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Abstract 

 

 
Title Impact of climate change on flood inundation: a case study of the Little River 

Author: Maj Amanda Catharina Allen  

Advisor: Efthymios Nikolopoulos, Ph.D.  

Floods are considered one of the most devastating natural hazards and are projected 

to increase in frequency and magnitude in many places around the world, one of them 

being Florida. Understanding the potential changes of flood hazards due to climate 

change is of paramount importance for developing effective flood mitigation 

procedures and resilient infrastructures. In this work, changes in flood inundation 

characteristics (flood depth and extent) in response to changes in future flood 

magnitudes are estimated and analyzed for the Little River basin in northwest 

Florida. HEC-RAS hydraulic model is set up and validated against observations for 

the flood event during hurricane Sally and is used for flood scenarios of increasing 

magnitude of today’s 100-year flood. Findings indicate that for the range of change 

in flood magnitude examined (5-30%) the corresponding change in flood inundation 

characteristics is linear and with a rate of change (increase) that depends on the 

inundation characteristics. For 5% change in flood magnitude, the corresponding 

change in flood depth and flood extent is found 3 and 1% respectively. Sensitivity 

analysis revealed that flood inundation results are sensitive primarily to roughness 

coefficient, which must be chosen after thorough model calibration, while the results 

did not vary significantly for model grid size between 5 and 50m resolution. Based 

on the findings for the area examined, climate change impact on flood risk can have 

important socioeconomic implications and therefore careful assessment of future 

flood risk is recommended for other flood-prone areas in Florida. 
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Chapter 1 

Introduction 
Flood events are considered one of the most devastating natural hazards 

(Betsholtz, A., & Nordlöf, B. 2017). Accumulating evidence provides clear 

indications of the increasing trend in flood extremes (Milly et al. 2002, 

Mallakpour and Villarini, 2015, Wahl et al., 2015). Projected changes in the 

climate are expected to further intensify the increase in flooding. IPCC report 

(IPCC, 2021) indicates that in many states, Florida being one of them, an 

increase in mean and extreme precipitation is very likely. While increasing 

precipitation extremes is a strong indication of increased flooding, the 

relationship between precipitation and flood response is highly nonlinear and 

therefore needs to be explicitly modeled to be able to estimate the expected 

increase in flooding due to an increase in precipitation. This in fact has been 

a topic of research in several past studies (Quintero et al., 2018; Fang et al., 

2018; Madsen et al., 2014; Kunkel et al., 2003 among others). However, the 

vast majority of the studies focusing on the future changes of flood extremes 

deal with changes in flood magnitude and frequency and do not always link 

their findings to the changes in flood hazard (i.e. flood inundation) 

characteristics. Some notable exceptions exist such as Hirabayashi et al. 

(2008,) who have examined future changes in global flood inundation. Such 

works have been very informative in providing indications for “hot spots” of 

increasing flood risk at a global scale but provide limited information for 

understanding changes in flood hazard at local and regional scales, which are 

the scales of interest for relevant engineering design and insurance purposes.  

To address the need for information on flood inundation at a local scale, 

agencies such as FEMA (Federal Emergency Management Agency) in the 

US, invest a lot of resources for modeling flood inundation for design floods 

(typically the 100-year flood). Generation of such flood inundation maps 

provides extremely useful information for engineering design and flood 
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insurance purposes. However, FEMA flood maps are derived based on 

current climate conditions and are not available for future climate scenarios 

thus they cannot be used for climate adaptation studies. Our knowledge, 

therefore, on potential changes in flood risk at the local scale is still lacking 

and this poses a significant limitation for designing new infrastructures that 

are meant to be resilient under a changing climate. 

Driven by the motivation for understanding changes in future flood hazards 

and for highlighting the need to account for climate change in current design 

practices and flood risk assessment, this work presents a scenario-based 

analysis of future changes in flood hazards for a medium-size river basin in 

Florida. The backbone of the work carried out is based on hydrodynamic 

simulations that are used to provide information about the changing 

characteristics of flood inundation under different scenarios. Quantification 

of changes in flood hazard is presented for a range of increases in the 

magnitude of today’s 100-year flood, used in current engineering practice. 

Chapter 2 presents the study area, data, model setup, and the methodological 

framework of the analysis carried out. Results are presented in Chapter 3 and 

discussed in Chapter 4. Summary of the main findings and their potential 

implications are summarized in Chapter 5. 
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Chapter 2 

Methods  
As previously mentioned, the main objective of this work is to quantify 

changes in flood hazard as a result of increasing flood frequency. To achieve 

this objective, I developed a flood hazard model that can accurately simulate 

flood inundation and subsequently used that model to quantify changes in 

flood inundation for various scenarios of increases in flood frequency. The 

following sections provide details on the study area, data, model setup, 

running the hydraulic model, and the calibration process. 

 

2.1. Study Area 

The Little River is located in Northern Florida and is a tributary of the 

Ochlockonee River and is a part of the Ochlockonee River and Bay 

Watershed (see figure 1). The Little Rivers' entirety spans for 23 kilometers 

just west of Tallahassee. The mouth of the river is at lake Talquin. The 

elevations of the river section modeled ranged from 83.19 ft at the upstream 

USGS station to 0 ft at the downstream USGS station. Both gauge altitudes 

are according to the National geodetic vertical datum of 1929 

(NGVD29). For this study, a section of the river, confined by USGS station 

number 02329500 near Quincy and USGS station 02329600 near Midway 

(see figure 1) was modeled. This section of the river was selected due to the 

availability of data at two points along the river, which allows for one to 

operate as the input hydrograph and the other to be used as validation. 

Another consideration was the size of the floodplain area. Operating with a 

smaller area made testing the model´s sensitivity to grid sizes, and variable 

grids easier using 2-dimensional simulations, computationally feasible. 

Being able to validate the results was an essential part of the calibration 

process and the best way to ensure the model is producing valid outlet 

hydrographs.  
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The span of the section of the river used in the model is approximately 11 

kilometers. The mean discharge values for the two stations are given by 

USGS and are based on many years of water records. For USGS station 

number 02329500 the mean discharge value is based on 50 water years of 

record and is 193 cubic feet per second which corresponds to approximately 

5.5 cubic meters per second. For USGS station number 02329600 the mean 

discharge value is based on 35 water years of record and is 281 cubic feet per 

second which corresponds to approximately 8 cubic meters per second 

(USGS Stream stats).  

 

The total area that contributes to the flow recorded at the downstream USGS 

station is 305 square miles. The watershed area contains many different land 

types such as agriculture, developed, open land, upland forest, water, and 

wetlands. The area around the Little River consists primarily of upland forests 

(NWFWMD, 2017). The section of the river consists of meanderings and 

vegetation within the river. The river section used for the model passes by 

several important infrastructures. The river section starts Hawana Highway 

(highway number 12), passes memorial blue star highway (highway number 

10) and interstate 10, and has its downstream station on CO Road 268. 

Smaller creeks discharge into the river section in question but due to the 

limited availability of discharge data on their contributions, the amount of 

impact of these creeks has been considered negligible. Based on FEMA-

generated flood maps the Little River´s surrounding area lies within a high-

risk flood zone, with a 1% annual chance of flooding (FEMA Flood Maps, 

2021). Due to the surrounding of the Little River being within a high-risk 

flood zone it was considered a good case to use for this study 

 

In an effort to showcase the effect of the experiment an extraordinary flood 

case was selected and occurred in correlation with hurricane Sally in 2020. 
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Hurricane Sally was an erratic hurricane, both in track and intensity, that 

made landfall along the coast of Alabama at category 2 intensity. Sally 

produced hurricane-force winds along the coasts of northwest Florida, which 

includes the Ochlockonee River and Bay Watershed. The hurricane produced 

a complex pattern of flooding which impacted many rivers (Berg et. al. 2021). 

Due to Sally´s slow-motion while approaching and moving across the Gulf 

coast, very high rainfalls were recorded. Multiple locations in Florida 

measured over 2 feet of rain, with the maximum value being 24.88 inches 

(Berg et. al. 2021). The travel time between the two river stations was 

calculated using the peaks from hurricane Sally and came out to be 5 hours 

and 13 minutes. The peaks recorded during the month of September in 2020, 

when Sally made landfall in Florida, were 340 cubic meters per second for 

02329500 and 420 cubic meters per second for 02329600 (USGS Water 

Watch). The peaks associated with the hurricane were approximately 62 

times higher than the mean for station 02329500 and approximately 52.5 

times higher than the mean for station 02329600. The flood associated with 

hurricane Sally had a return period of 14.7.  
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Figure 1: Map demonstrating the location of the USGS stations used. 
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2.1 Data  

This section provides a short introduction to the data required to create the 

hydraulic model. 

US geological services (USGS) water watch system was used as the input 

data, in the form of discharge data. USGS provides updated, real-time 

readings at a large number of gauging stations spread out over the United 

States. Amongst the data that can be extracted from the USGS database is, 

water stage (height) and discharge. Hourly discharge data was used as input, 

but USGS even offers 15-min intervals.  

 

In hydraulic modeling, one of the most fundamental inputs is the data 

explaining the topography of the study area. The DEM that is used to create 

the geometric data is fundamental for the overall model performance. If a 

DEM is very coarse it can misrepresent features like, slopes, land cover, etc. 

these are all fundamental in hydraulic modeling. Coarser DEMs can result in 

inaccurate flood extents, and in some cases can result in a higher flood extent 

(Saksena and Merwade, 2015, Farooq et al., 2019). The different methods 

used to acquire these DEM files should also be taken into consideration and 

the importance is investigated by (Paine et al. 2013).  

The files used to derive the DEM were downloaded from USGS. To capture 

the entire domain multiple files had to be downloaded from USGS and were 

merged and projected into the desired coordinate system using ArcGIS.   

 

2.2 HEC-RAS 

Hydrological Engineering Centre – River Analysis System 6.0 (HEC-RAS) 

was used to model flood inundation in the area of study. HEC-RAS was 

developed as a part of the Hydrologic Engineering Center´s “Next 

Generation” (NextGen) and is an integrated system of software, designed for 

interactive use in a multi-tasking environment. The system consists of a 

graphical user interface, separate analysis components, data storage and 
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management capabilities, graphics, mapping, and reporting capabilities 

(Brunner et. al., 2021). HEC-RAS has been used extensively for modeling 

flood inundation in several studies (Costabil et al., 2020, Farooq et al., 2019, 

Knebl et al., 2005, Mihu-Pintilie et al., 2019, Mohammadi et at., 2014, 

Ongdas et al., 2020, Quirogaa et al., 2016 and Yalcin, E. 2020). HEC-RAS 

has the option to run both 1D and 2D models in addition to running either an 

unsteady or steady flow analysis.  Studies have proved that 1D models can 

accurately predict flow in the main channel (Kambekar and Patil, 2021) and 

in some cases can sufficiently predict flood extent (Vozinaki et al., 2016). 

Many studies have also been carried out using 2D models (Costabil et al., 

2020, Farooq et al., 2019, Mihu-Pintilie et al., 2019 and Ongdas et al., 2020). 

The selections made and the different files required for the model setup are 

presented in the proceeding sections.  

 

2.3 Setting Up the Model  

The exact domain selected for the model setup included areas impacted by 

hurricane Sally. The data requirements for the model setup include 

topographic and hydrologic information. Hydrologic information used as 

upstream boundary conditions were derived, as previously mentioned from 

USGS 02329500 station. The terrain data is a very important part of the 

model set up in HEC-RAS and can play an important role in the accuracy of 

the model. The terrain data provides HEC-RAS with the topography needed 

to derive the channel geometry and the geometry of the surrounding area. The 

terrain data was based on the DEM file from section 2.1. 
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Figure 2: Cross-section of the domain downstream boundary condition. The 

red circle indicates where the river is located  

The domain geometry is created using either the RAS mapper or the 

geometric edition window within HEC-RAS, both methods were tested, and 

the RAS mapper was considered to have the easier set-up and was used 

moving forward. Geometric description operates as a skeleton that is used to 

define the domain of the model, while the elevations and detail in topography 

lie in the underlying DEM. The geometry created for the study domain 

impacts the hydraulic model in two ways: first, the geometry defines the 

computational domain, secondly, the geometry will operate as a 

representation of the topography in the model through elevations defined 

along the cross-sections (1-D model) or mesh nodes (2-D model) (Cook et al. 

2009). The computational domain is defined within the geometry as the cross-

sections and mesh size. Cross-sections can be placed at different spacings 

which in turn can impact the hydraulic model. The mesh size is defined when 
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creating the geometry and must be selected at a resolution that allows for an 

accurate representation of the topography of the domain. 

 
2.3.1 1D Model  

For a 1-D model, the geometry will consist of cross-sections, river, bank, and 

path lines. The blue line in figure 3 represents the centerline of the river. To 

create an accurate representation of the river, this line should be as close to 

the center of the river as possible. The red lines are the bank lines, and these 

represent where the terrain goes from being river terrain to floodplain terrain. 

The geometry will consist of two bank lines, these are important as they will 

play a vital role in distinguishing between the channel and banks in assigning 

the Manning´s n values. The light blue lines are the flow path lines and these 

are used to compute the reach lengths between cross-sections in the left and 

right over bank. Flow path lines are drawn in the downstream direction, they 

should be drawn in the direction of flow and should never intersect river or 

banks lines. Cross-section lines are the last lines that should be drawn because 

they must intersect the river, bank, and flow path lines. The cross-section 

lines are marked with green and have numbers to ID them. Cross-sections are 

based on the location layout of cross-section lines and properties from other 

layers such as a river, bank, flow direction, and terrain layers. Cross-sections 

should be laid out perpendicular to where water will flow and are visualized 

looking downstream, therefore, they should be drawn from right to left 

looking downstream (HEC-RAS will automatically flip them to have the 

correct orientation) (Brunner et al., 2021). The most upstream cross-section 

will be the upstream boundary condition and the most downstream cross-

section will be the downstream boundary condition. In developing the 

geometry, the key is to create a geometry that is representative of the model 

domain and the area that will be prone to flooding. 
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2.3.2 2D Model  

For a 2-D model, the geometry will take the form of a computational mesh. 

To create a better representation of the channel geometry a refinement region 

was created along the river, from bank to bank. A refinement region allows 

for a different cell size in that region and is often used in areas where a finer 

resolution is needed within the mesh. Break lines were added along the 

centerline of the channel and roads and bridges. Break lines are used when 

the cells along a given line should be aligned, and different cell sizes can be 

given to the cells along the line. Break lines are often used along roads, 

Figure 3: a) 1D geometry b) Detailed image of 1D geometry 

a)  

b)  
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bridges, rivers, levees (Brunner et al., 2021). The 2-D model shown in figure 

4a was given a cell size of 5mx5m, while the refinement region had a cell 

size of 3mx3m, and the cells along the breaklines were given a cell size of 

1mx1m. To get a more detailed view of the geometry, see the image in figure 

4b. 

 

 
 
 

 
 

Figure 4: a) 2D geometry use for reference model b) Detailed image of 2D geometry 

a)  

b)  
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2.4 Boundary Conditions 

The dynamic input in the HEC-RAS hydraulic model is provided as boundary 

conditions. The same boundary conditions were applied to the 1D and the 2D 

model. 

 

2.4.1 Boundary Conditions 1D  

When creating a 1D model the boundary conditions are generally applied to 

the first and last cross-section, which is also applied to this study. An inflow 

hydrograph was selected as the upstream boundary condition and normal 

depth was applied as the downstream boundary condition.  

 

2.4.1 Boundary Conditions 2D 

For the 2D model, the boundary conditions can either be internal or external. 

The boundary conditions in this study were applied as external boundary 

conditions are directly linked to the boundary of the 2D flow area. The 

upstream boundary condition is what determines what is entering the system 

and an inflow hydrograph was selected. Normal depth was selected as the 

downstream boundary condition, which required the input of a friction slope. 

The friction slope used in the model was approximated based on the slope of 

the reach. HEC-RAS later uses the friction slope in the Manning's equation. 

An important note to make is that the normal depth is only applicable at 

locations where flow is leaving the 2D flow area. 

 

2.5 Preparing input data  

One USGS station was used in the set-up of the model for the Little River. 

The station with ID 02329500 is located near Quincy (see figure 1) and 

operated as the upstream boundary for the model. USGS has provided 

discharge data for this location which has operated as the inflow hydrograph 

for the upstream external boundary condition. The raw data from the USGS 
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database has a vertical datum of NGVD29. Station 02329500 had a gauge 

altitude of 83.19ft, which is provided by USGS. The gauge height was 

converted in accordance with the DEM file. The DEM file used for the model 

already had water in it which caused the channel bed to be higher in HEC-

RAS than what it is in reality. To account for the water already present in 

DEM modifications had to be made to the streamflow data downloaded from 

USGS. First, the difference between the gauge height and the surface 

elevation of the DEM was calculated, this was done to find out how much 

water was present in the channel already. Once the depth of the water was 

calculated the rating curve provided by USGS for the station was used to 

obtain the equivalent discharge value. The discharge value was then 

subtracted from the streamflow data downloaded from USGS and the 

modified hydrograph was used as input data. Similar techniques of 

accounting for lack of bathymetry data have been used in previous studies by 

Choné et al., (2018) where the method is called discharge correction 

technique (DCT) and by Bradbrook et al., (2004) where the method is called 

horizontally divided channel method (HDCM). 

 
2.6 Running HEC-RAS 

Once the geometry is completed and the input data is prepared the model is 

ready to run. HEC-RAS is created to be functional and provides the modeler 

with the capability to run the model for various settings. HEC-RAS has the 

option to run both a steady and unsteady flow analysis. The HEC-RAS 

manual also provides a section on steady vs unsteady flow models where they 

provide a list of cases that should be modeled as unsteady. One of the 

suggestions is in cases where the peak in the river system comes very quickly 

which is true for our case. 
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2.6.1 Steady vs Unsteady 

While many conduct a model comparison between a steady and unsteady, 

selecting the best fit model is dependent on the case being modeled. The 

unsteady flow calculations are based on the St. Venant equations which are 

physically considered more correct compared to the energy equations on 

which the steady flow calculations are based (Goodell, 2010).  By definition, 

steady flow is flow (i.e. depth, velocity, discharge) that does not change with 

time. The option to run a steady flow analysis is only available for the 1D 

model. HEC-RAS calculates the stages at each cross-section keeping the flow 

rate constant. In general, this is applied to shorter reaches within a river 

system and for events that have a flow increasing and decreasing very 

gradually. Unsteady flow is defined as; flow that does change with time. The 

modeling of unsteady flow is based on providing full hydrographs at all 

upstream locations and then the unsteady flow equations are used to rout the 

hydrographs and at the same time calculate the water surface elevations 

(Brunner et al., 2020). For this project an unsteady flow analysis was 

conducted based on the inflow hydrograph increasing and descending rapidly 

it was considered the best option.   

 

For a 2D geometry, there is not an option to run a steady-state analysis this is 

because the flood wave propagation is modeled as unsteady. The unsteady 

flow calculations are based on the shallow water equations (SWE) (also 

referred to as the St. Venant in their unidimensional formulation). Depending 

on the case being studied there are different derivations of the SWE equations 

available (Brunner et al., 2020). Studies using the diffusive wave equation, a 

simplified version of the shallow water equations where local and convective 

acceleration terms are considered negligible, t, have shown that results for 

flood simulations perform comparable well with complete shallow water 

equations (Shustikova et al., 2019). Betsholtz and Nordlöf (2017) studied the 

potential and limitations of the different model setups in HEC-RAS and 
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found that using the diffusive wave approximation leads to shorter 

computational time and may reduce model instability. Therefore, to reduce 

the computational time the diffusive wave equation was selected (see 

equation 1). 

Equation 1:  

 

   

where (Brunner et al., 2020):  

 

Where R is the hydraulic radius Ñ is the differential operator, h is the water 

depth, zs is the water surface elevation and q is the source/sink flux term. 

Unsteady flow analysis was also selected for the 1D model based on 

recommendations from the HEC-RAS manual. The 1D unsteady flow 

analysis calculations are based on a derivation of the momentum and energy 

equation (see equation 2). 

Equation 2:  

 

 

 

 

Where Q is the total flow rate as a function of distance, x, and time, t, V is 

the control volume, g is the gravitational constant, A is the total area, dZs/dx 

is the water surface slope and Sf is the friction slope. 

 

Once the unsteady flow file was developed a plan was created to be able to 

run a simulation. To run HEC-RAS an unsteady flow analysis plan was 



17 
 

created which requires the selection of the simulation time step and the 

computational parameters, options that will directly correlate to the 

computational time. Selecting the appropriate computational parameters will 

impact the model’s stability and accuracy (Betsholtz and Nordlöf, 2017). The 

simulation time window was set to September 1st through September 30th, 

2020. The computational interval was set to 1 minute while the output 

computations were set to one hour. The different flow analysis plans were 

linked to the appropriate geometry file, depending on if the simulation was 

running for 1D or 2D. 

 
2.7 Calibration 

Calibration is a very important step in setting up a hydraulic model. 

Understanding the uncertainty in the parameters being used is essential to 

creating a well-performing model. These parameters can include and are not 

limited to boundary conditions, model parameters, and structure, etc. 

(Pappenberger et al., 2008). Flood inundation models are frequently used in 

both real-time flood forecasting and floodplain mapping. In flood forecasting, 

inundation models should be as precise as possible to be able to predict the 

approach of a flood correctly as well as to avoid false alarms. If the flood 

maps are to be used in decision-making for local planning or by insurance, 

we need to be able to provide accurate maps (Pappenberger et al., 2005). To 

provide accurate maps, a good understanding of the model structure and the 

uncertainty in the model parameters is essential. Often the uncertainty in the 

boundary conditions is neglected unless the model is used in a real-time 

forecasting environment (Pappenberger et al., 2005).  

 

In our model, we are using data collected from the USGS water watch system 

as our upstream boundary condition. Therefore, the uncertainty in the 

upstream input will be based on the equipment used to obtain in situ 

measurements and is out of scope for this analysis. The boundary condition 
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used for the downstream location is normal depth, and the input for this is 

based on an estimated value. A cross-section at the location of the 

downstream boundary condition was used to obtain a value for the normal 

depth. Due to the DEM used for the project already having water in it (i.e. 

river channel had some level of water when elevation was mapped, see for 

example flat part of the channel in figure 2), there is limited information about 

the bathymetry of the river. 

 

In an attempt to reduce the overall impact of initial water already embedded 

in channel geometry, that level of water must be accounted for, and 

additionally, the normal depth should be calibrated. There are multiple factors 

in a hydraulic model that can be adjusted to improve the accuracy of the 

models being developed. In this study, however, calibration was performed 

for Manning’s roughness coefficient which together with the geometry is 

considered to have the most important impact on simulating inundation extent 

and flow characteristics (Peppenberger et al., 2005). 

 

2.7.1 Manning´s n 

The roughness coefficient (Manning´s n) is a highly variable parameter that 

depends upon several factors such as surface roughness, vegetation cover, 

channel irregularities, channel alignment, etc. (Parhi et al., 2012). Given that 

calibration is performed through multiple model iterations that involve 

changes in the parameter sets, one of the main drawbacks of using the 2-D 

model setup is the run time (Md Ali et al., 2015). The reference model 

described in section 2.3.1 for the 2D setup had a run time of approximately 

16.5 hours in comparison the 1D reference model had a run time of 19 

seconds for the same simulation time. To reduce the length of the calibration 

process, therefore, the 1-D model was used to calibrate values for the channel 

roughness coefficient. Once the first simulation was completed without 

errors, the results were analyzed and compared to the USGS data. The initial 
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simulation was run using the default Manning's n value in HEC-RAS which 

is 0.06 (see figure 6). After completing the first simulation a visual analysis 

using google earth was conducted to get an idea of what type of surface the 

banks and river channel consisted of. Factors that were taken into account 

when assigning a river Manning´s n value was meandering, vegetation in the 

river, cross-sectional geometry, channel irregularities, channel alignment, 

etc. The TR-55 was used as a reference to assign the first set of Manning's n 

values, after the initial run using the HEC-RAS default. The first set of 

Manning's n values tested for the channel are included in table 1 and the value 

assigned for the bank was kept constant. The selected bank value for the first 

calibration set was 0.24 and was based on the TR-55 value for dense grass. 

Results obtained from the first round of calibration showed that it was 

difficult to adequately capture the baseflow and peak, therefore another round 

of parameters was tested.  The second set (see table 2) of values tested used 

a bank value of 0.3 and was based on the results obtained from the previous 

set of values run. The best two values for the Manning´s n channel value were 

assigned to the 2D model to test which performed best (see table 3). The 

calibration results are included in the results section. 

Table 1:Manning´s values for the first round of 1-D calibration 

 Manning´s n channel Manning´s n bank 

Simulation 1  0.06 0.06 

Simulation 2 0.08 0.24 

Simulation 3 0.1 0.24 

Simulation 4 0.12 0.24 
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Simulation 5 0.14 0.24 

Simulation 6 0.16 0.24 

 

Table 2: Manning´s for the second round of 1D calibration 

 Manning´s n channel Manning´s n bank 

Simulation 7  0.06 0.3 

Simulation 8 0.08 0.3 

Simulation 9 0.1 0.3 

Simulation 10 0.12 0.3 

Simulation 11 0.14 0.3 

Simulation 12 0.16 0.3 

 

Table 3: Manning´s value for 2D simulation 

 Manning´s n entire 2D area  

Simulation 1 0.1 

Simulation 2 0.12 
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2.7.2 Mesh-size  

After calibrating the model for the roughness coefficient, tests were 

conducted on the 2D model to investigate the model’s sensitivity to the mesh 

size. The grid used for the reference model was created following the HEC-

RAS 2D user's manual, which provides key factors for developing a good 

computational mesh. Based on the user manual recommendations (adding 

refinement regions and breaklines) the model was set up as described in 

section 2.3.1. The computational time for HEC-RAS increases non-linearly 

with the number of cells used to create the model. Therefore, using a large 

cell size for the computational mesh is a straightforward approach to reduce 

the computational time requirements. However, an increase in the mesh size 

may have negative effects on the accuracy of the model simulations. This 

motivated the grid analysis study to test if a coarser grid could be used and 

still perform well. The mesh analysis included in this study included mesh 

sizes, 5mx5m 10m, 25 m, and 50 m, and included both trials with refinement 

regions and without. Following the methodology of a similar analysis by 

Ongdas et al., 2020, trials incorporating both mesh´s with and without 

breaklines were also included in the study. Due to the lengthy computational 

time of some of the grid combinations the analysis was conducted over 

multiple days. Table 4 summarizes the different grid compositions included 

in the sensitivity analysis. The mesh setups with a larger cell size involved 

also a larger refinement region to avoid having more than 8 cell faces.  

 

2.8 Flood Frequency Change Scenarios  

The process of estimating the magnitude of a future flood is very complex 

(Siddique et al., 2020). Physically based hydrological models, forced with 

climate projections, are in many cases desirable but require extensive 

computational needs and data processing requirements (Siddique et al., 

2020). Given that the focus of this work is on the hydraulic modeling of 

floods, instead of estimating the expected changes in flood frequency for our 
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study area, we chose to follow a simpler approach that nevertheless is based 

on plausible changes in flood frequency found by other studies (Quintero et 

al. 2018). To be able to create a future climate change scenario that is credible 

and not too timely extensive a synthetic design hydrograph (SDH) was 

constructed and scaled according to different levels of changes in flood 

frequency. The concept of SDH (Snyder, 38) is not a new topic but one that 

has been revisited frequently and many different approaches to the topic have 

been explored (Sokolov et al.,1976; Yue et al. 2002; Serinaldi and Grimaldi 

2011, etc.). In this study, the procedure that was implemented was developed 

by Archer et al., (2000) and again adopted by Hardesty et al., (2018). The 

method adopted in this study is similar to the hydrograph method used by 

Sokolov et al. 1976 but diverges by utilizing multiple hydrographs in 

comparison to just a single one. Archer´s method for constructing the SDH 

was selected due to the simplicity and despite others following similar 

approaches (Sauquet et al., 2008), Archers eliminates steps that reduce 

potential inaccurate graphs being created. Through using historical discharge 

observations, a flow hydrograph was created. 

 

To include multiple scenarios, following Archer´s method, a normalized 

graph (peak flow equal to 1) was created from historical discharge data. Due 

to gaps in historical data for the upstream station used in this study between 

1993 and 2013, four cases from 1987 to 1991 were used and eight cases from 

2013 to 2021 were used.  Figure 5 shows the normalized SDH graphs for the 

individual events (blue lines) as well as the median hydrograph (black line), 

which is used in our analysis. 

 

Once the median SDH was created, it was scaled (i.e. multiplied) by the 100-

year flood magnitude (corresponding to the peak of the hydrograph) to 

represent the design flood hydrograph. The 100-year flood peak for USGS 

station 02329500 today is 1277 cms and is derived by USGS based on 41 
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years of data. The SDH hydrograph scaled by today’s 100-year flood and its 

corresponding flood inundation characteristics corresponds to our reference 

for evaluating future changes in flood hazard. The future flood scenarios were 

calculated based on percent increases from 5 % to 30% using 5 % increments.  

  

 

Figure 5:Normalized synthetic hydrographs for individual observed flood 
events (blue) and the median (black). 

2.9 Evaluation of methodology 

To quantify the overall model performance, the various model sensitivities, 

as well as the changes in future flood hazard, a comparative analysis, was 

conducted. The relative difference was calculated to estimate the difference 

between the inundation depth values for the different trials used to test for the 

grid sizes and combinations. The equation is provided below:   
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Equation 3: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡	𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑋!"#$"%&' − 𝑋()*+#)&

𝑋()*+#)&
∗ 100 

 
Where Xvariable is the simulated variable (e.g. flood depth, flood extent) being 

compared to the control value which is the observed data, or the value of the 

reference model for scenarios where there is no observed data. A negative 

(positive) value indicates underestimation (overestimation) of the model 

scenario corresponding to Xvariable  

 

The percent difference between inundated cells only indicates how many 

cells are inundated but does not provide detailed information on which model 

overpredicts or underpredicts the inundation depth values. For the values of 

inundation depth distributed amongst the inundated cells an empirical 

cumulative distribution function (CDF) was plotted. A CDF plot allowed for 

the distribution of values and cells to be compared between the 1D and the 

2D models. CDF functions were also used to compare the performance of the 

different grid sizes and combinations. Since there is no observed data for 

these values the 2-D reference model was used as the reference for 

comparison. 
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Chapter 3 

Results 

3.1 Manning's n calibration  

The initial simulation is displayed in figure 6 and as mentioned earlier was 

the start point of the calibration process and had a max value of 23.4, which 

is a difference of 1.15 meters from the USGS station, in terms of elevation. 

Section 2.7.1 includes the tables of Manning's n values tested. 

 
Figure 6: Initial simulation 

 

The results from the Manning´s n calibration are included in figures 7 and 8 

where the simulation numbers correspond to tables 1 and 2. Both figures 

show graphs of similar trends. Simulations 10 and 9 were selected as the best 
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fit and the values used for the channel were tested for the 2D model. Results 

from the 2D test are included in figure 9 and simulation 2 gave the best 

results. The results from the calibration indicate a Manning´s n value that is 

best for both the model set up and was set to be 0.12. 

 
Figure 7: First round of Manning’s calibration simulations 
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Figure 8: Second round of Manning’s calibration simulations 
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Figure 9: 2D Manning’s n simulations 

 
3.2 Comparison of reference models 1D vs 2D  

A comparison of the base models used for the study is included in figure 10. 

The results show that the flood hydrographs produced by the 1D and 2D 

models have a similar shape, particularly when considering the rising and 

falling limp. The 2D model exhibits a jump at the beginning of the simulation 

which results from a “hot-start” (i.e. model initialization based on conditions 

derived from long-term run) but once stable follows the same trend as the 1D 

model. Baseflow predictions are high for both models which also applies to 

the recession of the graph where both the 1D and 2D model overpredicts the 

elevation. Peak predictions are best from the 2D model with less than 0.2% 
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difference from the observed data. The 1D model slightly underpredicts the 

peak but the percent difference is still low, and below 1%.  

 
Figure 10: Comparison of 1D and 2D reference models against observed 

USGS gauge data 

Table 4: Relative Difference in Max Water Surface Elevation for 1D and 
2D compared at the location of the downstream USGS station. 

 Max Water Surface Elevation (m) Relative Difference (%) with 

respect to USGS observations 

USGS  24.55 NA 

1D 24.39 -0.65 

2D 24.52 -0.12 
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The comparison on water surface elevation shown above provides 

information on how the different models simulate water stage within the 

river. In cases where the floodplain is inundated, as in our case, where 

estimation of flood hazard is important, there is a need to extend the 

comparison of the two models and evaluate their differences in terms of 

spatial extent and depth of the flood in areas adjacent to the river.  The percent 

difference between inundated cells was calculated using equation 3, where 

the 2D as used as the reference model, consistent with the rest of the 

comparisons.  Inundation maps for the 1D and 2D models are included in 

figures 11 and 12 respectively. The percent difference between the two maps 

was calculated to be 3.12% where the 2D model inundated the most cells. 

The small percent difference between the models indicates that both setups 

inundated almost the same number of cells. Figure 13 shows the difference 

in cells inundated by the 2 models, where the blue marks the cells that were 

inundated by the 2D but missed by the 1D. 
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Figure 11:Spatial map of max water surface elevation based on the 1D 

reference model. 



32 
 

 
Figure 12:Spatial map of max water surface elevation based on the 2D 

reference model 
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Figure 13: Difference in cells inundated by 2D vs 1D, blue marks cells 

inundated by the 2D model that were missed by the 1D and green marks 
cells inundated by both models 

 

To further compare the flood inundation estimates for the two models, the 

empirical cumulative density function (CDF) (produced with Matlab) of 

inundation depth was used. The CDF provides essential information on the 
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distribution of flood depths across the entire model domain and thus allows 

to quantitatively compare the 1D and 2D model estimates. According to the 

results (figure 14), there is a clear shift between the 1D and 2D model´s 

CDFs. Specifically, compared to the 2D model, the 1D is overpredicting the 

inundated depth values consistently. While the models inundated almost the 

same number of cells with only a 3.12% difference, the two models have a 

significant difference in the flood depth values that are given to the cells 

inundated. Matlab was used to quantify the actual difference as the overall 

mean difference in the depth values of the inundated cells was 0.6 meters.  

The difference between the two models differs for different quantiles. As an 

example, the difference for the 95th quantile of the values was 0.3 meters.  

 
Figure 14: CDF plot comparing the 1-D reference model and 2-D reference 

model 

3.3 Sensitivity to Computational Grid Size 

The results from the sensitivity analysis for the different grid sizes showed 

that the largest discrepancy occurs in the estimation of peak flood depth. 
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Many of the tested cases estimated a peak slightly lower than the reference 

model.  

 

Results reached agree with incorrectly estimating inundation depth. Maps 

were generated to address whether this study was able to use a coarser grid 

and still capture the extent of the flood. Due to the lack of reference 

observations for the actual flood extent the benchmark for this comparison 

was based on the selected reference 2D model and all generated maps were 

compared to the same reference model. The assessment of the different grid 

combinations tested was based on the number of cells correctly inundated in 

comparison to the reference model.  For an overall evaluation of the different 

models, the computational time was included in table 5 and is an important 

factor to consider when evaluating the 2D models and their value in the field.  

 

Table 5: Mesh Sizes 

 

2D Flow 

area  Breaklines  

Refinement 

Region  

Computational 

Time 

(hh:mm:ss) 

Relative 

Difference from 

the reference 

model in WSE (%)  

Mesh 1 - reference 

model 5mx5m 1mx1m 3mx3m 16:30:43  

Mesh 2  50mx50m None None 00:02:25 -1.685 

Mesh 3  25mx25m None None 00:10:19 -1.365 

Mesh 4 10mx10m None None 01:39:47 -0.968 

Mesh 5 5mx5m None None 12:37:48 -0.927 

Mesh 6 50mx50m None 10mx10m 00:11:59 -1.590 

Mesh 7 25mx25m None 5mx5m 00:48:55 -1.384 

Mesh 8 10mx10m None 3mx3m 03:14:18 -1.109 

Mesh 9  5mx5m None 1mx1m 29:03:34 -0.933 
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Mesh 10 50mx50m 3mx3m 10mx10m 00:28:07 -1.312 

Mesh 11 25mx25m 3mx3m 5mx5m 02:02:50 -1.109 

Mesh 12 10mx10m 3mx3m 3mx3m 02:48:32 -0.919 

 

Table 6 summarizes the relative difference between the grid setups and the 

reference model.  

HEC-RAS manual (Brunner et al., 2021) mentions the need to create a grid 

where the geometry is accurately represented. Therefore, the assumption 

before running the models was that the simulations containing the larger cell 

sizes, mesh 2, mesh 6, and mesh 10 would have the results diverging the 

furthest from the reference model. Four different grid sizes were tested for 

the overall 2D flow area: 50mx50x, 25mx25m, 10mx10m, and 5mx5m. The 

difference in run time from the largest grid size to the smallest grid size was 

about 314 times longer, where it took 2 minutes and 25 seconds to run the 

50mx50m and 12 hours 37 minutes and 48 seconds to run the 5mx5m. 

Comparing these two run times highlights one of the main disadvantages of 

the 2D model, which will be further discussed in section 4.3. When 

decreasing the overall grid size, the resulting relative difference decreased as 

expected. In addition to testing the overall grid size, refinement regions were 

added in accordance with the HEC-RAS 2D manual (Brunner et al., 2021).  
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Table 6:Mesh Analysis Result 

 Percent Difference from reference model 

Mesh nr mean depth 95th Inundation Area 

Mesh 1 - Reference model  0 0 0 

Mesh 2 -7.15 -10.70 -0.75 

Mesh 3 -5.65 -9.66 -0.59 

Mesh 4 -4.20 -8.56 -0.50 

Mesh 5 -4.08 -8.47 -0.50 

Mesh 6 -6.25 -10.27 -0.56 

Mesh 7 -5.66 -9.75 -0.59 

Mesh 8 -4.27 -8.61 -0.51 

Mesh 9 -4.09 -8.47 -0.50 

Mesh 10 -5.38 -9.49 -0.56 

Mesh 11 -4.82 -9.02 -0.60 

Mesh 12 -4.39 -8.67 -0.55 

 

The results from implementing a refinement region are included in figure 15 

comparing the relative difference between the reference model and the 

difference grid combinations run for the max water surface elevation. To 
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improve cell alignment trials with breaklines were included to better 

understand the importance of cell alignment. The breaklines were placed 

along bridges and roads and the centerline of the river. Figure 16 presents the 

relative difference between the reference model and the different grid 

combinations when breaklines are included. Based on the results generated 

the assumptions were correct. The values for relative differences that were 

the largest were mesh 2, 6, and 10. The water surface elevation was used to 

compare the grid sizes to the reference model. The results indicated that all 

the grids performed very well in comparison to the reference model, where 

the largest was less than -2%. While the largest percent difference occurred 

for mesh 2 the computational time for this mesh was significantly shorter. 

  

 
Figure 15:Refinement region Comparison for WSE 
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Figure 16: Breaklines comparison for WSE 

 
The CDF plots were also computed to compare the difference in distribution 

amongst the different setups (see figure 17). Based on the results from the 

plot the different grid combinations perform almost identical and overlap for 

most of the plots. The only divergence from the reference model is a slight 

shift at the top and is consistent amongst all the different grid combinations 

tested. Worth noting is that all the 2D models tested diverge from the 1D 

model with the same pattern. 
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Figure 17:CDF plot comparing different grids included in the analysis 

 
3.4 Flood Frequency Change Scenarios  

The 2D reference model was used to run the future flood scenarios discussed 

in section 2.8. To understand the impact that climate change could potentially 

have on flood inundation, the 100-year flood hydrograph created was 

increased (in terms of peak magnitude) at intervals of 5% from 5 to 30. The 

objective of this was to create an understanding of what an increase in the 

100-year flood magnitude would mean in terms of the flood inundation. 

Figure 18 shows the reference model (hurricane Sally) compared to the 100-

year flood of today. From the figure, it is clear that the values from the 100-

year flood have overall higher values, which based on the inflow hydrograph 

was expected. Also notable about the results displayed in figure 18 are that 
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about 50% of the flood depth values for the 100-year flood today are higher 

than the max values for hurricane Sally.  

 
Figure 18: CDF 100-year flood today and the 2D reference model 

 
To create a visual of the extent of a 100-year flood today compared to the 

reference model (hurricane Sally) figure 19 was included. The blue area is 

the extent that was inundated by the 100-year today but not by hurricane 

Sally. Figure 19 illustrates how today´s 100-year flood would cause a greater 

extent than hurricane Sally and clearly displays the area that would be 

impacted by the magnitude increase. Figure 22 includes a map showing the 

extent of the 100-year flood alone.  
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Figure 19: Difference in cells inundated from 100-year Today vs Sally, blue 
marks cells inundated by the 100-year Today model and not by Sally and 

green marks the cells inundated by both 

 
Table 7 summarizes the results from the analysis of the potential flood 

frequency change scenarios and includes both today's 100-year flood and 

hurricane Sally for reference. The first case tested was a flood hydrograph 
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intended to represent what a 100-year flood would look like today. Based on 

the results summarized in table 7, a 100-year flood would result in a max 

water surface elevation of 28.88 meters. Based on the reference model 

created for this study, hurricane Sally reached a water surface elevation of 

24.52, the 100-year flood of today has a relative difference of 17.76%. All 

max water surface elevation values are recorded at the location of the USGS 

station used as the downstream boundary condition, which means that these 

values are within the river channel. 

 

Table 7: Flood Frequency Change Results 

 
Scenario 

 
WSE max at 
downstream 
USGS 
station (m) 

 
% Relative 
difference in 
WSE from the 
reference model 

Domain-wide flood depth (m) 

Mean  95th quantile  
Hurricane Sally Simulations 24.52 N/A 1.77 3.662 
100-year today  28.88 17.76 7.63 8.264 
100-year 5% increase 29.10 18.65 7.86 8.484 
100-year 10% increase 29.26 19.31 8.08 8.644 
100-year 15% increase 29.44 20.04 8.31 8.824 
100-year 20% increase 29.61 20.73 8.54 8.994 
100-year 25% increase 29.74 21.27 8.75 9.127 
100-year 30% increase 29.95 22.11 8.98 9.332 
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Figure 20:CDF comparing 100-year flood scenarios to the 2-D reference 
model 

 
The mean depth indicates how much overall water is on average in each cell 

over the inundated area. From the 2D reference model, the mean depth was 

1.77 meters which resulted in a minor flood stage for the Little River 

(source:https://waterdata.usgs.gov/monitoring-

location/02329600/#parameterCode=00065&startDT=2020-09-

01&endDT=2020-09-30). Today´s 100-year flood resulted in a mean depth 

of 4.86 meters. In flood inundation and flood hazard assessment, it is 

important to quantify also the highest water depth a flood might cause, to 

understand the potential extent of flood damages. The 95th quantile, assumed 

throughout the study as a representative value of the highest flood depths in 

the model domain, for today´s 100-year flood was 7.63 meters, while the 
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worst case where a 30% increase in today´s 100-year flood was considered, 

was 8.54 meters. The area additional inundated in the case of a 30% increase 

is displayed in figure 23. The relative difference between today´s 100-year 

flood and the different future scenarios was calculated in terms of mean 

depth, 95th quantile depth, and inundated cells (i.e. area of flood extent). 

Results from the relative difference calculations are included in table 8 and 

summarized in the histogram in figure 21. 

 

Table 8:Relative Difference from Today's 100-year flood 

Scenarios Relative Difference (%) 
mean depth 95th  Inundated Area 

100-year 5% increase 3.85 3.01 1.05 
100-year 10% increase 7.26 5.90 2.13 
100-year 15% increase 10.90 8.91 3.05 
100-year 20% increase 14.32 11.93 3.92 
100-year 25% increase 17.74 14.68 4.76 
100-year 30% increase 21.37 17.69 5.63 

 

 

Figure 21:Histogram with results for flood frequency change scenarios in 
terms of relative difference compared to today’s 100- year flood 
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Results from table 8 and figure 19 indicate that a 5% increase in flood 

magnitude results in a 3.85%, 3.01%, and 1.05% increase of mean flood 

depth, the 95th quantile, and the flood extent respectively. Based on these 

results, an increase in the magnitude of the 100-year flood results in a linear 

increase in flood inundation characteristics (mean depth, 95th quantile, and 

spatial extent, see figure 21) but at a different rate. Trends show that the 

values of mean inundation depth increase relatively linearly at 3% for every 

5% increase. A similar trend is present for the 95th quantile, where the values 

also increase at approximately 3% intervals for every 5% increase. The last 

trend for the inundated area extent was slightly different but also showed a 

linear trend and increased at a rate of 1% for every 5% increase.  
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Figure 22: Todays 100-year flood map 
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Figure 23: Difference in cells inundated from 100-year Today vs 30 % increase, blue 
marks cells inundated by the 30% increase in today 100-year flood and not by today´s 

100-year flood, and green marks the cells inundated by both 
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Chapter 4 

Discussion  
In this study, the changes in flood hazard due to changes in flood frequency 

were examined for the Little River in Florida. HEC-RAS 6.0 hydraulic model 

was the main tool used for this analysis. To investigate the sensitivity of flood 

hazard simulations to model parameterization, the impact of roughness 

coefficients and computational mesh resolution were studied. To evaluate and 

understand the impact of the selected parameters the flood case associated 

with hurricane Sally in 2020 was used as the case study. Little River, within 

the Ochlockonee River and Bay Watershed, was selected as the study area as 

it was heavily impacted by flooding due to hurricane Sally. Once the model 

was developed and calibrated, future scenarios for 100-year floods were 

constructed to evaluate and address, the main objective of this study 

regarding the potential impact of climate change on flood hazards.  

 

4.1 Uncertainty in surface characteristics 

In hydraulic modeling, the roughness coefficient is a very important 

parameter and provides HEC-RAS with important information on the surface 

characteristics. The sensitivity analysis that was conducted indicated that the 

model exhibited discrepancies from the theoretical value initially assumed to 

fit the study area. The graphs produced based on assumed values diverged 

from the observed data and from there they were calibrated so that the 

simulated graphs fit the observed graphs. The value that ended up producing 

the best graphs was a lot higher than what it should be based on the surface 

characteristics of the watershed being modeled. If the study was to be carried 

out with the roughness coefficient selected based on the surface area of the 

watershed, the peak flow would be very different from the observed data and 

the model would not be considered accurate or able to reproduce the flood 

event in question. Topographic data are crucial for flood inundation therefore, 
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one of the most important inputs in HEC-RAS is the digital elevation model 

(DEM). The DEM provides the information on the surface in terms of 

elevation. The model geometry is an approximation of the real geometry and 

will therefore have a secondary impact on the roughness of the surface. This 

implies that to some degree the geometry can be compensated for by varying 

the roughness coefficient (Pappenberger et al., 2005). Sanders (2007) argues 

from testing different online DEMs, that the DEM can also impact the 

resistance.   

 

To be able to better understand why the Manning's n value ended up being so 

high a couple of different factors need to be discussed. The river being 

modeled has a lot of meandering within the river channel. Meandering is 

caused by rivers flowing over gently sloping ground. In some cases, the 

erosion occurring at this location can cause the curve to cut off, causing either 

a small oxbow lake or islands within the river channel. Within the Little 

River, there are multiple islands in the river channel, which combined with 

the meandering can be one of the reasons for the high Manning's n value. 

Another important factor that needs mentioning is the channel geometry. The 

geometry of the channel, and the representation of it, is highly dependable on 

the DEM being used. If the DEM being used does not provide an accurate 

representation of the channel it can result in the Manning´s n being used not 

being a representation of the actual channel geometry. The DEM used for the 

project is consistent between the models which could explain why the high 

Manning´s n produces accurate results for both the 1D and 2D models. 

 

Topographic datasets and the availability of accurate DEM files are 

fundamental in hydraulic modeling. The DEM obtained from USGS is 

derived from LiDAR data which allows for a relatively fine grid resolution 

(1mx1m). One of the limitations that exist within all DEMs is the vertical 

error. The vertical accuracy for LiDAR is reported as 0.15m-0.25m (Saksena 
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and Merwade, 2015) which indicates that even though the maps derived from 

the LiDAR are a lot more accurate the vertical error can be an explanation for 

the slight error in water surface elevation. Mihu-Pintilie et al., (2019) 

investigate how LiDAR can be used to improve flood hazard maps and found 

that using DEMs with this high level of accuracy that has been properly 

processed can improve current flood maps.  

 

A limitation worth mentioning within the model set-up was that for the 2D 

model one roughness coefficient was assigned to the entire flow area. For 

future model set-ups, a separate roughness coefficient layer should be 

considered in order to be able to assign different values for the channel and 

for the surrounding area. The limitation of the roughness coefficient also 

exists within the 1D simulation but to a slightly lesser extent as one value was 

assigned to the channel and one value was assigned to the banks. In the real 

world, the surface within a channel is very likely to change slightly and there 

are different factors that can impact such a change. One of the reasons 

changes can exist within a river channel is anthropogenic changes. These 

changes are mainly due to development which can result in changes in land-

use patterns or changes in subsurface flows (Ekka et al., 2020).   

 

4.2 Sensitivity Analysis to Mesh configuration   

The mesh configuration proved to not be an impacting factor to the degree 

that was initially assumed. Referring to the result section the difference 

between the reference model and the coarsest model (mesh 2) with the least 

detail was very little where the relative difference between the two came out 

to less than 2% for the max surface elevation. The reference model gave a 

max water surface elevation at the point of reference of 24.52 and mesh 2 

gave a water surface elevation of 24.11 meters. This indicates that if a coarser 

grid with less detail was to be used the level of the water would be slightly 

underestimated but not to a degree that was assumed prior to the study. These 
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findings agree with the findings in the study conducted by Ongdas et al., 

(2020). Md Ali et al., (2015) also tested HEC-RAS through map comparison 

of flood extent, arrival time, inundation depth, and velocity and showed that 

coarser cells can be used but how coarse they can be, must be evaluated based 

on the study area being evaluated. If the cell size gets too coarse to capture 

rapid change in terrain the number of error cells increases (Md Ali et al., 

2015). The findings in this study showed that a coarse grid was still able to 

predict almost the same number of cells as the finer grid (see table 6) where 

the relative difference between the reference model and mesh 2 was (i.e the 

coarsest grid with the least detail) less than 1%. One of the reasons for these 

findings could be that the domain being modeled in this study is relatively 

uniform and has no sudden elevation jumps.  The difference in mean depth 

and 95th quantile between the reference model and mesh 2 is slightly higher 

where mesh 2 has a mean value of 7.15% and 95th quantile of 10.70% lower 

than the reference model. The largest relative difference values are recorded 

for the mesh combinations containing 50mx50m cells and decrease as 

refinement regions are added, and again when breaklines are implemented. 

When the overall grid size is reduced the relative difference decreases and 

follows the same trend when implementing refinement regions and breaklines 

for all mesh sizes. In addition to the relative differences being small, 

especially the max water surface elevation and area extent, the computational 

time is an important factor to consider. Comparing the two scenarios 

(reference and mesh 2), which are considered the worst and best cases, the 

computational time differs by approximately 16 hours and 28 minutes. The 

finer the resolution of the grid used the longer computational time which is a 

major limitation that needs to be accounted for when selecting a model set-

up.  

 

If HEC-RAS is to be used in rapid live flood mapping, the models being 

produced must be able to provide a valid and reliable assessment of the 
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flood hazard areas within a reasonable amount of time. Results indicate that 

this can be done, which with further study and automation of HEC-RAS, it 

can be used to help map areas that need evacuation, extra resources as 

storms, hurricanes, etc. are approaching. 

 

4.3 1D vs 2D  

In addressing the model set-up, the findings from the 1D vs 2D model 

comparison need mentioning. Previous studies have been successful in 

running both 1D and 2D models (Md Ali et al., 2015, Parhi et al., 2012, 

Ongdas et al., 2020 Pathirana et al., 2012, Betsholtz and Nordlöf, 2017). 

Betsholtz attempts to address the potentials and limitations with the three 

different models HEC-RAS offers, 1D, 2D, and coupled 1D/2D through a 

case study of the Höje river (Betsholtz and Nordlöf, 2017). The finding from 

Betsholtz work shows that all three models are able to produce a historic flood 

event, where one of the major differences between the models lies in the 

amount of information that could be obtained from the model output. Studies 

(Tayefi et al., 2017, Costabile et at., 2015) that compare the 1D and 2D 

models show that the 1D models are more conceptually problematic and often 

result in poorer model predictions. While the 2D model is proven from 

studies (Tayefi et al., 2017, Costabile et at., 2015) to be a more reliable 

solution there are certain benefits from the 1D that need to be discussed.  

 

The main and most notable advantage with the 1D model setup is the 

computational time, it is very fast. The case used to set up the model extended 

for a month and the computational time was 19 seconds for the 1D model. 

This allowed for the model to be tested for many different Manning's n values 

in a very short time. Compared to the 1D model the 2D model was run for 

the same simulation time and had a run time of more than 16 hours. A short 

computational time allows for a very large setup without risking it taking days 

to complete a simulation. Another advantage worth mentioning is the many 
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options the 1D model has to add hydraulic structures to the geometry. There 

are multiple ways to model flows under structures such as bridges, culverts, 

gates, etc. (Betsholtz and Nordlöf, 2017). The modeling of these structures is 

outside the scope of this paper but is worth mentioning in this section.  

 

One of the drawbacks of the 1D model stem from the simplifications the 1D 

setup uses. Once the water in a river overflows it becomes a 2-dimensional 

concept which is hard to represent using a 1-dimensional model (Bates & 

Anderson, 1993). A limitation that comes from simplifying complex concepts 

is the fact that for 1D simulations a single water surface is calculated for the 

cross-sections, this can in turn have a large impact on the inundation area 

(Betsholtz and Nordlöf, 2017).  

  

Compliant with the 1D model advantage, the main and most obvious 

limitation to the 2D model is the computational time, as mentioned above the 

same simulation that was completed successfully in 19 seconds in the 1D 

model took more than 16 hours in the 2D model. The computational time is 

a major drawback and makes model calibration a timely matter for the 2D 

model. Measures do exist that allow for a reduction in computational time. 

Within the 2D flow area, the modeler has the option to add breaklines, and 

refinement regions. These features allow for the grid size to be different 

throughout the computational mesh. A refinement region can be used in a 

case where a finer grid is required, examples, where this might be applicable, 

are within rivers, locations of structures, etc. In addition to adding refinement 

regions, breaklines can be added where aligning cells is beneficial such as 

along the centerline of a river or a road (Brunner et al., 2021). Adding these 

features to the 2D flow area allows for a larger cell size to be assigned for the 

overall flow area, given that the topography detail is relatively constant or 

that the remaining is outside the area of interest. 
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The advantage of the 2D model is the detail in the output files. Since overflow 

is considered a 2-dimensional phenomenon, a 2D model is considered a better 

way to accurately predict the inundation area. The process of pre-processing 

data for the 2D modeling in HEC-RAS is a relatively simple task, and through 

a few simple steps, the river can be incorporated into the DEM (Betsholtz and 

Nordlöf, 2017). An important note to make regarding the 2D area is the 

discussion from the previous section concerning selecting mesh size, 

refinement regions, and breakline locations. The most evident advantage of 

the 2D is the overall better model prediction for overflow, which has been 

proven in multiple studies (Tayefi et al., 2017, Costabile et al., 2015).  

 

The results show that the 1D model slightly underpredicts the max water 

surface level compared to the 2D model and the USGS reference data. From 

the 1D model the max water surface elevation came out to 24.4 meters at the 

reference point, and as mentioned above the 2D model produced a value of 

24.52 meters. The location of the USGS station is used as the reference point 

to be able to compare the models with real-time readings. From the USGS 

data, the max water surface elevation of the station for the period was 24.55 

meters. Both models perform well compared to this value which opens for a 

deeper discussion on the most adequate model. The discussion on 

computational time is notable even more in the comparison between the 1D 

and 2D models. From this, it can be argued that in a case like this study where 

the difference is very small the computational time for the 2D can´t be 

justified and the 1D model is considered an equally adequate option. Findings 

also indicate that the 1D model overpredicts overall inundation depth 

compared to the 2D model. Unfortunately, no reference data from optical 

satellite sensors were available for evaluating the overall extent of the flood 

due to cloud coverage but from this comparison using the 1D model for flood 

hazard assessment would be considered a more conservative approach for the 

surrounding area.  
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When evaluating a flood and assessing the flood hazard associated with the 

flood, the peak is often what is designed for. Both the models can capture the 

peak within an acceptable difference where the 1D has a relative difference 

from the USGS station of less than 1%. The negative value for both models 

shown in table 4 indicates that both models are underestimating. The 2D 

model shows a significantly less relative difference of -0.12% indicating that 

in terms of the peak the model is performing exceptionally well. The overall 

assessment of the produced hydrographs displayed in figure 16 indicates the 

model’s inability to capture the baseflow correctly, both are overestimating. 

The recession sections of both hydrographs are also overestimating which 

can be due to limitations present within the model set-up and input files used.  

 

4.4 Flood Frequency Change Scenarios 

One of the aims of the study was to look into potential flood frequency change 

scenarios. As mentioned in section 2.7 creating the scenarios tested was based 

on methods used in previous studies. The 2D model is considered the more 

accurate (Tayefi et al., 2017, Costabile et al., 2015) to model flood cases that 

involve out-of-channel flood extent, and, therefore, the reference model was 

used to model all flood frequency change scenarios. Many factors can impact 

how climate change will change what is today considered a 100-year flood, 

but due to the time limitations of this study, a simply 5% incremental 

approach was used to create flood frequency change scenarios.  

 

The first comparison was conducted between the reference model (hurricane 

Sally) and today's 100-year flood. The water surface elevation for today´s 

100-year flood had a relative difference of 17.76% compared to hurricane 

Sally which is very high. Comparing these two values alone provides a clear 

picture of the increased hazard associated with today´s 100-year flood. But 

the water surface elevation recordings are taken within the channel and only 
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provide a picture of how the water depth within the channel will change. 

Figure 18 shows the CDF plot comparing the inundation depth distribution 

amongst the cells between the two modes (100-year today and hurricane 

Sally). The CDF plot indicates a strong shift to the right for today's 100-year 

flood which indicates that it will inundate cells at a much higher depth. The 

overall higher inundation depth values indicate that amongst the area 

impacted the depth of water will be significantly higher, where according to 

the CDF approximately 50% of the inundated cells will have a higher depth 

than the highest values for hurricane Sally. The mean depth for hurricane 

Sally came out to be 1.77 meters while for today´s 100-year flood the mean 

depth was 4.68 meters, this indicates that on average the area flooded would 

have 3 meters more water, which is a significant amount. In addition to 

investigating the CDF plots and depth values, the map in figure 19 was 

included which displays what area would be impacted in the occurrence of a 

100-year flood that was not affected by hurricane Sally. The relative 

difference in area extent between hurricane Sally and today´s 100-year flood 

was also calculated and came out to be 24.41%. Analyzing these results 

makes it evident that in the case of a 100-year flood (associated with today) 

the hazard would be much greater than that associated with hurricane Sally.   

 

The results in terms of water surface elevation, mean depth, and 95th quantile 

for the remaining cases tested are also included in table 7. The water surface 

relative differences calculated for the different flood change frequency cases 

are compared to hurricane Sally. Comparing the values to Sally gives an 

understanding of how disastrous these cases would actually be. It is known 

that Sally caused a moderate flood stage, and for the 30% increase, the 

relative difference from hurricane Sally was approximately 22% which 

indicates just how significant in terms of water surface elevation such a flood 

case would be. The extent of the flood cases is displayed in figure 20 

indicating how an increase in 100-year floods will change the flood depth 
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amongst the impacted area. All the potential cases show the same shape, the 

only difference between the cases is that as they degenerate (in terms of max 

discharge) they shift to the right indicating that the inundation depth is 

increasing.  

 

Figure 21 and table 8 from section 3.4 provide a numerical comparison of the 

mean depth, 95th quantile, and flood extent, between the potential flood 

frequency change scenarios and today´s 100-year flood. If climate change 

were to create a 30% increase in the 100-year flood the extend would differ 

5.63%, the 95th depth would differ 17.69% and the mean depth would differ 

by 21.37% in comparison to what a 100-year flood today would cause. Figure 

23 shows the area that would be impacted from a 30% increase compared to 

today´s 100-year flood. As mentioned in section 3.4, certain trends within the 

results of this analysis are present. The 5% incremental increases in discharge 

have a trend of approximately 3% for both the mean depth and the 95th 

quantile while area extent increases approximately 1% for the same 

increment. Identifying these trends allows for further predictions for 

increments passing 30% and not included in this study.  

 

The general findings from the potential flood frequency change scenarios are 

that in a case where an increase in discharge is occurring the impact will also 

increase. In accordance with reports released from the IPCC indicating that 

they are expecting an increase in flooding, therefore the findings in this study 

should be valuable to the state of Florida and private parties such as insurance 

companies. These findings also underline the general impact that climate 

change could have if the result of climate change is an increase in max 

discharge values. 
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Chapter 5 

Conclusion 
Understanding the potential changes of flood hazards due to climate change 

is of paramount importance for developing effective flood mitigation 

procedures and resilient infrastructures. In this work, changes in flood 

inundation characteristics (flood depth and extent) in response to changes in 

future flood magnitudes are estimated and analyzed for the Little River basin 

in northwest Florida. To address this objective, the HEC-RAS hydrodynamic 

model was used to simulate flood inundation for different scenarios of flood 

change. The model was validated for the flood event caused by hurricane 

Sally and a rigorous sensitivity analysis was performed to investigate the 

impact of roughness parameters, spatial grid resolution, and mesh generation. 

The parameter sensitivity analysis was carried out to first assess the 

robustness of the model setup and second to understand the impact of 

parameter uncertainty in the overall findings. The main results for the work 

carried out are summarized below. 

 

The calibration and sensitivity analysis showed that the model has a 

significantly higher sensitivity to the roughness coefficient than the 

computational grid resolution, which points out to the need for carefully 

calibrating this parameter. Surprisingly, to some extent, the impact of grid 

spatial resolution for the ranges examined (5-50m) did not play an important 

role in flood inundation estimates. This result, while true for this study area 

which is generally characterized by smooth terrain, may not be consistent in 

complex terrain areas. For the study region, nevertheless, knowing that 

application of a 2D model with a coarse (e.g. 50m) spatial resolution would 

yield similar results with a high (5m) resolution model has potentially 

significant implications for the computational requirements of a flood 

inundation forecasting system. 
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Increase in flood frequency, examined in this study as an increase in the 

magnitude of today’s 100-year flood, results in a linear increase in flood 

inundation. However, the rate of change in flood peak magnitude is higher 

than the corresponding change in flood inundation. Furthermore, the rate of 

change in flood inundation differs depending on the variable of interest. 

Specifically, a 5% change in flood peak magnitude resulted in ~3% change 

in flood depth for both mean and 95th quantile values, while the 

corresponding change in flood extent was ~1%. These findings indicate that 

if today’s 100-year flood increases by 30% in the future, this will translate 

into 5% increase in flooded areas. The 5% may not seem like a big change 

but if one considers that this corresponds to approximately 131 acres of areas 

(see figure 23) that would have never been flooded under a 100-year flood 

scenario of today’s climate, one understands the significance of the potential 

impacts, such as property damages, associated to this number. This clearly 

highlights the need to further assess the changes in future flood hazards and 

revise current risk assessments and mitigation strategies accordingly.  
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