customized based on local data.  

R = Recovery Time - time required to restore the business to pre-disaster conditions 

defined by Hazus multipliers or local inputs 

OFR = Output Failure Rate - the extent to which the business is able to recover its output 

after the disaster and can be estimated based on local data 

I estimated the resulting variables using the Grasshopper interface per an economic sector 

of interest (RES4, COM1, COM8) aggregated by model area to represent the potential economic 
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losses of operations and their prevention across the scenarios. The model calculated the output 

loss by multiplying the impacted services footage times recovery time in months times service 

interruption multiplier times average annual output loss per day per square foot. The tables 

below provide the explicit model outputs for model areas over the planning scenarios. In the 

Figures 18 – 20 the levels of the flood risk exposures are illustrated and compared for “with” and 

“without project” situations.  

 

Table 18. Tourism sector exposure to SLR and Storm Surge in a short term: Scenarios 1 and 3 
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Table 19. Tourism sector exposure to SLR and Storm Surge in a short term: Scenario 2 

 

Table 20. Tourism sector exposure to SLR and Storm Surge in a short term: Scenario 4 
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Tables 21-23.  Economic benefits and residual losses for planning scenarios for economic subcategories. Short-term scenarios 

(top), long-term RCP`s 4.5 (middle) and 8.5 (bottom) 
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Appendix 05.  

Charleston NbS performance with recreation multipliers 

This module assumes that greener and more walkable public spaces attract recreation, 

tourism, and other resilient human activities. The City of Charleston hosted 6.9 million visitors 

in 2018 according to Convention and Visitors Bureau (Munday, 2018), making up the ratio of 

tourists to residents approximately 47:1 (The Office of Tourism Analysis, 2017). A rapid growth 

in tourism of 63.51% over the last decades caused the efforts of more effective management, 

such as “Charleston Charter for Sustainable Tourism”, special Overlay Districts and other 

measures for enhancing resilience (Tourism Mgmt Plan, 2015 update, p. 9, 2015; Dolan, 2018). 

Nevertheless, the visitors flow is essential for the economy, and its patters multiply the potential 

visitors spending in historically and recreationally attractive areas. Based on the National Parks, 

National Register of Historic places, and commercial services data, the last module assessed the 

potential growth of the attractiveness across the model areas. The results are shown in the 

Figures 24-26. 
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 Figures 24-26. Adaptation capacity of the NbS across Model areas and planning scenarios. 
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Figures 27-28. Exposure to flood risks under scenario 2 - algorithm and the outputs. “Without the project” (top), 

and “with the project” (bottom). 
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