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Abstract 

Southeast Florida (SF) is among the most vulnerable regions to sea-level rise in the United States 

of America. The consequences associated with sea-level rise (SLR) are already apparent, including 

coastal inundation and erosion. The Coral Gables Canal watershed is located in SF and can be 

considered representative of the effects of combined mean and extreme SLR. In this research, the 

effect of concurrent mean and extreme sea-level rise on coastal inundation in the Coral Gables 

Canal watershed is explored. A three-dimensional hydrodynamic model for Biscayne Bay and the 

Coral Gables Canal is presented. The model is used to estimate water surface elevations throughout 

the model domain, and map inundation due to an extreme water-level event (Irma Hurricane) 

occurring alongside mean SLR scenarios. A comparison of the inundation coverage calculated in 

this research to estimations made by several online tools shows that the online simulators 

underestimate flooding areas by 72% to 85%. This is a consequence of underpredicting maximum 

water surface elevations occurring under combined SLR in the Coral Gables Canal. The model 

predicts that under the NOAA Intermediate High SLR scenario (year 2100), 40% of the CGC 

watershed will be inundated (water depths > 0.6 m), and 70% of the area will be flooded with 

water depths greater than 1.6 m in year 2120. Under the NOAA High SLR scenario at least 70% 

of the Coral Gables Canal watershed would be inundated in 2100 (water depths > 1.0 m). In year 

2120, 90% of inland sub-basins will be flooded (0.6 m < depths < 2.2 m). These results are 

significant for planning flooding/inundation risk management strategies. 

Keywords: Coral Gables Canal, coastal inundation, sea-level rise, Irma Hurricane, EFDC 
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1. Introduction 

Global warming, in response to the accumulation of anthropogenically produced greenhouse gases 

inside the atmosphere, has increased Earth’s mean temperature and ocean heat content. This is 

resulting in glacier and ice sheet melt, and consequently causing global sea level rise (Cazenave 

and Le Cozannet, 2014; Slangen et al., 2016; Jevrejeva et al., 2009; Gornitz et al., 1997). The 

potential impact of sea-level rise on coastal zones has become a question of growing interest to the 

public, because of the far reaching social and economic consequences (Pednekar and Siva Raju, 

2020). In the United States of America (US), sea-level rise in the mid-Atlantic coast is twice the 

global average and exceeds that of the rest of the conterminous US coast, with the exception of 

coastal Louisiana (Sallenger et al., 2012). Specially in Florida, the impacts of climate change and 

sea-level rise include flooding, increase in invasive species, damage to the coral reefs, and 

increased numbers of damaging hurricanes (Palm and Bolsen, 2020). 

Figure 1. Flooding in the Coral Gables Canal area. 1a) Flood map generated by NOAA’s Sea-level 

Rise Viewer. 1b) Mapping confidence of the projected flood map. 
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Southeast Florida is among the most vulnerable regions to sea-level rise in the United States, due 

to the co-occurrence of multiple drivers such as numerous water control structures, rainfall 

intensity and duration, groundwater level, and ocean-side water level (Jane et al., 2020). The 

consequences associated with sea-level rise are already apparent, including coastal inundation and 

erosion, increased frequency of flooding, reduced soil infiltration capacity, saltwater intrusion of 

drinking-water supply, increased pollution and contamination, and impairment of infrastructure 

such as roads and septic systems (SFRCCC, 2020). Also, the natural environment is under 

immediate and real threat. With higher and accelerating sea-level rise today, enhanced climate 

variability could further hasten the loss of mangrove-lined coastlines, compounded by changes in 

surface runoff and flow caused by landcover change and unsustainable water management 

(Wingard, 2021; Jones et al., 2019). Socio-economic impacts such as displacement, decreases in 

property values and tax base, and increases in insurance costs (SFRCCC, 2020) are producing 

discounts in pricing of residential properties that are located in flood prone areas (Fu and Nijman, 

2021). 

The Coral Gables Canal is located in the Biscayne Bay Drainage Basin (Southeast Florida). It can 

be considered a case study in sea-level rise for the larger, southeast Florida because of its 

residential and commercial land use, low topography, karst geology, and water control structures 

regulating outflows. SFRCCC (2020) presented a regionally unified sea-level rise projection, for 

ensuring consistency in adaptation planning and policy for the Southeast Florida four-county 

region. This unified sea-level rise projection is based on projections from the National Oceanic 

and Atmospheric Administration (NOAA) (Sweet et al., 2017). NOAA’s Sea-level Rise Viewer 

(NOAA, 2017a) allows the generation of inundation maps that illustrate the scale of potential 
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flooding, in water depths relative to Mean Higher High Water (MHHW). Figure 1a) shows the 

inland extent and relative depth of inundation above MHHW corresponding to year 2100, for the 

area surrounding the Coral Gables Canal, based on the local scenario at Virginia Key NOAA 

station. Figure 1b) shows the mapping confidence of the projected flood map. Blue areas denote a 

high confidence of inundation (confidence ≥ 80%), orange areas denote a low confidence of 

inundation (confidence < 80%), and unshaded areas denote a high confidence that these areas will 

be dry (NOAA, 2017a). 

The confidence map shown in Figure 1b spatially represents the summation of 1) the uncertainty 

in the lidar-derived elevation data, and 2) the uncertainty in the modeled tidal surface from the 

NOAA VDATUM. Thus, Figure 1b shows zones with greater and lesser chances of getting wet 

(NOAA, 2017a). As shown, there is a high degree of uncertainty in much of the area surrounding 

the Coral Gables Canal. Inundation maps generated by the Sea-level Rise Viewer do not consider 

natural processes such as erosion, subsidence, or future construction, and should be used only as a 

screening-level tool (NOAA, 2017a). Furthermore, these maps only represent sea level rise via a 

modified bathtub style model. The method accounts for local tidal variability and empirically 

account for hydro-connectivity but do not explicitly simulate hydrodynamics (NOAA, 2017b). 

Detailed hydrodynamic modeling with intense quantification of local bathymetry is necessary to 

develop quantitative estimates of the potential nonlinear relationship between sea-level rise and 

flooding (Hall et al., 2016). Hydrodynamic models perform a key role in suggesting preventive 

measures for flood management by identifying flooding risk hotspots and is widely used to study 

flood inundation in the floodplains (Singh et al., 2020). Neumann and Ahrendt (2013), compared 

flood simulations performed with a 2-D hydrodynamic model (Mike 21 Flow Model, Danish 
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Hydraulic Institute) to flooding estimates using a standard bathtub approach. The results showed 

that for sea-level rise scenarios with the highest water surface elevations, the traditional bathtub 

method overestimated by 10% the flood area calculated through the MIKE 21 model. 

One other source of uncertainty is the tidal elevation data that is used to perform the inundation 

predictions. NOOA’s Sea-level Rise Viewer (2017a) use data from the closest tidal station to the 

location of interest for mapping flooded areas. However, NOAA tidal stations are oftentimes 

located kilometers away from specific locations of interest, and tidal elevations may vary (at the 

location of interest) from the tides observed at NOAA stations. Hydrodynamic modeling could be 

used for estimating actual tidal elevations occurring at the location of interest, which is essential 

to robust sea-level rise vulnerability assessment, especially under combined sea-level rise and 

event-driven water level rise (Anderson et al., 2018). 

The combination of gradual sea-level rise with extreme sea-level events that are rare today (tides, 

surges, etc.) will become more frequent in the future (Oppenheimer et al., 2019; Aucan, 2018; 

Vitousek et al., 2017). Although the drivers of extreme sea-level events have not significantly 

changed over the past decades, these events are becoming more severe and frequent (Lang and 

Mikolajewicz, 2020; Aucan, 2018; NOAA, 2017c). Even small sea-level rise amounts (e.g., 5– 

10 cm) may more than double the frequency of extreme sea-level events as early as 2030 (Vitousek 

et al., 2017). Extreme sea-level values occur rarely, but it is those ’high-impact-low-probability’ 

extremes that are required for flood defense, since relative changes in the upper tail of those values 

may substantially alter the risk for flooding (Lang and Mikolajewicz, 2020; NOAA, 2017c). 
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The combined effect of mean and extreme sea-level rise could surpass traditional vulnerability 

estimates based on a simple upward shift in sea level (Lang and Mikolajewicz, 2020). For many 

coastal locations, the main starting point for coastal planning and decision making should be 

accounting for future extreme sea-level events through improvement of current observational 

systems, remote sensing techniques, or hydrodynamic modeling (Oppenheimer et al., 2019; 

Anderson et al., 2018). There is an urgent need to test plans and policies against extreme water-

level events occurring alongside mean sea-level rise (NOAA, 2017c). 

In this research, the effect of concurrent  mean and  extreme sea-level rise  on coastal inundation is  

explored. A three-dimensional hydrodynamic  model for  Biscayne  Bay  and the  Coral Gables Canal  

is presented. The  model is used to estimate  water  surface  elevations throughout the model domain  

for  scenarios of combined water  surface  elevation rise.  SFRCC  (2020) sea-level rise  scenarios are  

combined to  observed Irma Hurricane  water  level rise. Model-generated maps are  compared to 

NOAA’s Sea  Level Rise Viewer, Climate  Central’s Surging  Seas Risk Zone  Map predictions, and  

Florida Sea-level Scenario Sketch Planning Tool. Conclusions are drawn from the comparison.  

2. Methods 

2.1 Study area 

Biscayne Bay is a coastal water body located in southeast Florida. The area surrounding the Bay, 

which originally was dedicated to agriculture, has experienced rapid urban growth in the last 

decades. The combined effects of human activities (urban settlements and agriculture) have 

increased runoff and nutrient transport from inland watersheds to the Bay. Recent studies have 
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identified increased chlorophyll-a  and phosphate  concentrations within the bay, which is more  

evident throughout the northern area  and in nearshore  areas of central Biscayne  Bay, suggesting  

an urgent need for  land use  and land cover management to reduce  local nutrient wash-off from the 

watershed  to the  Bay  (Millette  et al.,  2019; Swart,  et al., 2013; Caccia  and  Boyer, 2007).  Santos et  

al.  (2014) established that freshwater discharges into nearshore  areas (contaminated by  

anthropogenic disturbances) have  resulted in the fragmentation of the  spatial patterning  of  

submerged aquatic  vegetation, which is thought  to influence  the distribution, community  

composition, and behavior of marine fauna. Man-made  canals and waterways  carry  excess run-off  

and contaminants, from inland watersheds to Biscayne  Bay. One  of the  main canals, traversing  the  

city of Coral Gables, is the Coral Gables Canal.  

The  Coral Gables Canal (CGC) is a  waterbody  15.70 km long  that drains the  Tamiami  Canal  and 

collects waters from an 18.25 km2 watershed. The  Canal  run southeast through Coral Gables,  

draining into Central Biscayne  Bay  (Figure  2).  In  rigor, the  portion of  the  Canal that  is close  to 

Biscayne  Bay  is a  waterway. For brevity, in this study  the whole  water body  will  be  identified as  

Coral Gables Canal. Land use in the watershed is primarily residential and commercial.  
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Figure 2. Biscayne Bay and Coral Gables Canal watershed. Bottom elevation in Biscayne Bay 

(bathymetry) is shown. 

Water flow in the canal is interrupted by a control structure (Gate G93), which is located 6.47 km 

inland (Figure 3). The gate opens intermittently during the rainy season and is closed during the 

dry season. Water movement in the lower segment of the canal is governed almost entirely by tidal 

forcing (Bouck, 2017). River stage data is collected at two stations in the CGC: Station G93-H 

(located immediately upstream from the gate), and Station G93-T located immediately 

downstream from the gate. 
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2.2 Basic data 

2.2.1 Bathymetry, topography, and bottom roughness  

The  bathymetry  data set  used to develop the  hydrodynamic  model is the  1/3 arc-second Mean 

Lower Low Water  bathymetric DEM produced by  NOAA’s National Ocean Service  

(NOAA/NOS, 2020). This data set is based on a  hydrographic survey  data  for  Biscayne  Bay. The  

bathymetric data (provided as a  NETCDF data cube, NAVD) was geo-processed and projected to 

UTM (Zone  17 North, WGS84) coordinates. The  resulting  data raster  (horizontal spatial resolution 

9.27 m x  9.27 m, vertical accuracy  0.01 m) is shown in Figure  2. This dataset was used for  

generating the computational grid of Biscayne  Bay.  

The  topographical data used to characterize  the topography  of the watershed and the bathymetry  

of the Coral Gables Canal  was a  5 m cell  size  Digital Elevation Model (DEM). The  elevation units,  

expressed in centimeters, have  NAVD88 as  reference  datum. The  dataset  is provided  in Albers  

Equal Area Conic HARN projection by the University of Florida  GeoPlan Center (2020).  

2.2.2 Tidal, river stage, river flow, and wind data  

Hourly  data for  water  surface  elevation (WSE), air  temperature, wind speed,  and wind direction  at 

Virginia  Key  Station (Figure  3)  were  obtained from NOAA  (2020)  and used for  setting  up ocean  

boundary  conditions. River  stage  data  for  main streams draining  to Biscayne  Bay  (canals, creeks, 

etc.)  were  obtained from  the South Florida  Water  Management District’s DBHYDRO platform  

(SFWMD, 2020), and  used to calibrate and validate the hydrodynamic  model. Stream flows from  

main tributaries to the  Bay  (freshwater inputs  shown in Figure  3) were  also obtained from SFWMD 
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(2020).  All data  were  transformed to the  metric system, NAVD  vertical  reference, and GMT zone.  

Wind and temperature data at Virginia Key Station were collected at 8.5 m above mean sea-level.  

2.3 Hyd rodynamic modeling  

In  this research, the  Environmental Fluid Dynamic  Code  (EFDC) was used as the  modeling  tool. 

EFDC (Hamrick, 1992)  is a  3-D model that is used extensively  in the United States (Alarcon et  

al., 2014) and abroad. It is currently  used by  federal, state,  and local agencies, consultants,  and 

universities. The  EFDC version used  was the Dynamics Solutions LLC’s EFDC_DSI  Version 

2020. Throughout this paper, the EFDC_DSI  version will  be  denominated EFDC for  brevity.  

EFDC solves the three-dimensional, primitive-variable, vertically-hydrostatic, free-surface, 

turbulent averaged equations of motions  for  a  variable-density  fluid. The  model uses Cartesian or 

curvilinear-orthogonal horizontal coordinates. Dynamically  coupled transport equations for  

turbulent kinetic energy, turbulence  length scale, salinity, and temperature  are  solved (Alarcon et 

al., 2014). The  model is  forced by  boundary  loadings (water  velocity, water  surface  elevation, 

stream flow  inputs), and atmospheric  conditions (e.g., temperature,  pressure, wind shear, 

precipitation). The  equations are  solved by  EFDC through the implementation of a  semi-implicit,  

conservative  finite-volume finite-difference  algorithm  with either  2 or 3-level time-stepping. The  

semi-implicit  scheme is based on external mode splitting  with the  external mode being  implicit  

with respect to the water  surface  elevation and the  internal mode being  implicit with respect to 

vertical turbulent momentum diffusion (Tetratech, 2002).  
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2.3.1 Computational grid 

Generating  an efficient computational representation of the study  area  required iterating  with the 

following  variables: computational grid spatial  resolution, location of  boundary  conditions,  

curvilinear versus cartesian coordinates, and numerical criteria  (time-step,  numerical algorithm, 

etc.). The  resulting  computational representation of Biscayne  Bay  and the Coral Gables Canal is 

shown in Figure  3.  

Figure  3. Computational grid for the study  area. Open ocean boundary  cells and freshwater  

boundary  cells are  shown. A cartesian grid representing  Biscayne  Bay  connects to a  curvilinear 

grid representing the Coral Gables Canal.  
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The  computational mesh shown in Figure  3  consists  of over  9,400 grid cells. The  Bay  is  

represented in cartesian coordinates and the Canal consists  of curvilinear cells. To have  an efficient  

transfer  of  information between  the Bay  portion and the Canal portion, cell sizes near  the outfall  

of  the canal to the Bay  were  gradually decreased until reaching similar order of magnitude in size  

as the cells of the canal. The  computational mesh includes a  representation of gate G93  (located  

on  the  Coral Gables Canal), which operation is simulated according  to the rules of operation 

reported for the hydraulic structure by  DBHYDRO.  

Boundary  cells are also shown in Figure  3. Tidal boundary cells are located at the eastern borders  

of the grid and  provide  seawater inputs to  the system using  data  from Virginia Key  Station (tidal 

and wind). Fresh water boundary  cells shown corresponding  to Arch Creek,  Biscayne  canal, Little  

River, Miami  River, Snapper Creek, Black  Creek, Princeton canal, Mowry  canal, and Manatee  

canal are shown.  

2.3.2 Goodne ss of fit of simulated data  

Statistical indicators of fit between forecasted and observed data  and corresponding  statistical 

errors were  computed to quantify  the quality  of simulated data. The  following  indicators were  used 

for  assessing  statistical fit: coefficient of  determination (R2),  Nash–Sutcliffe  coefficient (NSE).  

The  root-mean-squared-error  to standard  deviation ratio (RSR) was calculated to quantify  

statistical errors. The  Kling-Gupta  efficiency  index  (K-G)  was used to measure  goodness of fit as 

well  as bias of simulated data from observed  data. Table 1  summarizes all  the  statistical indicators  

used and their corresponding ranges of acceptability.  



  

 

 

 

 

 

 

262 

263 

264 

265 

266 

267 

268 

 

    

  

  

  

 

    

 

 

 

  

 

    

 

 

 
     

    

 

 

  

    

     

    

      

     

       

   

 

   

 

   

 

 

       

      

  

        

Table 1. Statistical indicators of goodness of fit. 

Indicators of Fit Formulae Range 

Root-mean-squared-

error to standard 

deviation ratio, 

𝑅𝑀𝑆𝐸 
𝑅𝑆𝑅 = 

𝑆𝑇𝐷𝐸𝑉𝑂𝑏𝑠 

𝑛 𝑂𝑏𝑠 − 𝑌𝑖 
𝑆𝑖𝑚 ). 2√∑ (𝑌𝑖 𝑖=1 

𝑛 𝑂𝑏𝑠 − 𝑌𝑖 
𝑀𝑒𝑎𝑛). 2√∑ (𝑌𝑖 𝑖=1 

RSR < 0.7 (*) 

Coefficient of 

determination, 𝑅2 

2 
𝑛 𝑆𝑖𝑚 − 𝑌𝑖 

𝑀𝑒𝑎𝑛). 2∑ (𝑌𝑖 𝑖=1(√ )𝑛 𝑂𝑏𝑠 − 𝑌𝑖 
𝑀𝑒𝑎𝑛). 2∑ (𝑌𝑖 𝑖=1 

R2 > 0.5 (*) 

Nash-Sutcliffe 

efficiency, NSE 

𝑛 𝑂𝑏𝑠 − 𝑌𝑖 
𝑆𝑖𝑚). 2∑ (𝑌𝑖 𝑖=1

1 − 𝑛 𝑂𝑏𝑠 − 𝑌𝑖 
𝑀𝑒𝑎𝑛). 2∑ (𝑌𝑖 𝑖=1 

NSE > 0.5 (*) (**) 

NSE > 0.3 (***) 

Kling-Gupta 

efficiency, K-G 

𝑀𝑒𝑎𝑛 2 2𝑌𝑆𝑖𝑚 𝑆𝑇𝐷𝐸𝑉𝑆𝑖𝑚 1 − √( 𝑀𝑒𝑎𝑛 − 1) + ( − 1) + (𝑅 − 1)2 
𝑆𝑇𝐷𝐸𝑉𝑂𝑏𝑠 𝑌𝑂𝑏𝑠 

K-G > 0.5 (**) 

𝑂𝑏𝑠 𝑌𝑖 = Observed SST concentration 

𝑆𝑖𝑚 𝑌𝑖 = Simulated SST concentration 

𝑀𝑒𝑎𝑛 = Mean of observed SST concentration 𝑌𝑂𝑏𝑠 

𝑀𝑒𝑎𝑛 = Mean of simulated SST concentration,𝑌𝑆𝑖𝑚 

𝑛 = Total number of daily SST concentrations 

(*) Moriasi et al., 

2007. 

(**) Knoben et al., 

2019. 

(***) Allen et al., 

2007. 

The range for the Kling-Gupta indicator (K-G) shown in Table 1 is suggested by Knoben et al. 

(2019). The ranges for RSR, R2 , and NSE proposed by Moriasi et al. (2007) correspond to monthly 

time-step simulations. Generally, as the evaluation time-step decreases, less strict performance 

rating is warranted. Since the simulations in this research are generated at hourly time-step, the 
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Moriasi et al. (2007) ratings shown in Table 1 could be allowed 20% flexibility as proposed by the 

cited authors. 

2.4 Sea-level rise scenarios 

The unified sea-level rise projection for Southeast Florida (SFRCCC, 2020) presents sea-level rise 

projections using a reference year of 2000 and historical tidal elevations recorded at NOAA’s Key 

West Tidal station. The document recommends interpolating the projection values depending on 

the year for which the relative sea-level rise is desired. Figure 4 shows interpolated sea-level rise 

projections for years 2050, 2100, and 2120, for three sea-level rise scenarios: Intergovernmental 

Panel on Climate Change (IPCC) projection, NOAA Intermediate-High projection, and NOAA 

High projection. Since the projections are based on year 2000, those sea-level rise values were 

adjusted in this research so that the relative sea-level rise that occurred until the year of interest is 

accounted for (Figure 4). Table 2 summarizes the interpolation of sea-level rise for year 2017. 
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Figure  4. Interpolated sea-level rise  projections for years 2050, 2100, and 2120. Scenarios: A)  

Intergovernmental Panel  on Climate  Change  (IPCC) projection, B)  NOAA  Intermediate-High  

projection, and C) NOAA High projection.  

Table 2. Sea-level  rise for year 2017 for scenarios NOAA  Intermediate High, and NOAA  High.  

Year NOAA Int. High NOAA High 

2060 0.63 0.85 

2100 1.72 2.43 

2120 2.18 3.27 
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The  NOAA  Intermediate  High regional projection (Sweet et al., 2017)  is recommended for  

infrastructure  projects requiring  an essential  factor of safety  related to inundation: evacuation 

routes planned for  reconstruction, communications/energy  infrastructure, critical government,  and  

financial facilities/infrastructure  (SFRCCC, 2020).  The  NOAA  High  projection  should be  used for  

assessing  high-risk of inundation for  existing  and planned  critical infrastructure: nuclear power  

plants, wastewater  treatment facilities, levees or  impoundments, bridges along major  evacuation 

routes, airports, seaports,  railroads, and  major  highways (SFRCCC, 2020). In this research, the  

scenarios included for  inundation/flooding  simulations are  the NOAA  Intermediate  High and the  

NOAA High projections.  

2.5 B aseline  for  comparison  of sea-level rise scenarios  

Since  the sea-level  rise  projected values decrease  depending  on how current the reference  year, an  

analysis  of historical tidal elevations was  performed to identify  which  year  would be  the  baseline  

for  comparison  in this study. Figure  5  shows daily  maximum water  surface elevations observed at  

Virginia  Key, and G93-T stations  (the  latter  is located in the Coral Gables Canal) from 01-01-2012 

to 12-31-2018. As shown, the maximum observed tidal elevation at the  Virginia  Key  station was  

1.17 m  (on September 10, 2017), corresponding  to a  tidal elevation of 1.73  m at the G93-T station. 

The event that produced such high readings was Hurricane  Irma.  

Figure  5  also depicts the difference  between observed water surface  elevation  at both stations  

(WSE at G93-T minus WSE at Virginia  Key). The  cumulative  WSE curve  shows that observed  

WSE at G93-T are  mostly  greater  in value  than those corresponding  to Virginia  Key  station. As  

shown,  the slope of the cumulative  WSE difference  curve  is mostly  positive  especially  after  year  
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2016, meaning  that  observed WSE at G93 become  increasingly greater than  those at Virginia  Key  

after that year. The  greatest difference  occurs during  the Irma  event (0.56  m). Although during  the  

Irma  Hurricane  flooding  was not reported  in Coral Gables, the impact  of the occurrence  of such  

an event under future sea-level rise scenarios is worth exploring.  

Figure  5.  Daily  maximum water  surface  elevations. WSE difference  and Cumulative  WSE  

difference  are  computed according to WSE at G93-T minus WSE at Virginia Key.  

The exploration of daily maximum water surface elevations allowed the identification of the Irma 

Hurricane as a representative extreme event if it were to occur under risen sea-level conditions. 

Next, the effects of gate G93 on the hydrodynamic regime of the canal under extreme high-water 

conditions should be ascertained. Figure 6 shows a comparison of observed hourly water surface 

elevations at stations: Virginia Key, G93-T (station located downstream to the gate), and G93-H 
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(station located upstream to the gate). Figure 6 shows that hydrodynamic processes (momentum, 

wind, waves) cause the water surface elevation at gate G93-T and G93-H to be slightly higher than 

those observed at Virginia Key, under normal conditions. However, during the Irma event, water 

surface elevations in the canal were observed to be noticeably higher (50% to 400%). Data 

collected at both canal stations (G93-H and G93-T) show a similar trend. Therefore, such an event 

would affect the entire canal, upstream and downstream of the gate, similarly. 

Figure 6. Comparison of water surface elevations at stations Virginia Key Station, G93-H, and 

G93-T. The secondary vertical axis at the right shows the WSE difference between WSE at G93-

T and WSE at Virginia Key. Station G93-H registered practically the same WSE during Irma 

Hurricane. 
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Figure  6  also illustrates  the magnitude  of the difference  in water surface  elevations between 

Virginia  Key  and G93 stations. The  station upstream to the gate (G93-H)  recorded practically  the 

same WSE data as station  G93-T (located downstream to the gate), meaning  that the gate was open 

during  the Irma  event. Figure  6 shows the WSE difference: G93-T  WSE minus Virginia  Key  WSE.  

Peak water surface  elevations were  the  greatest during the extreme Irma event. It would be  

expected that under sea-level rise  conditions, the WSE difference  observed  during  the Irma  event  

would be  similar. Figure  6  reinforces the importance  of exploring  the  consequences of an  Irma-

like  hurricane  occurring  under projected sea-level rise scenarios.  

2.6 F looding area determination  

The  sea-level  rise  values  corresponding  to years  2060, 2100, and  2120 (shown in Table  2)  were  

each added to the water  surface  elevations  observed during  Irma  Hurricane, and  specified as ocean 

boundary conditions  of the validated hydrodynamic model. Therefore, six sea-level rise scenarios  

were  modeled: three  corresponding  to NOAA Intermediate High, and three  corresponding  to 

NOAA  High. The  hydrodynamic  model was used  to calculate  hourly  water  surface  elevations for  

Biscayne Bay and the Coral gables Canal for those scenarios.  

The flooding areas were determined using the water surface elevations (WSE) calculated by the 

hydrodynamic model of the Coral Gables Canal, and the identification of hydrologically connected 

cells in its watershed DEM. As described in previous sections, the topography of the area was 

characterized by a 5-meter DEM in which elevations are in centimeters (NAVD). The elevation in 

each cell of the DEM was compared to the WSE predicted by the hydrodynamic model. All cells 

with topographic values lower than the predicted WSE were considered flooded. Hydrological 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

368 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

 

   

        

    

 

 

        

     

connectivity  (passage  of  water  from one  cell  to another) was considered  by  requiring  that (in 

addition to being  below  the flood level)  the  cells  must  be  hydrologically  connected.  Several studies  

have  applied a  similar procedure  to map coastal and inland  inundation around  the globe (Yunus et 

al., 2016). NOAA  follows a  similar approach for mapping  sea-level  rise  inundation (NOAA, 

2017a).  

3. Results  

3.1 Hydrodynamic calibration  

Calibration of the hydrodynamic model was performed comparing predicted hourly water surface 

elevations (WSE) to observed data at four locations inside Biscayne Bay and the Coral Gables 

Canal. Figure 7 shows stations MRMS4, G93T, S123T, S20GT, which data were used for 

calibration and validation of the hydrodynamic model. 

Figure 7. Stations collecting water surface elevation data at Biscayne Bay. Data from MRMS4, 

G93T, S123T, S20GT stations were used for calibration and validation of the hydrodynamic 

model. 
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Figure 8 shows the results of the comparison for year 2014. The locations correspond to stations 

that collect water surface elevation or river stage data. 
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Figure 8. Hydrodynamic calibration for year 2014. Observed and simulated WSE time-series and 

corresponding scatterplots for four locations in Biscayne Bay are shown. 
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Model calibration was conducted for 2014 (Figure 8) and 2015 (Figure 9). As shown in Figure 8, 

the comparison of simulated versus observed WSE data results for year 2014 produced good 

statistical indicators of fit: R2 > 0.89, NSE > 0.80, K-G > 0.47, RMSE< 0.09, RSR < 0.43. Overall, 

the statistical indicators show good agreement between simulated and observed water surface 

elevations. In particular, RMSE values were low (<0.09). For subsequent comparisons, the RMSE 

not calculated because the ratio of RMSE to standard deviation of the observed data (RSR) 

encompasses the error captured by RMSE. 
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Figure 9. Hydrodynamic calibration for year 2015. Observed and simulated WSE time-series and 

corresponding scatterplots for four locations in Biscayne Bay are shown. 

As shown in Figure 9, the statistical indicators for year 2015 are also good: R2 > 0.89, NSE > 0.70, 

K-G > 0.65, and RSR < 0.55. Station S20GT is not included in the 2015 calibration because 

observed data for 2015 at this station was sparse. The overall quality of the goodness of fit 

indicators is good, therefore the hydrodynamic model could be considered calibrated. 
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3.2 Hydrodynamic validation  

Hydrodynamic validation was performed for year 2017, following the analysis on tidal elevations 

for that year (Section 2.4). Figure 10 shows statistical indicators for validation. The goodness of 

fit between simulated and observed data for northern Biscayne Bay is described by the following 

statistics: R2 > 0.69, NSE > 0.64, K-G > 0.55, and RSR < 0.60. The model has some limitations 

on replicating observed data at S20GT station (R2 = 0.48, NSE = 0.33, K-G = 0.63, and RSR = 

0.82). However, NSE and K-G statistics are within the ranges of acceptability presented in Table 

1, and R2 and RSR are within the 20% flexibility attributed to those statistics as suggested by 

Moriasi et al. (2007). Therefore, the hydrodynamic model is validated. 
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Figure 10. Hydrodynamic validation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 

434 

435 

436 

437 

438 

 

 

  

 

3.3 Comparison of  model-simulated flood areas for year 2100 to online SLR simulators  

The  calibrated  and validated model was used to predict water  surface  elevations in the CGC  for  

year 2100  so that the model results could be  compared to  the following  online  sea-level rise  tools 

Surging  seas Climate  central  (Climate  Central, 2021), NOAA  Sea-Level Rise Viewer  (NOAA,  

2121), and  Florida  Sea-level Scenario Sketch Planning  Tool  (University  of Florida, 2021).   To  

simulate  scenarios NOAA Intermediate  High,  and  NOAA  High, the  following  sea-level rise  values 

were  added to the ocean boundary  conditions:  1.73 m, and 2.43 m, respectively  (from Table 2).  

The  simulation period captures  an event equivalent to the Irma  hurricane.  Figure  11  shows water  

surface  elevations for  several locations in the Coral Gables Canal. As shown, water  surface 

elevations along the canal are very similar with an average maximum value of 3.67 m. This value  

is greater by  16%  than the NOAA  Extreme  scenario projection of 3.16 m  sea-level rise, and greater  

by  44%  than  the  NOAA  High scenario (2.55  m).  This is because  Sea  Leve  Rise viewer use  data 

from  Virginia Key  station and  does not  account for local tidal variability.  

Figure 11. Model-simulated water surface elevations in the Coral Gables Canal. 
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The  impact of the estimations  of concurrent sea-level rise  on inundation mapping  is substantial.   

Figure  12  shows a  comparison of flooding  areas obtained in this research  to estimations made  by  

the online  tools.  The  online  simulators  were  set up to predict year-2100  inundation under NOAA  

High  scenario (2.55-meter  water level). The  tools generate  very  similar maps  (Figure  12);  

however, the inundation coverage  is smaller  than the inundated area  estimated  in this research: 

Climate  Central  predicts 22%  smaller  inundated area, NOAA  Sea-Level Rise Viewer  and  Florida  

Sea-level Scenario Sketch Planning  Tool  simulates 29%  smaller  inundation area. This result  was  

expected since the maximum tidal elevation predicted by the hydrodynamic model is greater than 

the NOAA  High  predicted water  level.  Nevertheless, the results confirm that the combined effect 

of mean and extreme sea-level rise surpass traditional estimates based on a simple shift of the sea  

level distribution. Also,  the results clearly  show that a  robust sea-level rise  vulnerability  

assessment should be  based on local estimations of extreme tides. Local  estimations of water  

surface  elevations under combined extreme-event  and mean sea  level rise  should be  the  starting  

point for coastal planning and decision making.  

Besides providing a  more  realistic  inundation map, this research  also provides detailed spatial 

distributions  and magnitudes of water  depths. This could be  significant for flooding/inundation 

risk management decisions. Having  an accurate spatial estimation of inundation coverage  and 

water  depths could contribute  to better assessing  high-risk of inundation for  existing  and planned  

critical infrastructure  (SFRCCC, 2020). 
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Figure 12. Comparison of inundation maps for year 2100, NOAA High scenario. A) Surging seas 

Climate central, B) NOAA Sea-Level Rise Viewer, C) Florida Sea-level Scenario Sketch Planning 

Tool, D) map produced in this research. 

A similar comparison was performed for the NOAA Intermediate High scenario for year 2100. 

Under this scenario, the hydrodynamic model predicts that water surface elevations in the Coral 

Gables Canal and surrounding areas (during an event similar to hurricane Irma) would reach an 

average value of 2.96 m (Figure 13). The water surface elevation estimation for the NOAA 
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Intermediate High scenario provided by the Sea-level Rise Viewer (NOAA, 2021) is 1.83 m (62% 

smaller than the value calculated in this research). This difference between peak water elevations 

produced an underestimation of inundated areas by the online tools, compared to the flooded areas 

estimated in this research (Figure 14). 

Figure 13. Model-simulated water surface elevations in the Coral Gables Canal. 

Figure 14 shows the results provided by the online tools for NOAA Intermediate High scenario. 

As shown, the inundation area estimated by those tools is smaller than the inundation area 

calculated in this research. While the model calculates that the inundated area covers 27 km2, 

Surging Seas Climate Central and NOAA Sea-Level Rise viewers estimate that around only 7.5 

km2 will be inundated (72% smaller). The Florida Sea-level Scenario Sketch Planning tool 

estimates that approximately 4 km2 will be flooded (85% smaller). Again, the advantage of 

calculating more realistic WSE at the local scale, allowed for a more detailed estimation of 

inundated areas and water depths. 
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As stated in Sweet et al. (2017) and SFRCCC  (2020), the NOAA Intermediate  High scenario is 

recommended  for  infrastructure  projects requiring  an essential factor  of safety  related to  

inundation (evacuation routes, communications  and energy  infrastructure, government and 

financial facilities and infrastructure). Since  the combination of gradual  sea-level rise  with extreme 

sea-level events will  become more  frequent in the  future  (Oppenheimer et al., 2019; Aucan, 2018; 

Vitousek et al., 2017),  performing  a  realistic  estimation of the combined consequences is 

paramount  for  planning  flood defense. In  this context, the inundation maps generated in this  

research would help toward  the management measures required for providing  a  safety  factor to  

potential critical projects to be undertaken in the  area.  
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Figure 14. Comparison of inundation maps for year 2100, NOAA Intermediate High scenario. A) 

Surging seas Climate central, B) NOAA Sea-Level Rise Viewer, C) Florida Sea-level Scenario 

Sketch Planning Tool, D) map produced in this research. 

3.4 Comparison of inundation areas for 2060, 2100, and 2120, to a 2017 inundation map 

Summarized results for years 2017, 2060, 2100, and 2120 are presented in Figures 15 and 16. 

Simulations corresponding scenarios NOAA Intermediate High, and NOAA High were generated. 
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Figures 15 and 16 show the limits of the Coral Gables Canal watershed and sub-watersheds and 

could be used for establishing risk management measures per sub-watershed. 

Figure  15. Sea-level  rise  in the Coral Gables Canal watershed, NOAA Intermediate High scenario.  

A)  Current conditions (year 2017), B) Year 2060, C) Year 2100, D)  Year 2120.  Boundaries  of the  

Coral Gables Canal watershed and sub-watershed  numbers  are shown.  

Figure 15 shows inundation maps under NOAA Intermediate High sea-level rise scenario in the 

Coral Gables Canal watershed. The simulations show that there was minimal flooding during year 

2017 (Irma Hurricane), mostly at areas close to the coast (sub-basin 6), around gate G93 (center 
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of the watershed  at the intersection of the canal with the boundary  between sub-basins  1 and 3), 

and areas close to the Tamiami  Canal (Northwest sector of  the watershed,  sub-basin 1). For year  

2060 the model predicted that inundated areas would  expand in sub-basins  1, 3 and 6  with water  

depths smaller  than 1.0  m,  while sub-basins  2 and 4 are  not flooded (Figure  16). For year 2100,  

inundated areas appear at  the perimetral sectors of the watershed and expand greatly  in the coastal, 

central, and northwest sectors of the  watershed  (Figure  15).  At least 40%  of  the CGC watershed  is 

inundated with water depths greater than 0.6 m, being sub-basins 1 and 6 flooded in at least 70%,  

with water  depths reaching  1.2 m (Figure  16).  Water  depths increased  reaching  up to 1.8  m  in  

urban areas close to the canal.  

Figure 16. Percent inundated area per sub-basin in the Coral Gables Canal watershed. Total sub-

basin areas (in km2) are shown in the embedded table. The vertical axis shows percent of the sub-

basin area that are inundated under NOAA Intermediate High scenario, for years 2016, 2100, and 

2120. Water depth intervals shown in the legend are represented in colors for each sub-basin. 
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Figure  16  shows that  under NOAA Intermediate  High sea-level rise  scenario,  inundated areas in 

year 2120 cover at least  70%  of the CGC watershed, with water  depths greater than 1.6 m, reaching  

up to 3.4  m in urban sectors of sub-basins  1, 3, 4,  5, and 6.  The  model predicts that 88%  of urban  

areas in sub-basin 1 are flooded.  

A similar exploration for  sea-level rise  under the  NOAA  High scenario is presented in Figure  17.  

Inundation is shown to  be  exacerbated by  the extreme rise  in water  elevations. For year 2060,  

flooded areas  are  similar  in spatial coverage  to those  corresponding  to  NOAA  Intermediate  High 

scenario. However, the  coverage of inundated areas in sub-basin 1 almost triples, increasing  from 

12%  to 29%  flooding  of the total sub-basin area  (Figure  18). Sub-basin 2 is shown to have  minimal  

flooding as in the NOAA  Intermediate  High scenario.  

The  most  striking  results correspond to years 2100  and 2120. If an event similar  to Irma  hurricane  

would occur, the  model predicted that at least  70%  of the Coral Gables Canal watershed would be  

inundated in 2100  with water  depths greater  than  1.0  m  (Figure  18). Water depths would reach at  

1.8 m in almost 40%  of the  watershed area. More  than 80%  of the area  corresponding  to  sub-basins  

1, 2 and 4 will be  inundated with water depths reaching 1.6 m.  
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Figure 17. Sea-level rise in the Coral Gables Canal watershed, NOAA High scenario. A) Current 

conditions (year 2017), B) Year 2060, C) Year 2100, D) Year 2120. Boundaries of the Coral 

Gables Canal watershed and sub-watershed numbers are shown. 

The simulation for year 2120 shows that water depths would reach between 1.8 m to 3.6 m in 

urban sectors surrounding the upper portion of the canal, while the rest of the watershed will be 

inundated by water depths between 0.6 m to 2.2 m. Sub-basins 1 through 5 will be inundated in 

at least 90% of their areal extent with water depths reaching up to 4.8 m. 
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Figure 18. Percent inundated area per sub-basin in the Coral Gables Canal watershed. Total sub-

basin areas (in km2) are shown in the embedded table. The vertical axis shows percent of the sub-

basin area that are inundated under NOAA High scenario, for years 2016, 2100, and 2120. Water 

depth intervals shown in the legend are represented in colors for each sub-basin. 

4. Discussion 

As shown in the previous section, the findings of this research focus on the combined effects of 

gradual sea level rise (SLR) and extreme events (Irma hurricane) on water surface elevations at 

the Coral Gables Canal (CGC), and inundation at the CGC watershed. The results show that the 

inundation coverage in the CGC watershed is greater by 72% to 85% than estimations made 

accounting only for SLR and not for extreme events. This is a consequence of underpredicting 

maximum water surface elevations in the Coral Gables Canal occurring under combined forcing. 
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The  estimated WSE in this research are  16%  greater than the  WSE estimated in the NOAA  

Extreme SLR  scenario, 44%  greater  with respect to NOAA  High  scenario, and 61%  greater than  

the NOAA-Intermediate High scenario. The  NOAA scenarios do not consider compounded  SLR  

and extreme events effects on WSE and inundation at local scale.  The  increased  WSE and 

inundated areas estimation presented in this paper are  consistent with results published in recent  

international research.  

Sea  level  rise  is not  globally  uniform and  varies  regionally, therefore  a  consideration of  local  

processes  is critical for  projections of sea  level impacts at local scales (IPCC, 2019). Over the  last 

several decades, a  rapid change  in the annual frequencies of tidal flooding  has been documented  

at NOAA  tide  gauges along  the U.S. coastline (NOAA, 2018). Mean sea  level is rising  worldwide, 

and correlated changes in ocean tides are  also occurring, leading  to increased coastal inundation 

and nuisance  flooding  events in sensitive regions all  over the  world  (Devlin et al., 2019). This is 

because even limited changes in mean sea level will have a noticeable effect on the occurrence of 

extreme sea-level events (tides, surges, etc.)  IPCC  (2019). Climate  change  and sea  level rise  are  

altering  the statistics of extreme events in a  rather  complex  fashion: events that are  historically  rare  

today  will  become  common in the future  (Yin et al., 2020). For example, coastal events with return  

period of  100 years or larger  will  occur yearly  by  the  middle of  2021 under all  RPC  scenarios  

(IPCC, 2019). Flood risk associated to individual events (that have  a  limited duration) should be  

assessed superimposed on gradual sea level rise (Almar et al., 2021).  

At a global scale, Pickering et al. (2017) and Almar et al. (2021) studied the effect of future SLR 

on global tides and the related flood risk implications. Their findings reveal that SLR augments 
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tidal effects posing  substantially  increased flood risk to coastal zones all  over the world. Kulp and  

Strauss (2019) in an assessment of the potential exposure  to extreme water  levels on top of rising  

seas, found  that previous  estimates of global vulnerability  to sea-level rise  and coastal flooding 

would triple  when  compounded effects are  considered. This is consistent with Ezer and Atkinson  

(2014) that showed that the  U.S. East Coast is a  “hotspot of accelerated flooding”  due  to increased  

occurrence  of storm  surges and high tide,  which results in increased  flood durations. Also, NOAA 

(2018) reports that high tide  flood frequencies will  continue  to increase  sooner where  SLR  rates  

are  higher (US  Western  Gulf and Northeast Atlantic  coasts), and where  SLR  rates are  lower  

(Southeast Atlantic) high tide flood frequencies  will experience the fastest rate of increase.  

At regional and local scales studies performed  in Europe  and Asia  have  reported similar results.  

Arns et al. (2016) in a  study  of the  effects of  SLR  on water  surface  elevations (WSE)  estimations  

used for designing coastal defenses in the  German Wadden Sea, found that SLR amplify WSE by  

an average  of  48%–56%,  relative  to WSE caused by  SLR  alone. Arns et al. (2016) indicated that  

tides occurring  under RCP8.5 extreme scenario (RCP8.5HE, year 2100)  are  amplified by  320%  

relative to SLR. As shown in previous  sections, in this research it  is estimated that during  Irma  

hurricane  WSE at the Coral Gables Canal were  amplified by  50%  to 400%. Similarly, Kim (2020)  

in an inundation study  due  to coupled effects of sea-level  rise  and surge  under the future  global 

climate  change  scenarios for  the  Korean  peninsula, found  that WSE increases by  50%  to 250%  

water  surface  elevations estimated under SLR  forcing  alone. Sayol and Marcos (2018) estimated  

the impact of combined local sea  level rise  and extreme events in flooding  of Spanish coastal areas 

(Ebro River  delta), under  several climate  change  scenarios. Sayol and Marcos (2018) found  that  

SLR  combined with extreme events increase  flooded areas by  77%  (under  RCP4.5, year 2099),  
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with respect to flooded areas estimated under SLR  alone. For the Coral Gables Canal watershed,  

estimated inundation coverage  calculated in this research (SLR  combined with an extreme event)  

was 72%  to 85% greater that flooding calculated with SLR  alone  (NOAA  Intermediate  High SLR  

scenario for year 2100).  

5. Conclusions  

Quantitative analysis  of  observed  water surface  elevations at  the Virginia Key  station (ocean  

boundary  for  the hydrodynamic  mode) and G93-H/G93-T stations  (located in the Coral Gables  

Canal, CGC) shows that  water  surface  elevation peaks at Virginia  Key  are  increased  significatively  

by  hydrodynamic  processes. During  the  Irma  hurricane, water  surface  elevations at the  canal 

stations  increased up to 0.56 m with  respect to water  surface  elevations observed at Virginia  Key  

station. The  hydrodynamic  model estimated that similar increases will  be  produced  under sea-level 

rise  scenarios. This  result  reinforces  the need for local  hydrodynamic  estimations of water  surface  

elevations for  assessing  the  impacts of sea-level  rise. Current estimations in the area  are  based on  

data collected at Virginia Key  station and  miss the increase of water levels in the CGC canal.  

An exploration of the inundation consequences on Coral Gables Canal watershed if an event 

similar to Irma hurricane would occur under projected sea-level rise scenarios, revealed that 

inundation would be more severe than inundation projections produced by online sea-level rise 

simulators. Under NOAA Intermediate High sea-level rise scenario (year 2100) at least 40% of the 

CGC watershed is inundated with water depths greater than 0.6 m, reaching 1.2 m in some sectors. 

Inundated areas in year 2120 cover at least 70% of the CGC watershed, with water depths greater 

than 1.6 m, reaching up to 3.4 m in urban sectors close to the canal. 
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The  hydrodynamic  model predicted  that under the NOAA  High  sea-level rise  scenario  at least 70%  

of the Coral Gables Canal watershed would be  inundated in 2100 with water  depths greater  than  

1.0 m. Water  depths would reach 1.8 m in almost 40%  of the watershed area. The  simulation for  

year 2120 shows that water  depths would reach between 1.8 m to 3.6 m in urban sectors  

surrounding  the upper portion of the canal, while 90%  of inland sub-basins  will  be  inundated by  

water depths between 0.6 m to 2.2 m.  Water depths in low lying  areas will reach  up to 4.8 m.  

A comparison of flooding  areas generated in this research to estimations made  by  several online  

tools shows that the inundation coverage  and water  depths produced by  those simulators are  

noticeably  smaller. For the NOAA  Intermediate  High scenario, the model calculates that the 

inundated area  covers 27 km2 , while Surging  Seas Climate  Central and NOAA  Sea-Level Rise 

viewers estimate  that only  8 km2  will  be  inundated. The  Florida  Sea-level Scenario Sketch  

Planning  tool  estimates that approximately  4 km2  will  be  flooded. This is a  consequence  of  

underpredicting  maximum water  surface  elevations  in the Coral Gables Canal. The  results 

presented in this paper  show that  a  robust sea-level rise  vulnerability  assessment should be  based  

on local estimations of the  combined effect of mean and extreme sea-level rise.  Besides providing  

a  more  realistic  inundation spatial coverage, a  detailed spatial distribution and magnitudes of  water  

depths is presented. This could also be  significant for  flooding/inundation risk management 

decisions. Having  an accurate spatial estimation of inundation coverage  and water  depths could 

contribute  to better  assessing  high-risk of inundation for  existing  and planned  critical  

infrastructure.  
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Recently published research has shown that extreme sea-level events will become more frequent 

in the future, and their potential consequences should be added to those of gradual sea-level rise 

when assessing flood exposure. In this context, the methodology presented in this research could 

contribute significantly toward the development of management measures required for providing 

a safety factor to potential critical projects in the Coral Gables area, and in the larger southeast 

Florida that has similar urban and physiographic characteristics. 
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