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Increasing sea levels have the potential to place important portions of the infrastructure we 

rely on every day at risk. The transportation infrastructure relies on roads, airports, and seaports 

to move people, services, and goods around in an ever connected global economy. Any 

disturbances of the transportation modes have reverberating effects throughout the entire 

economic spectrum. The effects include delays, alterations of routes, and possible changes in the 

origin and destinations of services and goods.   

The purpose of this project is to develop an improved methodology for a sea level rise 

scenario vulnerability assessment model. This new model uses the groundwater elevation as a 

limiting factor for soil storage capacity in determining previously underestimated areas of 

vulnerability. The hope is that early identification of vulnerability will allow planners and 

government officials an opportunity to identify and either remediate or create alternative solutions 

for vulnerable land areas before high consequence impacts are felt. 
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1 INTRODUCTION 

1.1 Background 

During the past 100 years an increase in sea levels has been observed at a growing rate 

(Bloetscher, 2012). Contributing to the rise in sea level is the rise in global temperature (IPCC, 

2007). The increase in temperature has led to quicker melting of ice sheets and glaciers and 

thermal expansion of the ocean water. Southeast Florida, with a population of 5.6 million (one-

third of the State’s population), is among the most vulnerable areas in the world for climate 

change due its coastal proximity and low elevation (OECD, 2008).  The 2007 IPCC report on 

global scientific consensus regarding climate change stated that the “warming of the climate 

system is unequivocal, as is now evident from observations of increases in global average air and 

ocean temperatures, widespread melting of snow and ice, and rising global average sea level” 

(IPCC, 2007). Sea level rise (SLR) vulnerability modeling is a specific modeling analysis that 

tries to predict future risk due to the increase in sea level. The existing vulnerability models are 

limited to an accuracy of plus or minus 39 inches. The intent of this project is to create and apply 

a higher accuracy sea level rise (SLR) vulnerability model with an accuracy of plus or minus 6 

inches that incorporates the use of an additional groundwater surface elevation for better 

prediction of vulnerable land and infrastructure. Vulnerability in this thesis is defined as areas 

that are potentially permanently flooded as a result of sea level rise. 

1.2 Sea level rise predictions 

In order to create a sea level rise vulnerability model, an understanding of the different sea 

rise projections is required. The projections are important in the model creation process for 

determining the amount of sea level rise to model for. The intent of this project is not to project 
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the rate and time of sea level rise events, but to rely on work done by other researchers (Heimlich 

et al, Vernmeer & Rahnmstrof, Meier et al.) as an input into the SLR vulnerability model. 

Part of the methodology for determining SLR has been through the use of historical tide gauge 

stations located throughout the world similar to the example shown in Figure 1. Key West is the 

longest continuous tide gauge in the world. The rest of the state mimics its trend upward at 

2mm/yr. (Bloetscher et al 2010). 

 

Figure 1 Key West Florida Tidal Records (NOAA 2012) 

Currently, in the state of Florida, the National Oceanographic and Atmospheric 

Administration (NOAA) maintains 19 tide gauge station as shown in Figure 2 and Table 1, below 

organized by record length. 
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Figure 2 Current NOAA tide stations in Florida (FDOT 2011) 
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Table 1 NOAA tide stations for Florida (NOAA) 

Station ID Station Location Established Date Years 

8720030 Fernandina Beach 1897 114 

8724580 Key West 1913 98 

8727520 Cedar Key 1914 97 

8729840 Pensacola 1923 88 

8726520 St. Petersburg 1947 64 

8725520 Fort Myers 1965 46 

8725110 Naples 1965 46 

8728690 Apalachicola 1967 44 

8722670 Lake Worth Pier 1970 41 

8723970 Vaca Key 1971 40 

8726724 Clearwater Beach 1973 38 

8729108 Panama City 1973 38 

8726667 Mckay Bay Entrance 1976 35 

8725110 Port Manatee 1990 21 

8721604 Trident Pier 1994 17 

8723214 Virginia Key 1994 17 

8720218 Mayport (Bar Pilots Dock) 1995 16 

8726607 Old Port Tampa 1999 12 

8720357 I-295 Bridge, St Johns River 2003 8 

 

Twelve different projections of SLR and its timing were reviewed. The Southeast Florida 

Regional Climate Compact (SFRCC, 2011) consensus, recommended by its scientific working 

group, suggested a rise of 3” to 7” for 2030 and 9” to 24” by 2060.  From the literature review 
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and analysis, it was concluded that approximately 3 feet of sea level rise by 2100 appeared within 

the consensus range. Work conducted by Heimlich et al. (2009) further concluded that the 

historical rates of global SLR were consistent for the rates experienced in the region of Florida. 

With the connection of global SLR predictions being applicable to Florida, any global model, 

such as those created by the United States Army Corp of Engineers (USACE, 2007) in Figure 3, 

can serve as a surrogate predictor for the state of Florida. 

 

Figure 3 USACE SLR projections (USACE 2007) 

Using the projections determined by the USACE, SLR values of one, two and three feet 

were to be considered in the model scenarios. Part of the reason that these predetermined SLR 

values were used instead of time periods is due to the uncertainty in the time periods for which 

the SLR increases will occur in the future (Heimlich et al 2009).  The incremental depth of SLR 

approach suggests milestones that can trigger responses by public planners and governmental 

organizations after the specific threshold values are reached. A measured approach in 
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implementation of mitigation will allow planners opportunities to spread the costs over periods of 

time and assure that capital investment funds are not spent too far into the future, but instead are 

distributed to high risk high vulnerability areas that affect the physical, economic, and 

socioeconomic infrastructure as required. The milestone approach was first suggested and utilized 

in Heimlich et al, (2009) at Florida Atlantic University. 

1.3 Problem Statement 

A bathtub model approach simplifies the hydrological processes that occur during sea level 

rise, and the bathtub approach does not identify low-lying inland areas that might flood as a result 

of the groundwater table at an earlier time than areas along the coast. The purpose of this report is 

to create an improved methodology for determining the vulnerability to give planners better 

information from which to make decisions by using the groundwater surface as an input feature in 

creating a more dynamic sea level rise vulnerability model. The conceptual model is based on 

refining the drilldown methodology developed by FAU shown in Figure 4. A drilldown approach 

is a problem solving technique that breaks problems into a hierarchy from general analysis to 

increased levels of detail (FAU, 2011). The intent of this paper is to enhance the second and third 

level analysis for regional and localized inundation modeling shown as evaluation blocks 2 and 3 

in Figure 4.  The goal of this paper is to improve the regional and local analysis by incorporating 

the additional processes, shown in Figure 5, into the regional and localized analysis. The fourth 

block which is on the ground (OTG) ground truths the model results. The goals is improve the 

regional and local analysis by incorporating the additional processes, as shown in Figure 5, where 

the first step is to create a digital elevation model (DEM). 
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Figure 4 Drill down conceptual approach (FAU 2011) 
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Figure 5 Modified conceptual steps to FAU methodology 

1.4 Thesis Outline 

The chapters of this thesis are organized as follows: 

 Chapter One: Introduces a brief background on how sea level rise is calculated and 

current sea level prediction results.  

 Chapter Two: Provides a review of literature on the different sea level rise modeling 

techniques currently being used. 

 Chapter Three: Details a step-by-step framework is described in creating the adjusted 

bathtub model. 

 Chapter Four: The methodology mentioned in Chapter Three is applied to a case study 

scenario. Background information on the application of methods to the case study region 

is explained. 

 Chapter Five: Results from the case study methods are shown for the case study region. 

 Chapter Six: Presents conclusions, contributions and recommendations for further 

research
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2 LITERATURE REVIEW 

 

A literature review was conducted to understand the different type of SLR vulnerability 

models currently published and in use by different private and public organizations. The purpose 

of vulnerability assessments is to identify potential hazards. The aim is that by identifying the 

potential hazards (i.e. permanent inundation as one potential hazard), remediation or mitigation 

approaches can be applied to reduce or eliminate the identified hazard. 

2.1 Groundwater 

The importance of the groundwater table in the model is that it is responsible for 

determining the soil storage capacity. Soil is composed of solids, water, and air (voids). Soil 

storage capacity depends on physical and chemical properties, water content of the soil, and depth 

to the water table or confining unit (Gregory et al 1999). As the rain infiltrates the soil, 

unsaturated pores quickly fill up, effectively raising the water table (Gregory et al 1999). The 

storage zone consists of the area between the ground surface and the already saturated water table 

as shown in Figure 6 as the green shaded region. The smaller the difference between the ground 

surface elevation and the groundwater surface elevation, the more likely current storm flooding 

and future SLR inundation will occur due to the reduced capacity of the soil to retain water. 

Sandy soils, such as those observed in Florida, tend to have 
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Figure 6 Soil storage capacity illustration  

 

2.1.1 Relationship between groundwater and SLR 

The effects of sea level rise on open coastal aquifers were studied using an idealized hydrological 

model where a persistent flow of ground water discharge to the sea, despite increased sea, was 

considered by Werner and Simmons, (2009).  The persistent flow case predicted the water table 

to rise at the same level of sea level change to maintain conditions of constant discharge to the sea 

with a decrease in saltwater intrusion (Werner and Simmons, 2009). The relationship between the 

salt water interface and groundwater is defined by the equilibrium of the hydrostatic pressure 

between the two liquids with different densities (Hwang, 1996). The equation was developed by 

using the relationship that for a stationary interface, the pressures between point A and B must be 

the same as shown in Figure 7. The total hydrostatic pressure at point A at a depth of hs, below sea 

level is  

                                                                                            (Equation 1) 

with a hydrostatic pressure at point B, at the same depth as A, on the interface as 

                                                                                (Equation 2) 
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where hs is location of the interface, ρf  representing the density of the freshwater, ρs the density of 

the saltwater, h is the height of the water table above sea level and   is the gravitational 

acceleration (Hwang 1996). By balancing the pressures shown in Equation 3 and solving for   , 

the resulting equations that govern the interaction at the interface, commonly referred as the 

Ghyben-Herzberg relation, is shown in Equation 4. 

                                                                                 (Equation 3) 

    
  

      
                                                                                    (Equation 4) 

Given typical values of groundwater and saltwater densities an approximate value of hs = 40h can 

be assumed as shown in Figure 7.  

 

Figure 7 Relationship between groundwater and salt water (Hwang, 1996) 
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The relationship between the salt water intrusion and the groundwater table was modeled 

by Chang et al. (2011), which indicated the rising seawater level increased the pressure head to 

lift the groundwater table by the same magnitude as the same increase in the sea level shown in 

Figure 8. Give that over 50% of Miami-Dade and Broward County developed areas are below 5 

feet above sea level, and that the historical water management system has relied on lowering 

groundwater levels to permit development, the phenomena described by Chang (2011) has the 

potential to disrupt the stormwater management strategy. As a result, understanding the impact of 

groundwater on developed area is critical for long-term planning. 

 

Figure 8 Interaction between SLR, Groundwater, and salt water wedge (Chang et al. 2011) 

 

2.2 Bathtub model methodology 

Bathtub models have been used to identify areas that may be subject to sea level rise. 

However, a bathtub model only considers the elevation of the ground above a reference elevation 

for determining SLR vulnerability.  In a bathtub model the terrain is considered to remain 

constant as represented by the brown line in Figure 9. As the sea level rises, inundation occurs at 

SLRt 

SLRo 

ht 
ht 
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ground surface locations above the zero datum (light blue), and below the new sea level (blue), in 

the area indicated within the red oval. 

 

Figure 9 Bathtub model inundation concept 

The main disadvantages of this type of model is that is does not consider urban water 

control infrastructure such as dikes and canals that lead to overestimation of inundation (Compos 

2010), or groundwater levels that can lead to underestimation of inundation.  

2.3 Modified bathtub model method 

A modified bathtub model is a model that considers more than just static elevation to 

determine SLR vulnerability. Typically modified models require the available of additional 

information as well as a method to apply the additional adjustments into the model predictions. 

Some examples include the Sea-Level Affecting Marshes Model (SLAMM) that simulates 

wetland conversion and shoreline changes during long term sea-level rise events (Park et al., 

1989). 

2.4 Current SLR modeling attempts 

Currently many different government and private organization are attempting to create 

improved SLR modeling procedures to obtain higher accuracy predictions. Section 2.4 will 

briefly explain some of the current modeling techniques and applications of the methodologies. 
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2.4.1 Applications of bathtub model testing for vulnerability 

Currently the bathtub approach to determining vulnerability is used by many governmental 

organizations such as counties and municipalities due to the ease of data acquisition and model 

creation. Regional studies using the bathtub approach have been implemented as well. In a 

collaboration between the USGS and NOAA, in Visualization of Sea-Level Rise for Alabama, 

Mississippi, and Florida, a bathtub model analysis was applied to determine sea level 

vulnerability in the noted states (USGS 2011). The results of the study indicate the locations of 

potential SLR vulnerability in the three state region. Chapin. et al, (2009) developed a similar 

model for Charlotte County, FL. 

2.4.2 Tidal Surface adjusted bathtub model 

Currently multiple organizations have implemented a methodology that uses the influence 

of a tidal surface elevation in modeling the vulnerability to sea level rise. The methodology as 

described by NOAA is an adjusted bathtub model that takes into account local and regional tidal 

variability and hydrological connectivity (NOAA, 2011). In this model type, a water datum such 

as the mean higher high water (MHHW) datum is considered as the base datum elevation 

(NOAA, 2011).  
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Figure 10 Tidal Datums (NOAA, 2011) 

The tidal datum elevation is used to represent land areas that are currently inundated daily, 

which form the delineation of land inundated due to abnormal events such as sea-level rise 

(NOAA, 2010). The importance of the tidal datum surface is that it accounts for underestimation 

of SLR that a standard bathtub model would not identify in locations where the mean high tide 

level exceeds the zero foot elevation datum (Weiss, 2012).  

2.4.2.1 Weiss et al. 2012 model application 

The USGS arc resolution refers to the cell size of the elevation grid with 1/3 arc displayin 

10 meter square cells. Additional modeling based off of the created NOAA MHHW tidal grid 

reference surface was applied by Weiss et al. (2012), in addition with the 1/3 Arc USGS DEM for 

determining SLR vulnerability due permanent inundation of residential housing due to sea level 

rise in the contiguous United States (Weiss et al., 2012). The grid spacing of 10 meters influences 
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the vertical accuracy of the DEM with smaller grid spacing relating to higher vertical accuracy 

(USGS, N.D.). 

2.4.2.2 South Florida Regional Compact Climate Change Model 

Using the same methodology, the work conducted by the compact included Broward 

County, Miami-Dade County, NOAA, and South Florida Water Management District (SFWMD). 

The methodology applied consisted of using the highest quality DEM data were available in 

conjunction with the NOAA MHHW tidal data surface elevation grid. The results of this study 

included analysis of a wide range of infrastructure including roadways, ports, and rail analysis 

(Southeast Florida Regional Compact Climate Change 2011).  

2.4.3 Modified bathtub model proposed in this paper 

 One area of consideration is the possible effects the groundwater table can have on 

determining SLR inundation in low elevation areas, especially in inland areas. The groundwater 

table is affected by the topography and hydraulic gradients as shown in Figure 11.  

 

Figure 11 Relationship of the water table and land surface elevation (USGS, nd) 

 

A missing factor however, is that inland groundwater builds up due to friction while 

traveling toward the low lying hydraulic base (to the sea). The buildup of water creates a scenario 



 

17 

 

that is not captured in the bathtub model in that the soil storage capacity is reduced, in some cases 

resulting in permanent inundation prior to when it would not be expected to occur under a bathtub 

model. The goal of this project is to utilize prior modeling to develop a high vertical accuracy 

DEM based projection that accounts for diminished soil storage capacity, higher groundwater and 

static ground elevations to predict, with a higher level of accuracy, inundation and flooding in 

low lying areas that are currently underestimated by the bathtub and tidally adjusted bathtub 

models. This method provides insight into areas that are inland of the coast, but at low lying 

elevations, that might be expected to flood before the standard bathtub models indicate.  
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3 METHODOLOGY

A methodology for creating a sea level rise model using the influence of soil storage 

capacity currently does not exist. The steps contained below are the steps completed in creating 

the desired adjusted bathtub model.  

3.1 Base layer DEM 

3.1.1 DEM data acquisition  

The most important factor in determining SLR vulnerability is the initial land surface 

elevation. As the elevation increases, the effects of SLR induced problems are reduced, especially 

in regions that have high coastal ridges that continue to decrease in elevation as you travel inland. 

The first step in this analysis was locating and obtaining the best vertical resolution digital 

elevation model (DEM) available. The current state of the art technology for DEM gathering uses 

planes equipped with LiDAR equipment. LiDAR uses the amount of time required for a radar 

signal to return to the aircraft detector to determine the elevation. The majority of LiDAR (Light 

detection and ranging) derived DEM information was conducted by the Florida Department of 

Emergency Management (FDEM) with a vertical accuracy of seven inches. The FDEM does not 

directly store the DEM data, but instead distributes the data out to other public organizations to 

act as the repository of the data. Contact with Richard Butgeriet, GIS administrator for FDEM, 

was made (Personal communication 2011). He noted that the data could only be obtained through 

the repository source agencies. The primary repository agency of the data was determined to be 

the National Oceanographic and Atmospheric Administration (NOAA), with the coverage map 

shown as the areas in red in Figure 12. 
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Figure 12 NOAA Lidar data coverage area 

The NOAA downloading server uses a tiling system method for storing the data. The 

download system also enforces a maximum data batch request size limit of one gigabyte of data 

per request packet. The dataset for the state of Florida had to be broken down into multiple 

requests. For example the data for Pasco County as shown in Figure 13 had to be broken into 

fourteen separate requests represented by the yellow rectangles, and the entire project into over 

500 requests. 

 

Figure 13 NOAA data request segments (NOAA) 
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Manually defining the data request segments, and recompiling the tiled data back into a 

single DEM using 3 ft. cell size resolution. A resolution of 3ft. is the smallest cell size available 

for download using the Digital Coast server. All data requested from the NOAA Digital Coast 

was made using the same parameter with the exception of selecting the correct state plane for the 

region as shown in Figure 14. 

 

Figure 14 NOAA Datum selection window screenshot 

An additional download parameter of the data was that only the last returns of LiDAR data 

were requested. Ground return commonly called last return values represent the ground surface 

elevation values as shown in Figure 15 as the fifth return. 

 

Figure 15 Explanation of LiDAR returns (NOAA,2011) 
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Three foot cell size for the DEM was requested to allow for the ability to create higher 

resolution drill down analysis in regions of high vulnerability.  

3.1.2 DEM resolution sensitivity analysis 

 The DEM sensitivity analysis was conducted to determine the optimal size resolution for 

use on the project. Though the native three foot resolution would bring the best results, the high 

resolution created issues in data management in calculating model results and rendering the data 

results. DEM data points were resampled from the native three foot resolution into different cell 

size resolution using different resampling techniques in the ArcGIS resample toolset. The three 

methods of resampling considered was using nearest neighbor, bilinear, and cubic methods. The 

nearest neighbor method works by determining an average value using a rectangular 

neighborhood grid as show in Figure 16. 

 

Figure 16 Nearest neighbor method (ESRI, 2009) 

The bilinear method uses a distance weighted average method for determining the new 

cell value (ESRI 2010). The cubic method creates a cubic convolution through the 16 nearest cell 

centers to create a fitted smooth curve interpolation (ESRI 2010). A differential value map was 

created by subtracting the raster cell values from each of the resampled datasets against each 

other. The difference map was intended to indicate a change in cell value between the different 

interpolation methods. The comparisons indicated that the resampling methods for Miami-Dade 

County produced the same results as indicated by return values of zero’s. As a result, a decision 
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was made to use the nearest neighbor method due to the quicker processing time required to 

resample the data.  

 

Figure 17 Example of resampling technique results 

The resulting resampled DEM data was then tested against 150,000 data cells values to 

determine what cell size to use on the project using a base 3 foot resolution cell size to compare 

against. Based on the results, the 40-ft resampled cell size produced the best results for 

maintaining the standard deviation at the level of native elevation accuracy at the largest cell size 

that still allowed for reasonable processing times. 

Table 2 Resampling size sensitivity analysis 

Resample Size Cell (ft) Mean Difference (ft) Standard deviation (ft) 

10 0.0064 0.212 

25 0.0196 0.672 

40 0.0208 0.639 

50 0.0155 0.941 

60 0.0103 0.921 

75 0.0056 0.948 

80 0.0126 0.943 

90 0.0049 0.727 

100 0.0696 1.992 
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3.1.3 Additional data sources 

Additional data sources for DEM retrieval were obtained from the St. Johns River Water 

Management District (SJRWMD) and the South Florida Water Management District (SFWMD). 

The advantage of the DEM’s from the water management districts was that the data was already 

processed and distributed in fifty foot cell sizes making retrieval more efficient to obtain and 

eliminated the processing needed on the NOAA files. For consistency, all elevation data grids 

were converted to fifty foot cells for all datasets. The base source of the DEM data used by water 

management districts was based on the FDEM data, so no conflict of input data was expected.  

Another advantage of the water management district DEM’s was that additional preprocessing 

was conducted to fill missing data gaps using focal statistic operators. Focal statistical operators 

work by calculating statistics over a specified neighborhood region (ESRI). The NOAA dataset 

DEM’s had to be processed using focal statistics to create more complete dataset. Filling the data 

gaps was necessary to minimize the amount of null value data cells in order to create a more 

continuous base DEM data source. 

3.2 DEM model creation 

Because of the different data sources and methods required to download the DEM data a 

process was developed to reassemble the data. A major issue when recompiling the data was that 

all the individual tiles of NOAA data had to be mosaicked back into larger pieces that could then 

be modified to create a complete state DEM model. To mosaic the tiles together a new file 

geodatabase was created to represent each download packet retrieved from NOAA as shown in 

Figure 6. For example the data from NOAA for Pasco County as shown in Figure 18 earlier had 

to be broken into fourteen packets. 
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Figure 18 File geodatabase screenshot from ArcGIS version 10.0 (ESRI, 2009) 

The reason why a file geodatabase was chosen was due to the fact that a file geodatabase 

could hold up to two gigabytes of data. Additionally the functionality of an ArcSDE geodatabase 

was not used because the model does not need to have multiple users accessing and modifying the 

model simultaneously. A description of the different type of geodatabases is provided in Figure 

19 as given in the ArcGIS help manual. 

 

Figure 19 ArcGIS database description (ESRI, 2009) 
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The next step of the process was to create a raster dataset into the file geodatabase. The 

created raster dataset was configured to use 32 bit float format to allow the decimal places to be 

held for higher precision as show in Figure 20. 

 

Figure 20 Raster dataset creation screenshot in ArcGIS version 10.0 (ESRI, 2009) 

The selected spatial reference for the dataset was changed to match the native spatial 

reference that the data was retrieved in. The data tiles were then loaded into the newly created 

raster dataset within the ArcCatalog environment as shown in Figure 21. From experimentation 

the number of tiles that could be loaded into each raster matched the original packet sizes from 

NOAA which was approximately twelve tiles. Trying to load multiple packets took over an hour 

to process and created a high possibility of the system freezing up and crashing. 
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Figure 21 Screenshot of loading data into a single mosiac in ArcGIS version 10.0 (ESRI, 2009) 

The mosaic operator in this method did not matter since any overlap of data was caused by 

the manual selection process of the packets and would be identical repeat values.  

3.3 DEM data gaps 

Upon review of the new raster dataset numerous data gaps were observed. The data gaps 

represented areas that an inadequate number of radar return data points were present to accurately 

determine the bare earth elevation resulting in a null value assigned to the cell. The majority of 

the data gaps occurred where bare earth returns could not be calculated such as building sites.  

3.3.1 Data gap correction methodology 

To correct for the data gaps a methodology was applied to fill a majority of the gaps using 

focal statistics operators in ArcGIS. The raster dataset applied the following computer language 

coding script: 

Filled_DEM=Con(IsNull("mosaic"),FocalStatistics("mosaic",NbrRectangle(3,3),"MEAN"),"mosaic")                                                                                                                      

(Script 1)              
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The algorithm fills in null values within the raster data by interpolating a rectangular 3 cell by 3 

cell average value to the missing cell as described previously in Figure 16. To minimize the 

amount of error introduced into the project the three foot cell size DEM’s had the algorithm 

applied prior to being resampled into fifty foot cells. Once in fifty foot cells the algorithm to fill 

the gaps was applied a second time that filled larger gaps.  

3.3.2 Data gap correction results 

The results of the case study for applying the gap filling algorithm produced results that for 

the filled cells within the tolerance of the native vertical accuracy of the base dataset. Typically 

the estimated elevation value was determined to be within three inches of the stated benchmark 

vertical elevation. The use of the filling technique reduced the majority of data gaps as shown in 

Figure 22 and Figure 23. 

    

Figure 22 DEM prior to data gaps algorithm applied (left)   

Figure 23 DEM after data gap algorithm applied (right) 

One of the issues with the algorithm to fill the data gaps was that the coast was artificially 

expanded outward since the values for water were represented as null values. To address the 

overestimation of the coastline, the raster DEM’s were trimmed to the county boundary files 
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using the extract by mask tool in ArcGIS to remove the unwanted values. Additionally inland 

water bodies received interpolated values that reflected the algorithm to water surfaces that may 

have missing elevations. Any inland errors due to the applied interpolation method are not 

considered critical to the overall results of the project, as the areas are already inundated by water 

currently.  

3.4 Additional elevation data sets 

Additional lower accuracy elevation data was obtained from the United States Geological 

Survey (USGS). The USGS data was analyzed for vertical accuracy and determined to typically 

have greater accuracy than stated in the metadata of plus or minus three feet of vertical accuracy. 

The importance of the USGS dataset was to act as the best data available for areas where LiDAR 

data was not available. The majority of the peninsula Florida project the LiDAR dataset covered 

coastal regions resulting in the USGS dataset mostly being incorporated into the higher elevation 

regions where SLR vulnerability would be minimal with the exception of the south Florida 

Everglades region. Also note that the elevation data for the USGS dataset was downscaled from 

its native cell size to fifty foot cells that matched the resampled LiDAR data. The LiDAR data set 

was mosaicked together with the reprojected USGS datasets to produce a complete DEM dataset 

for the project region. The entire DEM dataset was then trimmed to the peninsula Florida study 

area.  

3.5 Bathtub model inundation grid model methodology 

The final model step was to take the compiled and processed DEM and extract out 

specific inundation areas based on specific SLR depths. The symbology was modified to classify 

the data into two groups, those with values below a designated elevation and those above the 

designated elevation by manually specifying break values as shown in the classifications tabs on 

shown in Figure 24 and 26.  
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Figure 24 Symbology layer properties screenshot in ArcGIS version 10.1 

 

 

Figure 25 Classification of break points screenshot in ArcGIS version 10.1 



 

30 

 

The reclassification tool shown in Figure 26 was then used to extract only the raster cells 

that would be considered inundated by assigning an integer value of one to all cells that would be 

inundated. Values close to the bin boundary have 6 inches of vertical accuracy tolerance, meaning 

that some values would incorrectly fall inside and outside of the bin boundary. To account for this 

difference, the use of on the ground field verification of critical land area, as shown previously in 

Figure 4, should be conducted. 

 

Figure 26 Reclassification of DEM data into inundation coverage’s 

For preexisting water bodies, the inundation symbol should be read as an indicator of 

increased water depth. 
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3.6 Groundwater influenced model 

3.6.1 Groundwater surface availability determination 

The first step for creating the model was incorporating a groundwater surface elevation 

(hydraulic gradient) dataset into the model. The initial step included determining if a current 

groundwater surface elevation model for all of Florida was already available. The results of the 

search included contacting the USGS Fort Lauderdale office, as well as the SFWMD among other 

sources, with no success. 

3.6.2 Groundwater data points 

Data points for determining the ground water surface were created by selecting the 

appropriate USGS wells (http://groundwaterwatch.usgs.gov/countymaps/FL_086.html). Than the 

historical USGS well site records were downloaded 

(http://groundwaterwatch.usgs.gov/AWLSites.asp?S=252612080300701) for groundwater levels. 

In order to be considered, the gauging station had to have a minimum of 35 years of continuous 

data. Only stations currently in use were considered to ensure the data incorporated the current 

time period. The well records had to be tabulated into a new database to allow functional 

transformation into a geographical information system (GIS) as shown in Figure 27. 

 

Figure 27 Tabulated USGS well site records 
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3.6.3 Initial groundwater surface level 

Using the data from Figure 27 a histogram was created that indicated which month had 

the highest and lowest monthly mean average groundwater surface elevation at the 50
th
 percentile 

for the particular well. Based on the results of the database and large seasonal swings in the 

ground water surface, three separate scenarios were determined to be considered to encompass 

the effects of different SLR intervals. The determined levels consisted of the fiftieth percentile 

monthly average values for April and October which showed the low level and high level 

extremes respectively as shown in Figure 28 and Figure 29 for south Florida. The final model 

variant was an extremes model based on the highest median monthly value for the month of 

October. 

 

Figure 28 Frequency analysis of lowest monthly mean groundwater level for south Florida 

0

10

20

30

40

50

60

70

80

Fr
e

q
u

e
n

cy
 

Month 

Lowest Mean (Miami-Dade,Broward) 



 

33 

 

 

Figure 29 Frequency analysis of highest mean groundwater level for south Florida 

 

The significance of including three scenarios was deemed necessary due to the large 

regional fluctuations experienced at the different gauge stations as shown in Figure 30. What is 

meant is that the average fluctuation between the high and low monthly median groundwater 

level is 4.78 feet in south Florida.  
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Figure 30 Monthly mean extremes difference in groundwater surface for southeast Florida 

 

3.6.4 Regional groundwater connectivity 

A comparison of different tidal gauges located in different quadrants of the study region 

showed a high correlation between the stations with matching peaks and troughs as shown in 

Figure 31, which is indicative of natural processes. The comparison was made in order to 

determine if the fluctuations were the result of natural processes or artificial disturbances. The 

inner connectivity of the groundwater table was thought to be an important factor in determining 

the relevance of an interpolated groundwater surface elevation. If it was deemed that localized 

manmade events played a strong localized role in influencing the groundwater table, then an 

interpolation would not provide a reasonable expectation of future groundwater table behavior. 

The correlation coefficient is a measure of the extent to which two measurements vary together 
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(Microsoft 2010). The coefficient is a value between -1 to 1, with 0 indicating no linear 

relationship, and 1 indicating a perfect linear relationship between the two dataset. The 

correlation between the quadrants produced an average Pearson method correlation value of 0.58 

indicating that the groundwater levels somewhat behaved in a regional manner. Reviewing the 

graph of the station correlation between G-580A and G-864, shown in Figure 32, illustrates a 

strong positive trending relationship. The relationship between stations G-620 and G-864, and 

between stations G-580A and G-620, shown in Figure 33 and Figure 34 respectively, showed less 

correlation with more outliers. The correlation between station G-970 and G-620, shown if Figure 

35, showed the lowest amount of correlation with no obvious trend. Upon further review of the 

stations, it was discovered that station G-970 was located behind a control structure, while the 

other 3 locations were behind any control structure. With G-970 located behind the control 

structure meant that manmade manipulation to the water table would be reduced. The other 3 

stations were located behind control structure, meaning that the water table levels reported had 

been modified by manmade structure which reflected the higher correlation between these 

stations. It is also important to note that if the water table levels have been modified to optimal 

values, than any further increase in the groundwater table would put additional strain on the water 

management districts to control the system in the future. 
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Figure 31 Groundwater histogram for Miami-Dade County stations G-970 (top left) and G-620 (bottom 

left) (USGS 2012) 

 

Figure 32 Correlation between stations G-580A and G-864 
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Figure 33 Correlation between stations G-620 and G-864 

 

Figure 34 Correlation between stations G-580A and G-620 
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Figure 35 Correlation between stations G-970 and G-620 

3.6.5 Groundwater datum correction 

A correction to the database values had to be completed to convert hydraulic head values 

from NGVD 1929 to NAVD 1988. The conversion process relied on determining the conversion 

factors created by NOAA of transformation values at the geo-referenced locations for the datums 

as shown in Figure 36. 
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Figure 36 NGVD 1928 to NAVD 1988 Datum conversion map (SFWMD, 2005) 

The SFWMD datum conversion factors were partially derived from NOAA’s Vertcon project 

with the adjustment of using SFWMD monuments. Equation 5 was used to convert elevations 

between the datums. 

NAVD88 = NGVD29 + value                                                                          (Equation 5) 

 The conversion map has a stated probable accuracy of within 0.5 inches. The NGVD29 values 

were imported into the created groundwater station database using the “Extract Values to Point” 

command in ArcGIS. The way the tool works is that it extracts the raster cell value of the 

conversion raster at the given points and posts the value in the attributes table. New attributes 

fields were then added to the database. Using the “Field Calculator” command and Equation 5 
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from above, the datum conversion were implemented. All interpolations of the results were based 

on the datum corrected values to NAVD1988. 

3.6.6 Groundwater table surface interpolation methodology 

Various interpolation methods were used to determine the surface that produced the best 

results. Some of the interpolation methods considered were Inverse Distance Weighting (IDW), 

ordinary kriging, co-kriging, and kernel density functions. The resulting interpolation that 

produces the best performance measures was the ordinary kriging, which was then applied to the 

model as the groundwater surface elevation. The output ground water surface model was created 

as a raster image using 50 ft. cells, which matched the elevation sensitivity analysis for optimal 

mapping unit size. 

3.6.6.1 Groundwater table interpolation calibration 

The first run of interpolations created results that did not accurately capture near shore 

conditions as shown in Figure 37. 
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Figure 37 Initial groundwater surface interpolation 

Part of the issue with the initial interpolation was that there were no well sites near the 

coastal shore to curve the interpolation results to sea level. To correct for the coastal bias, 

additional created data points were added to the dataset. The first interpolation of created data 

points was located along the ocean interface with an assigned groundwater elevation of zero. 

Interpolations of the groundwater table surface were analyzed using multiple iterations of 

elevations between zero and one foot of groundwater elevation above the zero datum. Additional 

calibration involved offsetting the created data points to the east of the coastline as shown in 
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Figure 38. To create the offsets, the “buffering” command in ArcGIS was applied the coastal 

boundary layer. 

 

Figure 38 Buffered distance applied to the coastal boundary for created data points 

 

Different offset buffers were applied to the model with the results of the calibration model 

shown in Table 3. The first number represents the coastal offset and the second number represents 

the groundwater surface elevation offset for the created points. The points in Table 3 were 

randomly selected. 

Table 3 Analysis results for coastal groundwater surface elevation adjustments 

Unadjusted 

Value (ft) 

Base Model 

(0ft/0ft) 

Adjusted 1 

(0ft/0.7ft) 

Adjusted 2 

(1000ft/0.7ft) 

Adjusted 3 

(500ft/0.7ft) 

5.01 3.59 4.05 3.93 4.10 

2.14 2.21 1.84 1.98 1.91 

0.35 1.14 0.87 0.93 0.93 

2.54 2.43 2.33 2.37 2.27 

2.34 2.19 2.20 2.21 2.19 

3.03 3.12 2.87 2.86 3.02 

MSE 2.02 0.92 1.17 0.83 
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The results in Table 3 were calculated by evaluating random data points against the 

groundwater surface elevation models. The results indicated that the best model to use consisted 

of using a five hundred foot coastal offset with 0.7 ft of elevation for the created data points. The 

results of the final groundwater surface elevation model are shown in Figure 39. Though the 

values are shown in 1 ft. increments, the actual numerical values for the cells are calculated to the 

6
th
 decimal place. The classifications bins were used for visualization purposes only.  

 

Figure 39 Calibrated groundwater surface elevation 
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3.6.7 Current condition groundwater surface interpolated models 

Groundwater surface models were created based on using monthly mean values for April at 

the fiftieth percentile, October at the fiftieth percentile, and the October highest monthly mean 

value shown in Figure 40, Figure 41, and Figure 42 respectively. 

 

Figure 40 Groundwater interpolation for mean current April 50% 
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Figure 41 Groundwater interpolation for current mean October 50% 

 

Figure 42 Groundwater interpolation for current highest mean October 
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 In reviewing the groundwater table elevation results, a clear seasonal difference can be 

observed for inland locations having positive value elevations from the referenced NAVD1988 

zero datum. 

3.6.8 Future groundwater surface elevation models 

Future groundwater surface elevation models were created by adding a specified height to 

the existing groundwater table. The assumption made was that an increase in SLR would shift the 

starting point of the hydrological gradient, the ocean coast interface, by the same distance along 

the entire gradient line. Examples of the mean October fiftieth percentile for the different SLR 

scenarios are shown in Figure 43, Figure 44, Figure 45, and Figure 46. 

 

Figure 43 Groundwater surface elevation October 50th% Current 



 

47 

 

 

Figure 44 Groundwater surface elevation October 50th% (1ft SLR) 

 

Figure 45 Groundwater surface elevation October 50th% (2ft SLR) 
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Figure 46 Groundwater surface elevation October 50th% (3ft SLR) 

3.7 Final inundation soil storage capacity maps 

The final inundation model was created in GIS by subtracting the groundwater surface 

model from the digital elevation model as shown in Figure 35 with the difference in elevation 

being the soil storage capacity of water.  
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Figure 47 Soil storage capacity example (ground elev./groundwater/capacity) 

One thing to note is that the current results include current water control management 

strategies since the initial groundwater table results were derived from historical values. The 

future projection results can vary depending upon future water control management practices.   

3.8 Application of new adjusted bathtub model to infrastructure 

3.8.1 Initial analysis approach 

Roadways are where much of urban public infrastructure is located.  As a result, 

identifying vulnerable roadways will identify water, sewer, stormwater power, and electronic 

services that may be inundated, damaged or otherwise inaccessible.  Thus, roadways were used to 

test the vulnerability tool.  The first initial roadway vulnerability assessment was conducted by 

overlaying the roadway network on top of the adjusted SLR inundation models to visualize areas 

of vulnerability. A visual approach using the noted method would work, but would be a labor 

intensive process. Another issue with the visualization approach was that a zoomed in view 

would be needed because some roadways, while located in regions of low elevation, were 

DEM elev.                Groundwater elev.            Soil storage capacity 
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constructed in a built up manner to avoid flooding concerns. The elevated roadway features were 

apparent for portions of the Florida Turnpike as shown in Figure 48. 

 

Figure 48 Roadway example illustrating elevated roadways 

3.8.2 Digital analysis method 

To analyze the roadway data, a methodology was developed that would digitalize the 

vulnerable roadway analysis to allow for ease of identification and processing of the vulnerable 

roadway infrastructure. The digitalization of the roadway process will aid in statistical analysis 

which can be conducted in the ArcGIS software, as well as better visualization of the vulnerable 

roadways by directly displaying only those roads deemed vulnerable under each specific scenario.  

3.8.2.1 Digitalization of roadway data  

The first step of the process was to convert the GIS shapefile polyline features 

representing the roadway centerlines into fifty foot raster cells. The conversion of the polylines to 

raster was done to break the roadways into fifty foot segments that could receive the SLR model 
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results to each individual raster cell. The conversion process from polyline to raster appeared to 

correctly imitate the initial polylines as shown in Figure 49. 

 

Figure 49 Polyline to raster conversion 

3.8.2.2 Filling the roadway raster cells 

The map algebra tool was next used in ArcGIS to add the SLR soil storage model results 

into the empty valued roadway raster cells. The ArcGIS tool applies the average value of the 

raster cell of the soil storage models to the entire raster roadway cell layered above it.  Figure 50 

shows the soil storage capacity results overlaid with the rasterized roads to compare against 

Figure 51 which includes the filled value raster roadway network. 
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Figure 50 Soil storage results overlaid with roadways 

    

Figure 51 Filled roadway values layered with soil storage results 
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3.8.2.3 Validation of roadway raster fill values 

A validation comparison between the filled raster value and SLR model was conducted at 

multiple random locations and tested against the established performance measure by comparing 

the value in the raster cell similar to that of the base soil storage capacity map for the region. The 

results for the performance measure showed high accuracy of results as demonstrated in Figure 

52.  

 

Figure 52 Soil storage capacity of roadway raster 

3.8.2.4 Reconversion to polyline 

The next step of the project was to reconvert the roadway raster cells back into a polyline. 

The advantage of recreating the roadway polylines was that it made summation of inundated 

segments easier to tally using ArcGIS.   

3.8.2.5 Reconversion limitations 

 Upon review of the recreated polyline roadway segments errors resulting from incorrect 

conversion of the polylines was observed as shown in Figure 53. The issue causing the problem is 

when roads are close together (such as parking lots) the conversion process back to polyline does 

not properly relocate the roadways. An alternative method was needed to correctly model high 

density urban regions were inundation statistical data is required. 
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Figure 53 Roadway errors caused by conversion method 
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4 RESULTS AND CASE STUDY 

The objective of this section was to evaluate the effectiveness of using a bathtub model, 

adjusted for the groundwater surface to determine the potential vulnerability of infrastructure and 

land areas due to sea level rise. A case study is useful to demonstrate the method.  The regions 

within Miami-Dade and Broward County, Florida presented in Chapter Three will be used. The 

significance of this case study is that both counties contain significant populations, with over 50% 

of the developed area, below 5 ft. of elevation increasing the preconceived risk of sea level rise 

vulnerability. 

4.1 Background of case study areas   

 

The first case study was conducted for Miami-Dade and Broward Counties due to the high 

level of preconceived vulnerability due to having a low elevation ground surface. The case study 

did not include the intercoastal land areas. The intercoastal land areas were not included because 

no current data was available to determine the groundwater elevation for these locations. The 

effects due to the influences of the groundwater are assumed to be minimal because groundwater 

buildup due to friction has not had time to adequately build up.     

The second case study is located in Sweetwater, FL located in Broward County shown in 

Figure 54 in red. 
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Figure 54 Location of Sweetwater, Florida 

 The city of Sweetwater was chosen due to reports of past flooding events such as the one 

shown in Figure 55. 
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Figure 55 Flooding in Sweetwater, FL (Miami-Dade County 2000) 

 Part of the methodology infers that areas currently flooding due to storm events are 

indicating precursors to future areas that will become permanently inundated. The inference is 

based on the literature review that indicates that land areas have a given soil storage capacity 

which is defined as the area between the ground surface and the water table surface as shown 

previously in Figure 6. The smaller the soil storage capacity, the less precipitation an area can 

receive before producing runoff. Under this assumption areas such as those located in Sweetwater 

that flood frequently should reflect a low soil storage capacity. Soil storage capacity is not the 

only property that influences inundation; other processes such as permeability and conductivity 

have impacts in such cases of flash floods. 

A third case study involving the roadway transportation system was applied to the same 

Miami-Dade, and Broward County region as the first case study.  The selection of the 

transportation system is meant to exemplify a specific land use classification; though any other 
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land classification could have been selected. The significance of the transportation infrastructure 

is the high economic and social impacts that would result from disruption of this land 

classification type. Vehicle roadways are important to the multimodal transportation operations 

implemented in south Florida for moving large volumes of people and freight throughout the 

region. 

4.2 Computer hardware and software 

Interpolation and processing procedures in this study were primarily carried out on a 

notebook system with the following hardware and software specifications: 

 Processor: Quad-core 2.2 GHz Intel Core i7-2720 CPU 

 16 GB RAM 

 Microsoft Windows 7 Home Premium 64-bit 

 ArcMap 10.0 (Build 2414) 

 ArcCatalog 10.0 (Build2414) 

 

4.3 Miami-Dade, and Broward land area case study results 

4.3.1 Current condition results 

In order to understand the difference between including the groundwater surface and not a 

comparison of the results are necessary. Because a bathtub model is static, the variability of 

different seasonal periods is not possible. The resulting map using the bathtub approach is shown 

in Figure 56. 
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Figure 56 Bathtub results model (current condition) 

The results reflecting the groundwater surface elevation methodology is shown in Figure 

57. When comparing the results of the bathtub model to the GW enhanced model no significant 

difference is noticed for the month of April model. The results make sense in that when the water 

table is low the effects of the groundwater surface do not exhibit an influence on infrastructure 

vulnerability. 
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Figure 57 Soil storage capacity with 1ft SLR 

  When viewing the current time period maps in Figure 57, the influence of the 

groundwater table between the different seasonal groundwater surface elevations can be seen. 

4.3.2 Results for 1ft increase of SLR 

The results for the 1ft influenced bathtub were created by changing the symbology within 

ArcGIS. The symbology reflects elevations at one foot above the NAVD 1988 zero datum as the 

color blue representing inundation as shown in Figure 58. 
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Figure 58 Bathtub model indicating 1ft SLR vulnerability 

The results of the bathtub model with one foot SLR compared to the initial bathtub model 

show slight increases in the vulnerability near the western Broward border and along the 

southeastern regions. The results of the one foot bathtub model reflect less vulnerability than 

either of the current condition models showed for the high level month of October. The 1 ft. SLR 

values using the soil storage capacity method are shown in Figure 59. 
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Figure 59 Soil storage capacity vulnerability model using 1ft SLR 

The results from the increased SLR between current conditions and 1ft show significant increase 

in vulnerability throughout the region.  

4.3.3 Results from 2ft increased SLR 

 

The results for the two foot influenced bathtub were created by changing the symbology 

within ArcGIS. The symbology reflects elevations at two foot above the NAVD 1988 zero datum 

as the color blue representing inundation as shown in Figure 60. 
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Figure 60 Bathtub model indicating 2ft SLR vulnerability 

The results for the adjusted bathtub model show greater vulnerability compared to the 

bathtub model as shown in Figure 61 notably in the southwestern region. 

 

Figure 61 2ft SLR vulnerability based on soil storage capacity 
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4.3.4 Results from 3ft increased SLR 

The results for the 3ft influenced bathtub were created by changing the symbology within 

ArcGIS. The symbology reflects elevations at three feet above the NAVD 1988 zero datum as the 

color blue representing inundation as shown in Figure 62. 

 

Figure 62 Bathtub model indicating 3ft SLR vulnerability 

The results for the adjusted bathtub further increase the amount of vulnerability given 

three feet of sea level rise as shown in Figure 63. 
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Figure 63 3ft SLR vulnerability using soil storage capacity 

 The comparison results of the bathtub model verses using the soil storage capacity 

indicate high amounts of unrealized vulnerability. 

4.4 Sweetwater, FL case study results 

To understand the case study results an understanding of the current conditions was 

required. Under a bathtub model the elevation is the primary indicator of whether an area will 

flood. Satellite imagery for the city of Sweetwater was compared to a DEM to create an initial 

understanding of the possibly areas of concerned based on elevation shown in Figure 64. 
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Figure 64 Sweetwater, FL Imagery vs DEM 

 The comparison results indicated that locations colored in blue were below the 0 datum 

NVGD 1988 datum, with red being values 1 ft. above the datum and 2 ft. shown in yellow 

respectively. The blue and red colored areas are located in areas already inundated by water 

currently. The rest of the city has elevations above 5 ft., with a few locations located between 3 -5 

ft. indicating that current flooding events due to a long term storm event would not be likely. A 

bathtub model analysis was run using the previously discussed methodology with the results 

displayed in Figure 65.  
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Figure 65 Sweetwater, FL bathtub model 

The results of the bathtub model analysis showed that only current water bodies would be 

inundated under current storm conditions. The groundwater influenced models using the 3 

scenarios were next run, with the results shown in Figure 66, Figure 67 and Figure 68 

respectively. 
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Figure 66 Sweetwater, FL analysis using April 50th percentile model 

The results of Figure 66 currently indicated areas that are currently inundated, but does not 

indicate the potential of rainfall inundation due to long term storm events. 
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Figure 67 Sweetwater, FL analysis using October 50th percentile model 

The results using the October 50
th
 percentile groundwater level again correctly identifies 

current inundated areas. Compared to the April 50
th
 percentile model, some land areas are 

identified as having a soil storage capacity of less than 2 ft.  
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Figure 68 Sweetwater, FL analysis using October 100th percentile model 

The results of the October 100
th
 percentile model identified areas that are currently 

vulnerable to temporary storm inundation. The October 100
th
 percentile model shows a noticeable 

amount of vulnerability to current flooding conditions caused by the reduction of the soil storage 

capacity compared to the bathtub model. A direct map of the flooding locations could not be 

located for the purposes of a direct comparison of the models against the reported flooding 
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locations. The same areas shown to flood in the October 100
th
 percentile model are also shown as 

having high flooding vulnerable, designated zone AH, by the Federal Emergency Management 

Agency (FEMA) as shown in Figure 66. Zone AH (light blue) is defined as having the potential 

to flood between 1 to 3 feet, due to ponding, during the 1% annual flood event (FEMA 2011). A 

1% flood is also commonly referred to as the once in a 100 year storm event. Zone X (green) is 

defined as areas outside of the 500 year storm event flood plain. 

  

Figure 69 FEMA designated vulnerability verses October 100th % 

 

A statistical comparison was not conducted, due to concerns of comparing unlike cell size 

results. The soil storage capacity methodology is based on 50 foot cells, while the FEMA 

designations are based on the parcel level. 
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4.5 Roadway infrastructure case study results 

The transportation infrastructure was selected due to the high economic and social impacts 

that would result from disruption of the infrastructure system. A key component of multimodal 

transportation operations is the use of vehicle roadways since roads are usually required for 

freight to reach intermediate and final destination. Because arterial road inundation would create 

greater freight operations impingement the review of roadways were broken into two 

classifications of state roads and all roads as shown in Figure 70 and Figure 71 respectively. 

 

Figure 70 State roads in study region 
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Figure 71 All roads in study region 

4.5.1 State roadway results 

 

The first consideration was to review the results of vulnerability using a bathtub model 

approach as shown in Figure 72. 

    

Figure 72 Bathtub model state roadway vulnerability maps 
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The results considering the groundwater table surface elevation produced different results 

indicating vulnerability in the western region as shown in Figure 73. 

 

Figure 73 State road vulnerability to different SLR values 

 The miles that were inundated were obtained from the attributes table in ArcGIS. In 

particular the western portion of the study region has a higher predicted vulnerability to SLR than 

the bathtub model predicts. The results further illustrate that SLR vulnerability is not just a 

coastal feature for the study region in that the inundation is shown to move from inland areas 

towards the eastern coast of Florida. A summation of the increasing vulnerability in terms of 

linear miles was tabulated to numerically quantify the increasing amount of predicted roads to be 

inundated under the different scenarios of SLR is listed in Table 4. 

Table 4 Summary results for different methods 

Model type Total 

Distance (mi) 

Currently 

(mi) 

1ft SLR (mi) 2ft SLR (mi) 3ft SLR (mi) 

Bathtub 887 0 0 0.13 0.56 

Oct_50% 887 10.3 21.2 39.8 67.5 
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4.5.2 All roadway vulnerability 

The general trend of SLR vulnerable infrastructure follows the trends observed when 

considering the state roads, but is more pronounced in the all roads maps. The all streets model 

better exemplifies the general SLR inundation trends because the non-arterial roads tend not to be 

built up as significantly in low elevation areas making them more susceptible to SLR flooding. 

The results for Broward are being shown separately from Miami-Dade County due to the heavy 

density of the transportation network. 

4.5.3 Broward County all roads bathtub model results 

The results of the bathtub model analysis are shown in Figure 74.  

 

Figure 74 Broward all road bathtub model results 

4.5.4 Broward County all roads model map results using soil storage capacity 

The results for the all roads network for Broward County using the soil storage capacity to 

identify vulnerability are shown below in Figure 75. 
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Figure 75 Broward County all roads groundwater adjusted model results 

The results for the models that incorporate the soil storage capacity indicate that the 

inundation of the roadways will start from the western portion of the study.  

4.5.5 Miami-Dade County all roads bathtub model results 

The results for the all roads network using the bathtub model approach are shown below in 

Figure 76. 

    

Figure 76 Miami-Dade County all roads bathtub model results 

4.5.6 Miami-Dade County all roads soil storage capacity adjusted model results 

The results for the all roads network using the soil storage capacity adjusted model are 

shown below in Figure 77. 
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Figure 77 Miami-Dade County all roads soil storage capacity adjusted model results 

Because of the previously noted issues involving the conversion of raster to polyline 

conversions for dense urban environments, a detailed numerical value of linear miles of roadway 

vulnerability could not be accurately determined. The intent of the all roads maps is to serve as a 

general indicator of vulnerable infrastructure through the different incremental rises in sea level. 

4.6 Contributions of the Study 

 

The results indicate that the inclusion of the groundwater table into the calculations of 

vulnerable infrastructure due to sea level rise will play a significant impact. A summation of 

potential inundation for the different model is given in Table 5. The area calculations were 

created by multiplying the number of cells inundated by the area of the cells to determine the 

inundation areas. 

Table 5 Inundation results prediction 

Inundation results (mi.^2) 

Model Current  1ft 2ft 3ft 

Bathtub  37 88 133 172 

April 50
th
% 70 123 180 239 

Oct. 50
th
% 128 180 236 315 

Oct 100
th
% 177 244 337 483 
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Additional analysis of the area deemed part of the caution zone, which refers to areas 

within two foot of inundation is shown in Table 6. 

Table 6 Caution zone results prediction 

Caution zone results (mi.^2) 

Model Current 1ft 2ft 3ft 

Bathtub 95 84 97 153 

April 50
th
% 111 115 144 216 

Oct. 50
th
% 107 134 206 286 

Oct. 100
th
% 161 329 310 291 

 

A summary results table including both inundation and caution zone areas is provided in 

Table 7. 

Table 7 Total vulnerability predictions 

Total Vulnerability (mi.^2) 

Model Current 1ft 2ft 3ft 

Bathtub 133 172 229 326 

April 50
th
% 180 238 324 455 

Oct. 50
th
% 236 315 441 601 

Oct. 100
th
% 337 573 647 775 

 

A table of the results in terms of percent increase between the base bathtub model 

prediction and each of the different groundwater applied methods are given in Table 8.  

Table 8 Percent increase from bathtub model 

Percent increase from bathtub model 

Model Current 1ft 2ft 3ft 

April 50
th 

% 36 38 41 40 

Oct. 50
th
% 78 83 92 85 

Oct. 100
th 

% 154 233 182 138 
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5 CONCLUSIONS 

5.1 Conclusions 

As noted in Chapter 1, increasing sea levels have the potential to put significant amounts of 

the water, sewer, stormwater, transportation and power infrastructure we rely on every day to live 

and work, at risk.  This project focused on a methodology to identify the vulnerable infrastructure 

so that adaptation measures can be planned to protect it.  This project looked at applying an 

algorithm using terrestrial topography derived from high quality LiDAR, in conjunction with GIS 

derived groundwater elevations to identify vulnerable, low-lying areas.  The project found that 

many of southeast Florida’s most vulnerable areas lay 10 miles inland, as opposed to directly on 

the coast and bathtub models presuppose.  The results of this approach indicated far more land 

could be inundated as a result of sea level rise in the future.   

This project developed a series of case studies, including two on transportation.  With 

respect to case studies on transportation, any disturbances of the transportation modes have 

reverberating effects throughout the entire economic spectrum. The focus was on transportation 

infrastructure because most of the other infrastructure systems lie in road rights-of-way.  In 

addition, we rely on transportation infrastructure to move people, services, and goods around in 

our global economy. The effects include delays, alterations of routes, and possible changes in the 

origin and destinations of services and goods.  More importantly all the listed effects are directly 

connected to social and economic effects.
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This project showed that an improved methodology for a sea level rise scenario 

vulnerability assessment model cold successfully be applied in a low lying area like southeast 

Florida.  The methodology can be successfully applied to other low lying coastal areas where 

groundwater may impact soil storage capacity and create inundation in areas not otherwise 

contemplated under current modeling methods.  The hope is that early identification of 

vulnerability will allow planners and government officials an opportunity to identify and either 

remediate or create alternative solutions for vulnerable infrastructure before high consequence 

impacts are felt. 

5.2 Recommendations for Future Research 

 

To produce better estimates of inundation and flooding additional refinements to the 

current methodology can be achieved. Using an understanding of the error types, confidence level 

map can be added for more accurately defining likely areas of inundation. Manipulation of the 

model methodology can also serve as the basis in producing additional analysis toolsets, such as a 

prediction model of real time inundation due to current storm events.  

5.2.1 Areas of improvement for current model methodology 

By reducing and eliminating model errors, a higher amount of precision can be 

incorporated into the model results. Currently errors in the model include vertical elevation 

accuracy, resampling cell size interpolation error, and groundwater elevation interpolation error.  

5.2.1.1 Elevation errors and improvements 

Elevations errors are highest in areas that currently do not have high accuracy LiDAR 

data available (mostly inland areas). In these regions lower accuracy elevation data such as the 

USGS 1/3 arc datasets were used since they represented the best available data. Incorporating the 

any new higher accuracy elevation data into the model should be conducted if and when it 
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becomes available. Additional improvements to high accuracy LiDAR data would also increase 

the reliability of the model. Currently LiDAR data does not maintain high levels of vertical 

accuracy (+/- 12 inches) in urban environments, where inundation has the highest potential to 

have direct social and economic impacts. Creating a DEM base model with differing vertical 

accuracies produces model results that make it difficult to interpret the results with suburban 

areas having 3 inches of vertical accuracy while urban regions have 12 inches of error at a 95% 

confidence level. To deal with the differing vertical accuracy issues, localized drill down analysis 

using vertical accuracy as a constraint could be produced, but would require additional time and 

resources to produce. 

5.2.1.2 Resampling Errors 

Currently due to computer processing capability and data management limitations, 

resampling of the data was required to complete a regional analysis. The process of resampling 

the data as described in the methodology requires interpolation to determine a new numerical 

value for the new resized land cell grid. Any form of interpolation introduces the potential for 

errors into the dataset. Data resampling errors, as shown in Table 2, increase as the cell sizes 

increase. A recommendation is therefore made that the models should be rerun with reduced cell 

size to improve the accuracy of the model. To achieve the higher accuracy either computing 

performance will need to increase, or smaller localized (to the computational ability) be 

conducted as indicated in the drill down approach described in Figure 4. One potential area of 

consideration should be the use of the raw LiDAR returns which are conducted at point spacing’s 

as close as 3 inches in some locations. 

5.2.1.3 Groundwater elevation errors 

Groundwater elevation errors are currently present in the model. The errors are the result of 

using interpolations to determine values were data does not exist. Part of the complexity of the 
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interpolation process is that localized manipulations to the groundwater level due to manmade 

alterations such as dikes and canals can increase the amount of errors. To reduce this type of error 

additional groundwater gauging stations would be required. By reducing the spacing between 

sampling points, localized effects would be better captured in the groundwater surface elevation 

interpolations. While over 100 data points were available for Miami-Dade County, other counties 

in Florida had few to no gauging stations. The groundwater surface elevation is critical in 

determining the soil storage capacity. Without having groundwater data points, a groundwater 

elevation surface map is hard to produce. An alternative method for developing a groundwater 

surface elevation would require the use of creating transect maps to connect surface water 

elevations in delineating the groundwater table. The disadvantage of the alternative groundwater 

surface elevation method is due to the high amounts of time and labor required to produces such 

data. 

5.2.2 Uncertainty mapping 

An additional future improvement would be to create uncertainty maps of the model 

results. Currently the methodology in this paper dealt with the data uncertainty by producing the 

caution zones indicated by yellow. The caution zones were a way to highlight areas that based on 

the potential of errors had a possibility of being inundated under the scenario. A better way to 

identify and quantify these areas of potential vulnerability would be to create uncertainty maps 

that would report the results in terms of confidence intervals. Currently the NOAA Coastal 

Services Center (CSC) created a Z-score based methodology for portraying inundation 

uncertainty (NOAA, 2011).  
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5.2.2.1 Z-Score analysis 

The basic assumption is that if vertical errors in the source elevation data follow a normal 

distribution, it is possible to then “standardize” variables to get what is referred to as a Z-score. 

To standardize the values, the following equation is used (NOAA 2011).  

                                                             (Equation 6) 

The equation can be applied to each raster cell to get a standard z-score. The assumption 

is made that the standard deviation is equivalent the root mean square error (RMSE) of the 

vertical errors (NOAA 2011). Using the ground surface elevation, groundwater surface elevation, 

and resampling interpolation errors, a total RMSE can be calculated.  

 

Figure 78 Uncertainty calculations (NOAA, 2011) 

The original equation developed by NOAA, shown in Figure 77, would have to be modified 

by replacing the tidal surface grid error with the groundwater table surface elevation error, and 

adding the resampling error.  

                     √       
                         

                 
                             

(Equation 6) 

Using Equation 6 a resulting make indicating those areas with a specified confidence interval 

(95% for example) could be displayed. The displayed level of confidence would help to further 
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give planners and government organizations a more precise determination of vulnerability 

likelihood for consideration when determining remediation action plan. 

To achieve this goal, the use of the real time hourly water table elevation data collected by 

the USGS could be incorporated into the model along with local precipitation data to determine 

the inundation depth and project future length of inundation based on future weather forecasting 

estimations. A drill down analysis can focus on specific locations to better understand the extent 

of both permanent inundation as well as temporary inundation due to storm events.  

5.2.3 Future research methodology for advanced inundation analysis 

This section outlines a preliminary concept to further the inundation modeling conducted 

here. The first step in the review was to determine the soil storage capacity for the roadway at a 

specific location as shown in Figure 79. 

 

Figure 79 Identified drill down location on Dania Beach Blvd. 

At the indicated point, the values from the SLR model were recorded in Table 9 to 

compare the seasonal and percentile difference experienced at the location. 
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Table 9 Soil storage capacity for specified point location 

Seasonal period Elevation (ft.) Groundwater (ft.) Difference (ft.) 

April 50
th
 percentile 3.32 -0.20 3.52 

October 50
th
 percentile 3.32 0.40 2.63 

October highest median 3.32 1.53 1.51 

 

Using the results of Table 9 in conjunction with an understanding of soil storage capacity 

given in Table 10 allows for a determination of minimum storm event required to obtain 

temporary flooding conditions at the designated location. 

Table 10 Soil storage capacity for developed land in south Florida (SFWMD) 

Soil storage Depth (ft) Storage Capacity (in) 

1 0.5 

2 1.9 

3 5.0 

4 8.2 

 

The results in Table 9 and Table 10 indicate that the current storage capacity at the 

highest median would have a soil storage capacity of less than two inches. The intensity duration 

and frequency (IDF) curves shown in Figure 80 for south Florida predict that a storm producing 

over 2 inches of rainfall could occur every other year given a storm duration of over 80 minutes. 
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Figure 80 Zone 10 IDF curve (FDOT, 2001) 

To calibrate and test this method a sample small test well could be dug up to see if the 

estimated water table surface elevation matches the actual field conditions.  
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