


 
 

Abstract 

In this thesis, flood mitigation measures are evaluated using risk-based analysis in a fully 

developed urban watershed by quantifying expected damages for certain return periods and 

producing parcel-level flood risk profiles. Current FEMA Special Flood Hazard Areas (SFHA), 

commonly known as the 100-year floodplain, have missed more than a quarter of all National 

Flood Insurance Program (NFIP) claims since 1978 (Brody, et al., 2013). This highlights the 

need for improved flood risk estimates which communicate information extending beyond the 

boundary of the current SFHA. In this work, a risk-based framework is created to produce novel, 

spatially-based risk profiles by combining hydrologic and hydraulic modeling with damage 

functions.  Due to the spatial nature of these profiles, high risk areas can be targeted with 

mitigation strategies more directly than before, thereby likely having a greater impact on overall 

risk reduction. Therefore, risk-based, spatially-targeted mitigation is expected to increase 

resiliency of urban infrastructure. 
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Chapter 1 : Introduction 

 1.1 Problem Statement 

In much of the United States, the FEMA Special Flood Hazard Area (SFHA), also known as 

the 100-year floodplain, serves as the only flood risk indicator published for public use. 

Although the 100-year floodplain represents the area expected to be inundated due to a 24-hour 

rainfall or surge event with an annual probability of 1%, it neglects the probable damages due to 

that event. Because the current 100-year floodplain lacks the likely associated consequences, the 

vulnerability of a community’s assets and inhabitants that are located both inside and outside of 

the 100-year floodplain are often unknown. Meaning, homeowners and communities are left with 

little information about their individual risks or mechanisms to mitigate these risks. Moreover, 

local or regional flood mitigation efforts are often aimed at reducing the size of the floodplain, 

rather than mitigating damages in the areas associated with the highest flood risk. Therefore, 

there is a need to incorporate risk-based approaches into flood management and mitigation. 

 

1.2 Objective 

The objectives of this thesis are threefold: 

 (1) Develop a framework for assessing parcel-level flood risk driven by fluvial flooding, 

 (2) Quantify the expected damages for a case study in Houston, Texas, and 

 (3) Evaluate various flood risk mitigation measures. 

Due to the shortcomings in flood risk evaluation previously highlighted, this study evaluates 

various flood risk reduction measures in an urban watershed by applying a spatially-based flood 

risk framework to Brays Bayou Watershed as a case study area. The main objective of this study 

is to use risk-based approaches to quantify the effectiveness of traditional, large-scale, structural 
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flood reduction measures, and parcel-scale or policy-related measures. The sub-objectives of this 

thesis are to create and to evaluate a flood mitigation framework for an urban watershed. The 

outcomes of this study are twofold: (1) establish the current riverine flood risk of residential 

properties and display them in risk profiles, and (2) calculate the risk reduction value of multiple 

large-scale and parcel-level flood mitigation measures in Brays Bayou Watershed.  

In the first product of the study, risk-based analysis allows for the quantification of individual 

flood risk, which is neglected in current floodplain management. Additionally, the spatial nature 

of these profiles allows residents to visualize risk, thereby positively impacting communication 

of the current flood risk to the public. These spatial risk profiles will also allow for targeted 

mitigation in high flood risk areas, which guides the location of risk-reduction measures 

evaluated in this study. Subsequently, the comparison of risk-reducing measures, the second 

product of this study, will provide a basis for discussing effective mitigation scenarios with 

policy makers. When the public and policy makers have these tools, they can understand the 

actual risks and apply spatially targeted mitigation. These results allow for the creation of more 

flood-resistant infrastructure, thereby promoting the development of more resilient cities. 

1.3 Outline 

This thesis is divided into three parts: (1) literature review, (2) parcel-level, flood risk 

modeling and (3) risk reduction of various flood mitigation techniques in an urban watershed. In 

the first section of this thesis, the background information includes what is currently being done 

in the field with regards to flood hazard and risk modeling and flood risk mitigation.  

This risk-based framework, discussed in chapter 3 and applied to a study area in chapter 4 of 

this study, is split up into three sub-processes: flood hazard modeling, damage estimation, and 

risk determination. The first sub-process in this framework, flood hazard modeling, produces 
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flood hazard maps from 24-hour duration rainfall events with associated annual probabilities 

ranging from 50% to 0.2%. These flood hazard maps are generated by simulating the rainfall 

scenarios in validated hydrologic and hydraulic models. The next sub-process is the damage 

model, which allows us to calculate the expected damages of structures at a parcel-level 

considering the height of water above the first-floor elevation. The depth-damage functions form 

the basis of the damage model. These functions form a relationship between the water level 

above the first-floor elevation and the percent of the structure damaged. The percent loss from 

the depth-damage function is multiplied by the value of the structure to determine the expected 

loss at the parcel level due to each of the events represented by flood hazard maps. The expected 

damages for each event are used as inputs into the final sub-process of the flood risk framework. 

The expected damages are multiplied by their respective probabilities of occurrence to determine 

the individual annual expected loss for each discrete parcel. Parcel-level risk is spatially 

displayed in a risk profile map, one of the products of this framework. The total annual expected 

damage for the watershed is represented by the sum of the parcel-level annual expected damages 

within the watershed. 

In chapter 5, the risk-reduction benefit of various mitigation strategies in Brays Bayou 

Watershed are quantified using the framework previously described. Based on the flood risk 

profiles, opportunities to apply large-scale and parcel-level flood mitigation measures to areas 

with high flood risk are evaluated. The effectiveness of each of these measures are quantified by 

determining the relative change in expected damage over intervals of time due to these 

mitigation measures and compared to the cost of implementation.  This thesis concludes with a 

discussion of the results, summary of work, and recommendations for future research in chapter 

6.   
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Chapter 2 : Literature Review 

As flooding is a continual problem in many of the coastal cities in the United States and 

around the world, some have turned to risk-based approaches to evaluate mitigation. However, in 

the United States many stakeholders depend on flood hazard as the primary indicator of flood 

risk. Often, the vulnerabilities of a community are overlooked when determining the 

effectiveness of flood mitigation. Therefore, using a risk-based approach to evaluate potential 

mitigation strategies at the household scale is expected to change the way stakeholders respond 

to and prevent flooding. As the first step in analyzing what is needed in a flood risk framework, 

this chapter discusses current methods for flood hazard and flood risk modeling. The aim of this 

chapter is to show the current approaches and research gaps in these areas addressed in this 

thesis.  

2.1. Current Flood Hazard Modeling 

Historically, the only indication of flood risk publicly available in the United States is the 

FEMA Special Flood Hazard Area (SFHA), also known as the 100-year floodplain. The 100-

year floodplain displays only the hazard area with a 1% chance of flooding in any given year, 

discounting other probabilities and ignoring possible damages. The SFHA was originally created 

and has since been maintained by the National Flood Insurance Program (NFIP), established in 

1968, to provide flood insurance to people in flood prone areas in the United States (Knowles & 

Kunreuther, 2014). However, as White warned in his work Human Adjustment to Floods: A 

Geographical Approach to the Flood Problem in the United States, the use of flood protection by 

the government to individuals within the floodplains has encouraged encroachment into these 

floodplains (1945). Additionally, White warns that vulnerabilities in a community are neglected 

because the current method of deciding the location of flood protection is based on cost-benefit 
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ratios developed using only flood hazard (1945). Even though some, like White, recognized 

using floodplains as the sole indicator of risk may mislead the public and cause them to place 

themselves at a higher risk, the 100-year floodplain remains the only publicly distributed 

indicator of flood risk to this day. Although the 100-floodplain alone serves as a limited risk 

indicator, the combination of flood hazard with the vulnerabilities to predict expected damages 

due to flooding is a powerful tool used in this thesis. Therefore, it is necessary to delineate the 

flood hazard as a main component of calculating flood risk.  

To create these SFHAs, it is common practice to use United States Army Corps of 

Engineers’ (USACE) Hydraulic Engineering Center (HEC) hydrologic and hydraulic models in 

the United States. The models produced by the USACE are HEC-HMS, Hydrologic Modeling 

System, and HEC-RAS, River Analysis System. These models are used in other studies in all 

parts of the world, including one study which uses HEC-HMS to design an ecologically 

sustainable water system in Sri Lanka (Halwatura & Najim, 2013) and a study using HEC-RAS 

for floodplain delineation in Ontario, Canada (Yang, et al., 2006).  These two models either 

independently or coupled together are used to create floodplains for various purposes.  For 

example, these models can be applied to forecast flooding in real time such as for a flood alert 

system created for Brays Bayou in Houston, Texas (Bedient, et al., 2003). Again, the HEC-RAS 

model was used to create a forecasting flood model in Alberta for the Peace River (Hicks & 

Peacock, 2005). In a study by A. Pistocchi, the authors use HEC-HMS and HEC-RAS combined 

with a decision support system to map the hydraulic hazard used in land planning and risk 

management (Pistocchi & Mazzoli, 2002). The Pistocchi study analyzes the changing flood 

hazard for the purpose of informing land use decisions, similar to using them to decide and 

analyze mitigation options in this study.  Additionally, in a study by Masood, HEC-RAS is used 
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to produce flood hazard maps to combine with the vulnerabilities of the communities in mid-

eastern Dhaka, Bangladesh and create flood hazard and flood risk maps based on historical 

channel flows (Masood & Takeuchi, 2011). However, in the United States there is a little work 

being done to create probabilistic flood hazard models integrated into a flood risk model. 

Generally, probabilistic analysis for hazards in the United States is used for either coastal surge 

or for earthquakes but is not widely applied to riverine flood hazards. Moreover, the flood hazard 

analysis used in this thesis is not wholly new, but its application to serve a parcel-level risk 

model provides unique insights into evaluating flood mitigation.  

2.3. Flood Damage Modeling  

 Flood damage modeling is linked to assessing the vulnerability of a structure or a 

community to flooding and, combined with flood hazard modeling, is an important component in 

flood risk modeling. Damages are often represented in monetary losses and can encompass from 

strictly direct, tangible losses to indirect or linkage effect losses (Dutta, et al., 2003). One study 

inventories and analyzes the effectiveness of direct flood loss models based on the validity and 

assumptions accompanying each, pointing out the difficulties surrounding estimating a monetary 

value for intangible losses because they are not directly marketable (Gerl, et al., 2016). Similarly, 

in another study, the author chooses a direct unit model because of the uncertainty associated 

with quantifying indirect damages (Dutta, et al., 2003). For these reasons, the monetary indirect 

losses are not as easily recorded, making their validation uncertain. Thus, they are not considered 

in the damage analysis in this thesis.  

Another consideration for the damage modeling is the variable functions used to 

represent the relationship of flooding of a structure or asset to the monetary loss in the model. 

Often, the unit damage model can be represented through a series of one-variable depth-damage 
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functions specific to a structure type or category, such as what are used in HAZUS and by 

USACE in the United States (Federal Emergency Management Agency, 2012) (Gerl, et al., 

2016) (Dawson, 2003) (Huizinga, et al., 2017). Depth-damage functions relate the depth of 

flooding, relative to the first flood elevation, to the percent of the structure value that is estimated 

to be damaged due to the flood (Federal Emergency Management Agency, 2018). While 

inundation depth and type of structure are the most influential variables on the damage that a 

structure will undergo, there are more variables that may also affect the severity of damage at a 

given structure (Gerl, et al., 2016). Other variables that influence the losses may include: water 

velocity, flood duration, sediment, debris, building material, internal building material, and age 

of the structure (Federal Emergency Management Agency, 2012).  Therefore, the accuracy of the 

function is reduced by merely depending on the depth of inundation. One study suggests the 

influence of flow velocity primarily effects flood damages for roads, however the flood 

inundation depth has the strongest correlation to monetary damages of structures (Kreibich, et 

al., 2009).  

 One study, aimed at inventorying direct flood damage models, found over 900 one-

variable depth-damage functions available for direct flood loss modeling sources, with over 36% 

of them for residential structures (Gerl, et al., 2016). Figure 2-1 shows the compilation from 

Huizinga of commonly used residential depth-damage functions created based on data in North 

America (Huizinga, et al., 2017). We can see that there is only one function that considers no 

damage to a structure when the depth of water above the first-floor elevation is zero, which is the 

European function. This is due to the United States including analyis for both houses with 

basements, while the European model for North America does not consider basements. Because 



8 
 

of the lack of basements in the Houston area, the European model is the most appropriate for 

residential properties in this thesis.   

 

Figure 2-1: This graph shows various depth-damage functions for a single-family, one-story home with 

no basement. Depth-damage function is a relationship between the height of water above the first-floor 

elevation of a structure and the damage factor, or loss as a percent of the total structure value 

According to the literature, there is an abundance of relationships between flood depth 

and structural damages for residential structures in the United States. However, as Gerl noted, 

only some of the damage models are validated, making the reliability of the others unknown 

(2016). While many of these studies use these models to produce damages relative to a historical 

event, they are rarely used to perform a full risk analysis. However, in this framework, multiple 

flood scenarios with associated probabilities are analyzed.  

2.4 Risk Modeling   

Depending on the discipline, risk is defined in different ways (Jonkman, et al., 2016). The 

traditional engineering definition defines risk as the probability (yellow) of an event multiplied 

by its consequences (pink) in Figure 2.2.a, and this is what is reflected in Equation 3.7 in the 

following chapter. However, risk can also be defined as flood hazard combined with 
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vulnerability, seen in Figure 2.2.b. The combination of these two definitions allows us to 

breakdown risk into three constituents, as pointed out by Klijn in one study (Klijn, et al., 2015). 

This defines vulnerability as the missing component if we are only considering flood mitigation 

in the context of its effect on the 100-floodplain, which a majority of flood management depends 

on in the United States.  

 

Figure 2-2: Risk broken down into its individual components: exposure, vulnerability, probability. 

Additionally risk can be defined as the combination of hazard and vulnerability or consequences 

multiplied by probability. The floodplain is considered the hazard, showing the location (exposure) and 

associated with a return period (probability). The vulnerability is represented in damage modeling by the 

depth-damage curves. All of these factors combined gives us the flood risk.   Adapted from (Klijn, et al., 

2015, p. 7) 

The damage model in the previous section is used to calculate the monetary loss of a 

flood (consequence) by combining the depth of inundation (exposure) by the depth-damage 

functions (vulnerability) for a given structure. However, to calculate the flood risk, the 

probability needs to be added to the consequences calculated above. Thereby, flood risk 

assessment combines the probabilities of various flood events with the expected loss resulting 

from each event (FEMA, 2018). Although the consequences can manifest in different forms, to 

allow for widespread applicability of a risk model in engineering, most studies express 

consequences and flood risk monetarily (Jonkman, et al., 2016). Oftentimes, the consequences 

and vulnerabilities of a communities are assessed based on land use areas instead of by 
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individual parcel type and value. One study bases the vulnerability on the land use maps, 

analyzing the change of flood risk overtime, concluding a large amount of the increase in risk is 

due to the increase of socio-economic activities behind dikes (de Moel, et al., 2010). Similarly, in 

a study quantifying flood risk based on surge after Hurricane Sandy in New York uses building 

types for a distributed grid to account for the vulnerability, grouping the buildings into 10 by 10-

meter blocks (Aerts, et al., 2013). Alternatively, one study considers risk on an individual home 

basis to cater to private stakeholders in Vietnam (Chinh, et al., 2017). While this study allowed 

the estimation of expected annual damages at the household level, Chinh points out issues with 

lack of structure and content value data in Can Tho City and with the flood hazard modeling 

causing the uncertainties of the model to remain high (2017). Therefore, currently there are not 

many studies quantifying the risk at the parcel or household-level. Those that calculate individual 

risks often run into issues with data availability to perform this in-depth analysis. However, in 

this work, there is a large availability of data for residential structures in Houston allowing for 

more accurate individual annual expected damage estimates. Additionally, there is a lack of 

studies evaluating the risk reduction of flood mitigation measures at the parcel-level, which is 

performed in chapter 5 of this thesis.  

2.4. Flood Mitigation 

There are multiple advantages for using risk-based approaches as opposed to the 

traditional hazard reduction approaches used for flood management. Risk-based models allow a 

community to increase awareness of their potential risk due to flooding than traditional hazard by 

identifying the location of water, its depth, and what it is impacting (FEMA, 2018). This method 

allows engineers to identify the areas of highest risk and to target mitigation for smaller, high-

risk community scale projects. Moreover, the targeted mitigation cuts out unnecessary mitigation 
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and can reduce cost by concentrating mitigation in certain areas. Another advantage to the risk-

based model is the ability to incorporate structural, as well as non-structural, or soft engineering, 

mitigation (van Berchum, et al., 2017).  In a study conducted by van Berchum, a risk model is 

used to analyze multiple flood risk reduction measures and optimize the mitigation considering 

cost, risk reduction and environmental impact (2017).  For instance, elevating a structure to a 

certain height above the ground does not affect the floodplain, and hence the benefits are 

unconsidered by traditional flood hazard determination. However, when considering the effect of 

elevating a structure using a risk-based approach, the consequences of the flood events 

previously considered decrease, thereby theoretically reducing the individual risk of the structure 

due to flood. Moreover, there are some studies attempting to analyze flood risk reduction of 

various mitigation techniques, but they lack the detailed individual parcel resolution and are not 

widely applied in the United States.  
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Chapter 3 : Flood Risk Analysis Framework  

This section discusses the framework developed in this thesis to quantify the flood risk 

and risk reduction of mitigation in a watershed. For the purpose of this framework, calculating 

risk is divided into three major steps which are shown in Figure 3-1. 

 

Figure 3-1: Breakdown of the flood risk framework created in this thesis. 

 As shown in Figure 3-1, the first step is flood hazard analysis, which consists of 

hydrologic and hydraulic modeling to determine the floodplain for a given watershed. Second, 

damage modeling is used to calculate the individual losses to a structure for each of the 

floodplains produced in the first step. Finally, a risk calculation combines the probabilities of a 

rainfall event with the monetary losses due to that event to determine expected losses over a time 

horizon.  

3.1. Flood Hazard Modeling 
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Currently, many of the flood hazard maps in the United States are created and maintained 

using the United States Army Corps of Engineers’ (USACE) Hydrologic Engineering Center 

(HEC) hydrologic and hydraulic models. Figure 3-2 displays the relationship between the models 

and their respective inputs.  

 

Figure 3-2: The process used to model flood hazard in this thesis. First, rainfall is applied to a hydrologic 

model (a) which simulates a storm based on the empirically derived characteristics of the watershed to 

determine the flows within the channels over a specified time period. Second, the flows from the 

hydrologic model are input into the hydraulic model (b) to create water-surface elevations for each cross-

section. The elevation is then subtracted from the water-surface elevation to create a water depth map, or 

a floodplain map. 

Overall, the function of HEC’s Hydrologic Modeling System (Figure 3.1.a), a lumped 

parameter model commonly referred to as HEC-HMS, is to simulate the hydrologic modeling. 

The goal of a run in HEC-HMS is to create a hydrograph, a graph relating time and volumetric 

flows in the channel. Performing hydrologic analysis to validate the HEC-HMS model using 

historical rainfall and stream flow data is needed to use, to predict or, in the case of the 

framework, to determine inundations associated with a probability. To validate the model, 

historical data is obtained from either radar rainfall or point gages, which record the rainfall 

depth over a specified time. When available, the preferred rainfall input is radar-calibrated based 

on gage rainfall data because it is the most accurate form of rainfall data and creates the lowest 
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uncertainty (Vieux & Vieux, 2005). To validate the accuracy of a hydrologic model, these 

historical rainfalls are used as inputs to produce hydrographs for the channel. The defining 

characteristics of the stream flow such as the flow peak, time to peak, and volume of flow are 

compared against observed values within channels. The difference between these characteristics 

generally indicate the hydrologic model’s capability to predict when and how much water out of 

the channel is expected due to a particular rainfall event. Once the validity of the model is 

established, HEC-HMS uses rainfall based on intensity-duration- frequency curves to estimate 

the flows in the channel associated with an expected exceedance probability to be used in the risk 

framework. However, HEC-HMS depends on various inputs to perform the traditional 

hydrologic calculations and accurately estimate flows in the channels based on rainfall.  The 

subsequent paragraphs outline the detailed parameters and landscape characteristics that 

determine the equations and processes considered in this thesis.  

In order to perform a run in HEC-HMS, it is necessary to create a hyetograph, a graph 

representing the timing and intensity of precipitation. The hyetograph can be created from a 

frequency design storm, which is a synthetically produced hyetograph based on the geographic 

characteristics or from actual recorded rainfall. In this study, both historical rainfall events and 

frequency design storms are used as mentioned above. While historical rainfall is from gage or 

radar data produced by a single event, design rainfall is based on the statistical characteristics of 

many rainfall events previously recorded and is specific to a region. In this study, hyetographs 

are created from design rainfalls based on engineering design requirements for Harris County, 

where the case study watershed is located. Specifically, Harris County requires the use of a 1% 

frequency, 24-hour duration design rainfall with a uniform spatial distribution across the 
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watershed and a temporal distribution with peak intensity at the 67% duration position to create 

the 100-year floodplain (HCFCD, 2009, p. 24). 

Before the hyetograph can be input into a basin model for hydrological analysis, the 

equations need to be identified in the basin model to imitate the actual response of the watershed. 

The equations that are used in HEC-HMS describe infiltration, hydrologic transform, and flood 

routing. For the first consideration, the infiltration method, the parameters need to represent the 

measured behavior of the soils and the gradient in each of the sub-areas of the basin. They are 

defined by a specific method. There are ten infiltration methods offered in HEC-HMS (e.g. 

initial constant, SCS curve number, Green and Ampt, and Smith Parlange, etc.) (Scharffenberg, 

2016, p. 3). Harris County requires engineers to use the Green and Ampt infiltration equation 

(3.1) to determine the rate of infiltration (HCFCD, 2009, p. 25).  

 
𝑓 = 𝐾 (1 −

𝑀 𝜓

𝐹
) 

Equation 3-1 

 

Where, 

  f  = infiltration capacity (cm/s), 

F = cumulative infiltration volume (cm), 

𝐾 = vertical saturated hydraulic conductivity (cm/s), 

𝑀 = moisture deficit, 

𝜓 = wetting front suction head (-cm). 

The remaining physical parameters (watershed slope, channel slope, length of watershed, 

imperviousness, and drainage area) can be derived from topographic information, surveys, or 

field observations. Lidar is used as the basis for topographic data input into the model. For 

example, the most recent high-resolution lidar for Harris County was created in 2016 and 
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released in 2019. The production of this lidar was commissioned and overseen by FEMA and 

distributed through the Texas Natural Resources Information System (TNRIS) (FEMA, 2019). 

Alternatively, the soil parameters needed to determine the other variables for the watershed are 

produced and regularly maintained by the National Resource Conservation Service (NRCS, 

2017). 

The next method to be determined in the HEC-HMS model is the hydrologic transform 

method. The transform method governs the equation used to represent how the runoff for the 

sub-basins flows overland into the banks into a channel. For the best representation of runoff in 

Houston, Harris County Hydraulics Manual recommends the use of the Clark unit hydrograph 

technique (HCFCD, 2009, p. 46), Equation 3-2, commonly referred to the Tc and R method.  

 𝑆 = 𝑅𝑂  Equation 3-2 

 

Where,   

Si = storage at end of period (acre-feet), 

  R = storage coefficient, 

  Oi = outflow during period (acre-feet). 

However, there are other methods that could be considered when choosing a transform 

method, including modified Clark unit hydrograph, kinematic wave, SCS unit hydrograph, and 

Snyder unit hydrograph methods. Generally, the transform methods are empirically-based, and 

the parameters are based on certain assumptions relating to imperviousness and other location-

based factors. The Clark unit hydrograph method is used in this thesis because it determines the 

unit hydrograph assuming the watershed is a linear channel in series with a linear reservoir to 

account for storage and translation of the water (Bedient, et al., 2013), which best represents the 

study area.  
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Finally, the hydrologic flood routing method is what determines how fast the water 

moves when it is within the channel. The Modified Puls method defines a relationship between 

the storage and outflow of the channel expressed in equation 3.3 (Strelkoff, 1980). This method 

is empirical and determined based on calibration to match the relationship to the observed values 

from the channel.  

 (𝐼 + 𝐼 ) +
2𝑆

𝛿𝑡
− 𝑄 =

2𝑆

𝛿𝑡
+ 𝑄  Equation 3-3 

 

Where,  I = inflow  for time step n (cfs), 

  Q = outflow (cfs), 

  S = storage (ft3), 

  δt = change in time (s). 

Modified Puls is useful in low-slope or flat topographic areas because it has a specified 

storage-outflow relationship for the channel (Bedient, et al., 2013, p. 311).  It is for this reason 

the Modified Puls is applied to Brays Bayou watershed, the study area. Other approaches include 

Muskingum and lag methods, which are applied in scenarios using general routing and routing 

with no attenuation, respectively. Muskingum method is a set of equations based on continuity 

and storage, which replicates the movement of water in a channel and is fundamentally based on 

the continuity equation (Strupczewski & Kundzewicz, 1980). The lag method simply moves 

water from one end of the channel to the other by delaying the time but does not affect the other 

flow characteristics. The lack of considering storage in this method makes it the least 

representative of a natural, meandering channel. 

 The second step in flood hazard modeling is hydraulic modeling, which transforms the 

flows within a channel into the elevation of water within a channel based on the channel 
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geometry and roughness parameters. The current standard model for computing hydraulics is 

Hydrologic Engineering Center River Analysis System (HEC-RAS), like HEC-HMS, is 

produced by the USACE.  Hydraulic modeling is based on open-channel flow Manning’s and 

Energy Balance equations (3.4 & 3.5) to calculate the water surface profiles at individual channel 

cross-sections for steady state. These equations show the form of Energy (3.4) and Manning’s 

(3.5) equation that is computed for each cross-section in the HEC-RAS model (Bedient, et al., 

2013). 

𝑊𝑆 + =  𝑊𝑆 + + ℎ ,   Equation 3-4  

  

     ℎ = 𝐿 𝑆̅ + 𝐶 − ,   Equation 3-5 

Where, 

 WS1, WS2 = water surface elevations of two adjacent cross-sections (ft), 

 V1, V2 = mean velocities at two cross-sections (ft/s), 

 α1, α2 = velocity or energy coefficients for flow at two cross-sections, 

 g = gravitational constant (ft/s2), 

 he = energy head loss (ft), 

 L = discharge-weighted reach length between two cross-sections (ft), 

 𝑆̅  = representative friction slope for the reach between two cross-sections, 

 C = expansion or contraction loss coefficient. 

The complexity of these systems can range from steady-uniform flow hydraulic to 

unsteady flow hydraulic computations. Uniform flow is established over a large channel length 

with unvarying channel cross-section geometry and roughness parameters (Bedient, et al., 2013, 

p. 425). However, most real channels meander enough to require non-uniform flow hydraulic 
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computations. Additionally, there is a difference between steady state and unsteady state 

computations. Steady state determines only the maximum inundation at each cross-section, while 

unsteady determines the elevation over the period of the storm. Additionally, unsteady uses a 

different set of equations and assumptions. However, the maximum inundation depth is 

principally needed to determine the flood hazard of a watershed, and thus only the steady state 

one-dimensional capabilities of HEC-RAS are required for this thesis.  

3.2. Damage Modeling 

 After determining the flood hazard of the watershed in this framework, it is necessary to 

estimate the expected damages that are associated with the flood hazard to perform the risk 

analysis. The damage modeling is the third step of creating a risk-based framework to evaluate 

flood risk in urban watersheds in Houston, Texas. This process of estimating loss due to a hazard 

is the damage model and is inherent in the flood risk framework created in this thesis. This 

section describes the process and damage model used in this thesis to estimate the monetary 

losses for residential structures due to riverine flooding.  

In this framework, the losses are estimated using a unit damage model, which considers 

only direct, tangible monetary losses. The European depth-damage curve (Huizinga, et al., 2017) 

created for the North American region calculates the damage factor (or percent of the structure 

damaged), for the properties in this study. The European depth-damage function is chosen 

because it reflects a relationship that does not consider basements, while the functions developed 

in the United States have homes with basements averaged into the calculation causing the 

monetary losses to be above 0% when the water-level is equal with the first-floor elevation of the 

structures (Huizinga, et al., 2017). This is not representative of the structures in Houston, the 
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case study area due to the lack of basements. Thus, the European curve is most appropriate for 

this analysis.  

Determining the value of a structure is another integral component of estimating damages 

to a structure using depth-damage functions. For the purpose of this thesis I am using the 

Computer Assisted Mass Appraisal (CAMA) method, used to estimate the value of a property 

and its onsite improvements, such as structures, for property tax purposes in the United States. It 

is the most recent and regularly updated information regarding home values. CAMA determines 

the total property value by combining the land value with the value of the structures and other 

improvements to the property (improvement value) (Clodfelter, 2016). The improvement value is 

the cost of replacing the current structure with no change deducting the current depreciation of 

the structure based on its effective age. The effective age is determined based on the year the 

structure was built and incorporates maintenance and remodels that may have occurred to 

improve the value. Both Harris County Appraisal District and Fort Bend Count Appraisal 

District created and maintain a parcel and structure value database for residential properties 

using the CAMA method (Harris County Appraisal District, 2018) (Fort Bend County Appraisal 

District, 2018). 

The damage model is used to estimate the monetary loss to a structure due to a flood 

event. This calculation is computed by first determining the damage factor based on the depth 

inundation input into the appropriate depth-damage function for a particular structure. Then, the 

damage value is determined by multiplying the damage factor by the value of the structure. The 

damage is calculated on a parcel-level, which allows for a flexibility in what depth-damage 

function is applied based on the individual characteristics of the structure. When estimating the 
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total damage for the watershed, the damages for each of the parcels are summed together. 

Therefore, this model can be applied to both small and large-scale areas of concern. 

3.3. Flood Risk Modeling  

 The final section of this flood risk framework is the determination of risk in terms of 

annual expected loss depending on the damages for various flood events with associated 

probabilities, which is outlined in the following section. For the purpose of this thesis, risk is 

defined as the probability of an event multiplied by its consequences shown in Figure 2.2, from 

the previous chapter.    

The damage model in the previous section is used to calculate the monetary 

consequences of a flood (risk) by multiplying the exposure (depth of inundation) by the 

vulnerability (depth-damage functions) for a given structure. However, a flood risk assessment 

combines the probabilities of various flood events with the expected loss resulting from each 

event (FEMA, 2018). Although the consequences can manifest in different forms, to allow for 

widespread applicability of a risk model in engineering the consequences are often expressed 

monetarily (Jonkman, et al., 2016). In the case of a single event, the risk can be expressed as:  

 𝐸(𝑑) = 𝑝 𝑑 , Equation 3-6 

Where,  

E(d) = expected loss due to an event i ($/yr) (Jonkman, et al., 2016) 

𝑝  = probability of event i (1/yr), 

 𝑑  = consequence of event i ($). 
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Determining the expected loss for a single event is useful in some cases, but in flood 

management using a combination of events to analyze the potential risk to the property owners 

allows for the probability of these events to be considered as well as potential losses. Therefore, 

the more general risk equation designed to consider multiple discrete events (𝑠 ) developed by 

Kaplan and Garrick is more appropriate for flood risk analysis (1981). These equations return the 

expected loss for any given year in ($/year). 

 

 
𝐸(𝑑) = 𝑝 𝑑  Equation 3-7 

 

Equation 3-7 considers the risk as purely individual events. The rainfall events and their 

associated probabilities are considered individually and the occurrence of one storm does not 

affect the probability of another. Because the probabilities are not dependent, the form of 

equation 3-7 is appropriate for calculating the overarching risk of a parcel. Equation 3-7 is used 

to calculate the annual expected damages; however, to calculate the risk over a longer time 

horizon than a year, Equation 3-8 is used to determine the probability of occurrence of these 

damages. In this study, the risks over a time horizon (n) of 1, 8, 30, and 100-years were 

calculated using Equations 3-7 and 3-8. 

 𝑃(𝑛) = 1 − (1 − 𝑃 )  Equation 3-8 

Where, 

  P(n)= probability of occurrence over a time horizon n, 

  P1= probability of occurrence over one year (1/yr). 
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Once the individual risks are calculated for the residential parcels in the watershed, they 

are displayed spatially as a flood risk profile and summed to calculate the overall risk of the 

watershed. Thereby, becoming the final output of this flood risk framework. In the next section, 

this framework is applied to an urban watershed in Houston, Texas.  
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Chapter 4 : Brays Bayou Case Study 

For the purpose of this thesis, I focused on Brays Bayou Watershed in Houston, Texas 

(Figure 4-1). Brays Bayou is located in the Southwest portion of Houston, Texas. It flows from 

west to east, entering Buffalo Bayou just east of downtown and joins the Houston Ship Channel. 

Figure 4-1 shows that the watershed is extremely developed, with most of the structures 

classified as residential. The watershed has a population of over 700,000 people, due to the 

dominating fraction of properties being residential and commercial. The watershed has a 

drainage area of 127 sq. miles.  It contains 121 miles of open streams, including its tributaries 

Keegans and Willow Waterhole Bayou.  

 

Figure 4-1: A map showing the location of the case study watershed in Houston, Texas. This area is 

highly urbanized and mostly residential. It is historically highly susceptible to flooding, even though there 

are and have been many projects attempting to reduce flooding in this watershed. 

 



25 
 

Although Houston has known about flooding issues since its founding in the 1800’s, the 

city is still far from solving its flooding problems. An example of flooding in the city’s early 

development is the 1935 flood, in which significant flooding caused major damages to residential 

and commercial assets downtown. However, as the city grew over the years the flood risk has 

also increased due to increasing rainfall amounts, urbanization and development practices 

increasing people’s and properties exposure to flooding (Gori, et al., 2019) (Sebastian, 2016). 

Additionally, several notable rainfall events, like Hurricane Harvey (2017), Tax Day (2016) and 

Memorial Day (2015), have occurred in recent years. The Brays Bayou watershed is particularly 

prone to severe repetitive flood loss. During Hurricane Harvey several thousand homes were 

flooded. Many of these homes had also been flooded during the previous two years during the 

Memorial Day (2015) and Tax Day (2016) flood events, drawing local and national attention to 

the vulnerability of this watershed. As the city grows and communities become more vulnerable 

to the increasing floods, the city has a need to move toward risk-based flood mitigation analysis.   

4.1 Case Study Background 

Brays Bayou Watershed is one of the most prominent historically flood prone watersheds 

in Houston. Flooding in Brays Bayou is naturally driven by low topographic relief, clay soils, 

and intense rainfall events, due to its location in a low-lying coastal plain in Southeast Texas. 

However, there are also two underlying drivers causing Brays Bayou to become more susceptible 

to flood risk over the years. First, the development patterns over the years have increased the 

likely consequences due to flooding of these communities (Gori, et al., 2019). This is partially 

due to the densification of buildings per area which increases the percentage of impervious 

surface, causing increasing people and assets in already existing flood hazard areas. It is also due 

to the encroachment of development within the floodplains, closer to the channel. Houston has 
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little to no restrictions on building within certain areas prone to flooding, causing increasing 

vulnerability of new and old communities.  Second, increasing rainfall intensities due to climate 

change have led to increasing flows within the channels, making overtopping or out-of-banking 

increasingly likely during even small storm events (van Oldenborgh, et al., 2017). It is estimated 

that currently, the main channel in Brays Bayou can only hold a 10-year rainfall event, or 7.6 

inches over 24-hours (Bass, et al., 2017). 

There are three ways that development patterns affect the flood risk of communities near 

Brays Bayou. One major consideration is the period during which these communities were 

developed in Houston. Brays Bayou Watershed contains some of the older communities built 

before the 1970’s implementation of FEMA SFHA’s or the 100-year floodplain. Therefore, there 

were no restrictions or guidelines with regards to flooding at the time these communities were 

built affecting their vulnerability by not regulating first-floor elevations and structure types. 

Additionally, the lack of guidelines allowed an increased number of structures to be built within 

the 100-year floodplain, increasing the number of structures exposed to the hazard. Second, the 

intense urbanization upstream of this watershed has caused increasing runoff volumes, higher 

peak flows and reduced time until these peak flows, correlating with higher water-levels and 

faster flooding for the same rainfall amounts. This impacts the flood hazard component of the 

risk equation. Finally, the densification occurring in the Brays Bayou Watershed has led to an 

increasing number of properties within this watershed and again exposed to the hazard. This 

watershed is a highly urbanized area (over 95% developed) and is mostly residential, as shown in 

Figure 4-1. The risk of flooding in these areas increases when there are more valuable properties 

within reach of this hazard.  
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Vulnerability is the measure of the damage that occurs due to exposure to a particular 

hazard. In this case study, the vulnerability is measured in the depth damage curves on a house 

by house basis, as previously discussed in chapter 3. In this case, the densification of this 

watershed led to the creation of more vulnerable properties in a given area and increases the risk. 

Secondly, increasing rainfall is a significant concern for coastal regions all over the 

world, including Houston. In the past 4 years alone, Brays Bayou experienced several record-

breaking rainfall events, including Hurricane Harvey (2017), Tax Day (2016), Memorial Day 

Flood (2015), and 4th of July Flood (2018). In 2018, the National Oceanic and Atmospheric 

Administration (NOAA) released revised rainfall information for the State of Texas in Volume 

11: Precipitation-Frequency Atlas of the United States (Perica, et al., 2018). The revised rainfall 

amounts incorporate a much longer record of observed data, which includes several large rainfall 

events that have occurred during this decade, notably Hurricane Harvey. As a result, the 

intensity-duration- frequency curves for the City of Houston and surrounding areas have 

increased. For example, in the Brays Bayou Watershed, the current FEMA SFHA was modeled 

based on a 24-hour, 100-year storm of 13.2 inches. However, based on the most recent analysis, 

the rainfall associated with a 24-hour, 100-year event is 17 inches in Brays Bayou (Perica, et al., 

2018) (HCFCD, 2009). While the NOAA analysis assumes stationarity of the observational data 

across the historical record, several studies have suggested that rainfall intensities in the Houston 

and greater coastal region have increased due to a warming climate (Emanuel, 2017) (van 

Oldenborgh, et al., 2017) (Cavazos, 1999) (Schmandt, et al., 2011). For example, Emanuel found 

that rainfall is expected to increase by 18% in the next 80-100 years along the Texas coast, 

thereby, increasing the likelihood of rainfall events similar in intensity and duration to Hurricane 

Harvey (2017). Thus, as both rainfall intensities and development increase, the current channels 
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will reach capacity and overflow more often, impacting both the flood hazard and vulnerability 

portions of the risk equation. 

In attempt to mitigate this flood risk in Brays Bayou Watershed, there have been several 

projects aimed at reducing damages due to flooding in Brays Bayou, including Project Brays and 

the Texas Medical Center/ Rice University Flood Alert System (FAS). Project Brays is a 

traditional engineering solution costing over $500 million and design and construction lasting 

over 10 years (Harris County Flood Control District, 2004). The project began around 2005 with 

an emphasis on trying to completely contain as much of the 100-year floodplain within the 

channel. This project is a combination of channel widening, bridge modification and addition of 

more detention ponds. On the other hand, FAS protects the world-renowned Texas Medical 

Center from flood damage by detecting when the channel is going to overflow allowing them 

time to set up flood barriers and walls on the lower levels of the buildings (Bedient, et al., 2003). 

FAS has been in place since 1997 and is now in its fourth generation. However, even with FAS 

and the completion of Project Brays, there is still residual flood risk to be managed (Bass, et al., 

2017).  

4.2 Flood Hazard Modeling 

The following sections describe the methods and results of the flood hazard analysis 

applied to Brays Bayou Watershed. The sections are divided by the steps and models described 

in chapter 3 for creating floodplains. The subsequent sections include a description of the 

application and results for data collection, model calibration and validation,  and hydrologic and 

hydraulic modeling to delineate flood hazard for the watershed. The floodplains created in this 

section are used as inputs into the damage model described in section 4.3.  

4.2.1 Data Collection  
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In order to calibrate and validate the hydrologic and hydraulic models used in this study, 

it is necessary to collect historical rainfall and stream flow and depth data. Likewise, rainfall 

hyetographs associated with return periods are needed to estimate flood hazard and flood 

damages. The method for flood hazard modeling used in this study is expanded from the method 

described in Harris County Flood Manual (HCFCD, 2009).  Two types of rainfall data are 

needed in this thesis for analysis. Historical data is needed for validation, and depth-duration 

frequency rainfall estimates are used to model flood hazard and flood risk. In order to verify that 

the model reflects actual conditions in the watershed, the models are tested against the historical 

rainfall and stream gages. The historical stream gage hydrographs are collected from the USGS 

Texas Water Dashboard (United States Geological Survey, n.d.), while the stage measurements 

and rainfall gages are collected from the HCFCD Flood Warning System (HCFCD, 2009). The 

rainfall from these gages are used as inputs for HEC-HMS and the output hydrographs are 

compared with the historical data from USGS. 

To develop a flood hazard and risk value, depth-duration and frequency rainfall amounts 

are utilized. A flood hazard map, or floodplain, with an associated annual probability is 

generated for each rainfall scenario. The frequency, or return probability, associated with a given 

rainfall and duration in Harris County watersheds was determined using Pearson log III analysis 

by the United States Geological Survey (USGS) (Asquith, 1998). The results are presented in the 

Harris County Flood Manual and are applied uniformly across three regions (HCFCD, 2009). 

Brays Bayou Watershed is located in Region II, and the associated rainfall frequencies are shown 

in Appendix A. The distribution used to create uniform design hyetographs for watersheds in 

Harris County is a SCS Curve Type III with the peak intensity at 67% of the duration (Storey, Jr. 

& Talbott, 2009) which is developed inside the HEC-HMS hydrologic model.  
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4.2.2 Model Calibration and Validation 

Prior to determining the flood hazard, the HEC-HMS and HEC-RAS models were 

validated to ensure accurate representation of the riverine flood hazard. These models had been 

previously validated in a study by Bass (2017) for the Memorial Day (2015) Flood Event. 

However, to ensure these two models would perform accurately for the flood risk framework, the 

models were modified to reflect present conditions in the watershed and verified for the 4th of 

July (2018) rainfall event. The locations of the stream and stage gages in Brays Bayou are shown 

in Figure 4-2. Additionally, the results of the HEC-HMS and HEC-RAS models are shown in 

Figures 4-3 and 4-4 respectively. The gages used to validate the stream flow for HEC-HMS are 

shown for two gages along the main channel of Brays Bayou as pink. The ‘midstream’ gage is 

located along Brays Bayou at Gesner Road and Braeswood Blvd and the ‘downstream’ gage is 

located at Main Street and Braeswood Blvd.  

 

Figure 4-2: Map of Brays Bayou Watershed that shows the locations of the stage and stream flow gages 

used to validate the model for the July 4, 2018 rainfall event. 
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HEC-HMS performed well for both the events, as shown in Figures 4-3 and 4-4. The 

graphs show the observed gage data (blue, dash line) and the simulated data (black, solid line). 

The time to peak and peak flow coincides well for both observations as seen by the timing of that 

peak in Figure 4-3 and the midstream and downstream location have R2 values of 0.94 and 0.99, 

respectively. These values are important for predicting the timing of a flood and the level of 

water over the banks. The volumes, or area under the curve, also coincide well and are within a 

20% difference. The volume of water is important to determine how much water is overtopping 

the channel and the amount of storage needed to mitigate the flooding. 

 

Figure 4-3: Observed and modeled data for the ‘midstream’ and ‘downstream’ gages during July 4, 2018. 

R2 values for these two gage readings versus the modeled values are 0.94 and 0.99 for the ‘midstream’ 

and ‘downstream’ gages, respectively. The ‘midstream’ gage is located at Gesner Rd and S. Braeswood 

Blvd and the ‘downstream’ gage is located at Main St. and Braeswood Blvd. These two points are 

identified in Figure 4-2 on the map as pink circles and are labeled accordingly.   
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The peak stage measurements as a result of validating the HEC-RAS model for the 4th of 

July rainfall event is shown in Figure 4-4. Observed peak water-surface level elevations are 

compared with HEC-RAS simulated peak elevations at ten locations along the main channel, 

Brays Bayou. The graph in Figure 4-4 shows the correlation between the observed value and 

modeled value at each location.  

 

Figure 4-4: Correlation (R2 = 0.98) between the observed and modeled maximum stage elevation at 10 

locations along Brays Bayou. Each of the gages are associated with the points on the map in Figure 4-2.  

The RAS model used to represent the current conditions was used and previously 

validated in the Bass study (2017). However, the HEC-HMS model was updated to reflect 

changes since the model was produced in 2015. Moreover, the flows from the new HEC-HMS 

model were input into this HEC-RAS model and validated based on the 4th of July (2018) rainfall 

event. The resulting correlation between the observed and modeled water-surface elevations are 

compared in Figure 4-4. Visually, they appear to match well, supported by a R2 of 0.98 for this 

correlation.  Therefore, validity of these two models are ensured as accurate hydrologic and 

hydraulic representations for riverine flood hazard for Brays Bayou. These models can now be 

confidently used to determine the flood hazard for the watershed based on inputting various 

rainfall events with associated annual probabilities.  
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4.2.3 Hazard Modeling Results 

Using the hydrologic and hydraulic models validated in the previous section, the hazard 

modeling is calculated as described in chapter 3.1. and produced the first byproduct of the flood 

risk framework. In this study, the uniform rainfall hyetographs of 2-, 10-, 50-, 100- and 500-year 

rainfall amounts for 24-hour duration design storms were used to create respective floodplain 

maps for the current conditions of the watershed. As an example, the 100-year floodplain is 

shown in Figure 4-5.  

 

Figure 4-5: The 100-year floodplain, or 1% annual probability flood, for Brays Bayou, in Houston, Texas. 

This is the current riverine flood hazard due to flooding from a 1% annual probability rainfall with no 

mitigation in place. It is the result of the first step of flood risk modeling and serves as an input into the 

damage and risk model, along with the other annual probability rainfalls included in this study.  

 The resulting floodplain shown in Figure 4-5 is only one of the eight hazard maps that are 

produced for determining the current riverine risk in Brays Bayou.  Thus, these floodplains are 

the outcome of flood hazard analysis for the first part of the risk analysis framework. The flood 
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hazard maps are important inputs into the damage and risk models discussed in the following 

section.  

4.3 Flood Risk Analysis 

 The floodplains created in the previous section are used as inputs for the damage model, 

the second portion of the flood risk framework. The damage model in Brays Bayou uses the 

European depth-damage curves for single-family homes and the USACE depth-damage function 

for multi-family homes and mobile homes. For each of the flood hazard maps, the damage as a 

result of that event is calculated for each parcel. The sum of the expected damages in these 

events for the entire watershed is represented in Figure 4-6.  

 

Figure 4-6: Current flood damage curve for the Brays Bayou Watershed. Both the scales are logarithmic 

to show the smaller values because both the return periods and the damages associated with them increase 

on the order of a magnitude. This relationship shows for a 2-year event we would expect about $2,000 in 

loss to residential structures and for a 500-year flood hazard we would expect about $800 million in 

damages to residential structures.  
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Although the damage curve in Figure 4-6 is not linear, it reflects the shape of the depth-

damage curves used to determine the relationship between the depth of the water and the 

estimated damage factor of the residential structure. This is not surprising because the depth-

damage curves are used to determine the individual structure losses, and therefore are an integral 

piece in forming this total damage estimate for each increasingly impactful storm. Even though it 

is not strictly linear, it does seem to proportionally increase in damage when the return period is 

increased, as expected. 

 An important input for the damage model used to produce the results in Figure 4-6 are the 

first-floor elevations of the structure. These are necessary to determine the depth of water that 

actually enters the house and actually affects the structure. Unfortunately, in Brays Bayou and in 

Harris County, information regarding the first-floor elevations for individual structures is not 

publicly available. However, a sample of first-floor elevations without specific home locations 

from Brays Bayou Watershed exists (NFIP2018). Therefore, a general distribution of first-floor 

elevations was determined based on generalized extreme value theorem. Using the distribution 

created, a Monte Carlo simulation in which first-floor elevations were applied randomly to 

existing parcels was used to determine the uncertainty caused by lack of specific elevations. The 

resulting distribution of damages when applying this uncertainty analysis is shown in Figure 4-7. 

The first graph (i) is the damage curve shown for a sample of 100 randomized scenarios 

preformed in the Monte Carlo analysis. This shows a very narrow distribution, indicating that the 

uncertainty caused by lack of specific first-floor elevation data for determining the total 

residential riverine flood risk for the watershed is relatively low.  
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Figure 4-7: (i) The distribution of damage curves for total expected damages resulting from the Monte 

Carlo simulation of first-floor elevations in the watershed. (ii), (iii) The distributions for the respective 

points identified on the damage curve graph. These show the scales of difference between the expected 

damages resulting from the design storms. The first box plot (ii) shows the resulting range and 

distribution of expected damages based on the Monte Carlo first-floor elevations based on the 10-year 

rainfall. The second box plot (iii) shows the distribution of damage based on the variable first-floor 

elevations caused by a 100-year rainfall event.  

Additionally, the box plots (ii) and (iii) expand the distribution of the 10-, and 100-year 

expected damages to show the scale of these distributions. The lower the probability, the greater 

the insignificance of the distribution. For instance, the interquartile range for the 10-year rainfall 

event is plus or minus about 11% of the mean expected damage, and the interquartile range for 

the 100-year event is plus or minus about 2% of the mean expected damage. Therefore, the 

uncertainties surrounding the higher probability events are much higher, but the impact of these 

events are on the order of magnitudes lower than the much lower probability events. Thus, their 

contribution to uncertainty in the final risk is relatively small. Furthermore, the risk was 

calculated using the same damage curves produced for each of the scenarios resulting from the 

variable first-floor elevations. The distribution of risk based on these estimates resulted in a 95% 
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confidence interval with a range of about 5%. This low range of risks resulting from the Monte 

Carlo analysis for the uncertainty caused by lack of specific first-floor elevations allows us to be 

confident in using the mean first-floor elevation to determine the total riverine flood risk for 

residential properties in Brays Bayou Watershed.  

4.5 Flood Risk Maps 

The expected loss per rainfall probability expressed in the damage curve in figure 4-6 are 

used to determine risk for the watershed. The expected damages are calculated for each of the 

individual parcels before being summed together to create the residential damage curve in Figure 

4-6. The individual expected annual damage for the parcels are calculated by multiplying 

expected damage for each design storm by their associated annual probability to represent risk. 

The resulting individual residential risks on a parcel-level are spatially displayed in the risk 

profile (Figure 4-8); the total annual expected loss for the watershed is $11 million.  

 

Figure 4-8: The parcel-level individual annual expected loss due to riverine flooding for residential 

properties in Brays Bayou Watershed. However, it must be noted that the amount of damage to the 

structure is related to the value of the structure, and this is one of the more expensive areas along the 
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bayou. Therefore, normalizing the risk values with the consideration of income or structure value may be 

advisable when deciding on mitigation methods and areas to target. 

The higher risk parcels in this sample risk profile are consistent with where we would 

expect the highest damages in an event considering that all the first-floor elevations are assumed 

to be 1.4 feet above the ground level. Further, the areas that have the greatest amount of risk are 

also in communities with known flooding issues and repetitive losses.  

Because the annualized expected damage of a structure is based solely on the value of the 

structure and the depth of water, there are some biases that occur toward mitigation for more 

expensive structures and neighborhoods. To address the social injustice that may arise from 

focusing on the annualized damage of a structure, the annualized expected damages were 

normalized by the value of the structure, as shown in Figure 4-9.  

 

Figure 4-9: Residential annual expected damage due to riverine flooding normalized based on the value of 

the structure for the mid portion of Brays Bayou Watershed. This map displays the risk as a percentage of 

home value based on current conditions in the watershed.  

Damages are higher for a more expensive structure compared to one less valuable, when 

the comparative structures have the same water depth. Figure 4-9 shows the risk as a percent of 
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the structure value, revealing some portions slightly upstream that may be more affected by 

flooding. Further away from the river there is a part of the neighborhood that no longer stands 

out as much as in Figure 4-8, showing the possible bias due to having higher value structures. 

Although the cost is higher, the loss relative to a homeowner’s ability recover may actually cause 

more harm to the person in the lower cost structure. Thus, only relying on the un-normalized risk 

may not fully encompass the losses relative to the stakeholders and the social responsibility of 

those considering these risks. Therefore, normalizing the risk by the structure value or by the 

property owner’s income may better reflect the risk from a large-scale mitigation stand point. 

Overall, both Figures 4-8 and 4-9 reflect the baseline risk for the watershed. These maps can be 

used to identify high risk areas to target mitigation.  

Although the annualized expected damage may help certain stakeholders (e.g. renters 

deciding on a location or whether to buy insurance), flood risk over a longer time horizon is 

necessary for policy makers and long-term homeowners to make decisions. Many of the 

mitigation projects tend to have a higher initial cost than the annual risk and only could be 

considered cost-beneficial over a longer time. Therefore, maps representing the expected damage 

over 8, 30, and 100-year periods (Appendix B) are produced using Equation 3-8 and the methods 

described in chapter 3, in addition to the annual expected damage maps (Figure 4-8 and 

Appendix B). An individual homeowner would be interested in adapting based on the risk over 

one of these time horizons because eight years is the average time a home is owned in Harris 

County and most mortgages are payed over 30-year periods. The resulting 30-year expected 

damage is $278 million, which is referenced in chapter 5 for cost-benefit analysis of mitigation 

strategies. Furthermore, we are assuming the life expectancy of large-scale, hard mitigation 

structures is about 100 years. Therefore, policy makers and stakeholders would be interested in 
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the expected damages predicted over a 100-year time horizon. Overall, these maps are the 

foundation for risk reduction calculations for the watershed and are just an example of how the 

individual risk can be displayed spatially. 
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Chapter 5 : Evaluation of Targeted Mitigation for Reducing Flood Risk 

5.1. Introduction 

While the flood risk profiles created in the previous chapter are useful for highlighting areas of 

high risk, they can also be produced to analyze the cost-benefit of various mitigation measures. 

There are various flood mitigation measures that are used to reduce the likelihood and severity of 

damages due to flooding. Traditionally, many of the federal and local projects in Harris County 

and other parts of the United States have focused on using large-scale, structural projects to 

reduce the extent of the floodplain, thus controlling risk through these means. These large 

projects, such as levees, detention, or widening the channel are the traditional solutions for 

controlling the hazard and reducing flood risk. However, there are other mitigation measures that 

can be applied to individual properties and are more likely to be enforced through policies for 

building and remodeling. These measures are parcel-level engineering measures and are more 

popular in areas that prefer or are unable to avoid the flood hazard. Examples of these techniques 

are lifting the first-floor elevation of a structure, low-impact development, and buyouts.  

5.2. Flood Mitigation Typologies 

For the purpose of this thesis, four mitigation methods are analyzed, including detention, 

channel modifications, elevation of homes, and buyouts. The cost-benefit analysis and risk 

reduction results of applying these four methods are shown in Table 5-1 and outlined in the 

subsequent subsections. 
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Table 5-1: Flood mitigation measures quantified in this study. 

Strategy Description 

Detention Basins Two detention ponds, (1) mid-section of the bayou (2) 
Tributary to Brays Bayou 

Channel and Bridge 
Modifications 

Channel widening and bridge raising planned in Project 
Brays since 2015 

First-Floor Elevations Elevation of homes to previous HCFCD requirements for 
homes within the 10-, 25-, and 100-year floodplains 

Buyouts Homes removed with a 1:1, 2:1, 3:1, and 4:1 market value 
to 30-year, expected loss ratios 

 

5.2.1. Detention  

One of the structural mitigation measures considered in this analysis is the addition of 

detention in the upstream portion of Brays Bayou. The theory behind adding detention is to store 

additional water, which would otherwise cause the channels to overtop downstream, and release 

the water downstream slowly. This attenuates the peak discharge of water, allowing for a lower 

peak that can be contained within the bank of a channel. For the case study area, two detention 

ponds, shown in Figure 5.1, were used for this cost-benefit analysis using the risk-based 

framework described in chapter 3. The larger detention basin is placed in an existing golf course 

along the bayou. Therefore, the conversion of this area to a pond would be relatively easy 

because there are few structures to remove and it could continue to have dual use as a golf course 

most of the time. The second location for a detention basin (Alief Detention Basin) was chosen 

using similar considerations. An area along Keegans Bayou, a tributary to Brays Bayou, with 

little to no buildings or homes, would allow for low cost and be least likely to displace 

inhabitants.  
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Figure 5-1: Additional hypothesized detention basin locations relative to Brays Bayou. In general, 

detention is added upper to midstream to intercept water as it flows toward areas that normally overtop 

banks. 

 

In order to create the detention basins in the hydrologic model, the volume and shape of the pond 

was calculated for the given area. The depth was assumed to be a maximum of 20 feet and the 

surface area at maximum height of the pond was determined by the area estimated on the map 

for the detention. Assuming a 3 to 1 slope, the volume of storage and the outflow based on a pipe 

flow was calculated for incremental heights in the detention basin based on the basin geometry. 

This storage-outflow relationship for the basin was input into the hydrologic model affecting the 

flood hazard and reducing the extent and depth of the floodplain for each return period. Thus, the 

reduction of flood hazard decreases the individual risk for select parcels and affects the overall 

flood risk. The parcel-level expected damages for time horizons 1, 8, 30, and 100 are calculated 

and the annual and 30-year maps are in Appendix C. The watershed-level residual expected 

damage annually is reduced to $10 million and over a 30-year time horizon is $253 million. The 

parcel-level risk reduction is displayed in the map of Brays Bayou Watershed in Figure 5-2. 
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Yellow represents the parcels with the lowest decrease in expected damage over a 30-year 

period, while green and blue represent higher reductions in risk over the 30-year time horizon. 

The reduction of the floodplain due to the detention scenario chosen was low, in most places 

negligible, which accounts for the small decrease in risk relative to the current flood risk in 

Brays Bayou Watershed. 

 

Figure 5-2: Reduction in 30-year risk produced by adding two detention basins for Brays Bayou 

Watershed. Yellow to blue represents low to high decrease in risk over the 30-year time horizon.  

Nevertheless, calculating the risk reduction potential of a project is only half of the 

financial consideration. The other half is to consider the cost of design, construction and 

maintenance of the project. For the detention basins, the investment cost was based on the cost 

for design and construction. These costs were based on previously constructed detention basins 

along Brays Bayou, as a part of Project Brays. Using the volume of material excavated as the 

primary variable in calculating cost, a relationship was developed between cost and volume of 

the detention basin based on averaging the three detention basins created in Project Brays. Then, 

the cost for the two hypothetical detention basins were estimated to be $53 million. The cost 
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added with the residual risk over a period of years is compared to the current risk over that same 

period to determine if the project is cost effective. Generally, for a project with a large initial 

cost, such as this one, the longer the return period considered, the more likely the benefits are to 

outweigh the cost, however over 30 years the total cost is above the current, baseline risk.  

5.2.2. Channelization and Bridge Modification 

 The alternative to detention upstream to delay the release of water in a channel, is to 

modify the channel and bridges downstream. Channel widening allows the bayou to hold more 

water, while channel straightening and removing piers or raising bridges reduces obstacles and 

friction to convey water faster. Both mechanisms allow in the channel to withstand larger peak 

flows. Therefore, the modification of sections of the channel and bridges are lumped together to 

form the second hard mitigation technique in this watershed. Specifically, the scenario used to 

quantify risk reduction encompasses the remaining modifications proposed for Brays Bayou to 

complete Project Brays displayed in Figure 5-3. The map in Figure 5-3 shows the remaining 
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bridge modifications and channel sections remaining in 2015 reflected in the HEC-RAS model 

produced in the Bass study (2017), which is used in this study.  

 

Figure 5-3: The proposed and completed work for Project Brays as of May 2015 adapted from (Bass, et 

al., 2017). 

While there are no changes from the current hydrologic model needed to reflect this scenario, the 

changes in the channel and bridges are reflected in the cross-sections of HEC-RAS, the hydraulic 

model. The risk reduction over 30 years is shown in Figure 5-4 and is a result of the impact of 

this mitigation on the flood hazard. In this scenario, there is a much larger amount of risk 

reduction than in the detention scenario. Because channel widening from this project creates a 

significant amount of storage, much of the reduction is downstream in some of the higher risk 

portions of Brays Bayou.  
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Figure 5-4: this map shows the risk reduction after the implementation the remaining channelization and 

bridge modification planned for Brays Bayou through Project Brays. 

When considering the cost to compare it with the reduction in risk, the initial cost of 

construction for this type of mitigation can be very expensive due to excavation and bridge 

replacement. Particularly, in Project Brays HCFCD has planned to replace or modify a total of 

30 bridges and over 18 miles of excavation along the channel. The remaining portion of the 

project is projected to cost $100 million. The total cost-benefit comparison for the project is 

shown in Figure 5-10 and has the lowest overall cost for the 30-year and 100-year return period.  

5.2.3 Elevation 

As an alternative to large-scale engineering mitigation techniques, e.g detention, parcel-level 

engineering solutions are also considered in this chapter. These parcel-level methods tend to not 

affect the flood hazard part of the flood risk equation. In this thesis, the first of two soft 

mitigation techniques considered is elevation of a structure, Figure 5-5. In contrast to the hard 

engineering techniques, the cost-benefit of elevation is considered for each individual structure. 
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Considering these structures on an individual basis makes it easier to create policies to reduce 

flood risk, without having to reduce the flood hazard on a large scale.  

 

Figure 5-5: The process of lifting a home to create a higher first-floor elevation and reduce the 

vulnerability of the home to flooding. Adapted from (Craft Jack, 2018). 

The residential houses chosen for this analysis are only single-family homes. The current risk 

map is determined assuming a baseline first-floor elevation of 1.4 feet for each house in the 

watershed. The homes to be elevated are chosen based on location; homes calculated to flood 

during the 10-, 25-, and  100- year floods are raised to the pre-existing standards in Harris 

County for new construction, one foot higher than the existing 100-year flood level (HCFCD, 

2009). Figure 5-6 shows the location of homes within the 10-year floodplain in the downstream 

(east) section of Brays Bayou Watershed.  
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Figure 5-6: Homes within the 10- year floodplain, which the first-floor elevations are raised to one foot 

above the 100-year floodplain level with a maximum of six feet.  

In addition to the individual risk evaluation, the cost is also calculated for each individual 

property, unlike for a detention basin or channel widening project. Based on estimates from a 

foundation repair company based out of Houston, the cost of elevation up to 6 feet is a flat rate 

(2018). However, the cost varies based on the base area, type of material, and condition of the 

house. Dawson assumes the cost for the variable that it is generally dependent on is the square 

foot base area of the house. Therefore, the assumption that the house is lifted to a maximum 

height of six feet and the total cost is based on a flat fee of $15,000 and an additional $60 per 

square foot of base area of the house. For example, the cost of raising a house with a base area of 

1750 square feet is $120 thousand.  
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Figure 5-7: Total cost, initial implementation cost added to the residual risk, for the three elevation 

scenarios (1) elevating structures within the 100-year floodplain (2) elevating structures within the 25-

year floodplain (3) elevating structures within the 10-year floodplain calculated over an increasing time 

horizon. 

Each house raised due to its location is added to the total cost and compared with the 

reduction in risk for each of the scenarios. Elevation scenario (10-yr) is the most financially 

feasible, shown in Figure 5-7, and applies to nine homes, costing about $2 million and reducing 

the 30-year risk to $262 million. The alternative soft mitigation technique considered in this 

study is government buyouts, explained in the following section.  

 5.2.4 Buyouts 

The government purchase of private land for homes repetitively damaged by flooding, 

commonly referred to as a buyout, is the second parcel-level mitigation technique considered in 

this thesis. The benefit of buyouts are to remove the inhabitants from flood hazard and to 

eliminate subsequent risk to owners and rescuers, to reduce flood insurance costs for repetitive 

events, and to create open space and potential for recreation for surrounding communities 
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(HCFCD, 2018). Buyouts are often considered on a community scale and are combined with 

other larger scale projects, e.g. buying a community to create a detention basin. Some studies 

argue the purchase of adjacent properties generates more value than the sum of the individual 

flood damage reduction because the properties can be combined to create benefits for the 

community.  

For this thesis, buyouts are analyzed based on only expected damage reduction of the 

individual property and are not dependent on the surrounding properties. After Tropical Storm 

Alison in 2001, Harris County has considered a 4:1 cost to benefit (expected direct-damage 

reduction) ratio for applicants to participate in voluntarily buyouts (FEMA, 2011). In this study, 

the comparison of cost and benefits are analyzed for both a 1:1 and 2:1 cost to expected damage 

ratio. Figure 5-8 shows the locations of homes meeting the 2:1 buyout ratio based on the risk 

time horizon of 30-years.  

 

Figure 5-8: Results from the risk reduction analysis for the 2:1 buyout scenario resulting from the 

reduction of expected damages over a time horizon of 30 years for the study area displayed in this map. 
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  For this Figure and for analysis of buyouts considered in this thesis, the cost compared to 

the risk reduction is determined by the market value of the parcel determined by Harris County 

Appraisal District (2018) and Fort Bend County Appraisal District (2018). Generally, FEMA 

funds buyout projects, which include the purchase of the land, demolition of the structure, 

removal of the utilities and dedication of the parcel as green space (White, 2011). Using the 2:1 

ratio considering the 30-year period, there were estimated to be over 100 homes in the watershed 

to meet these requirements costing a total of $44 million.  

 

Figure 5-9: Comparison of total cost (investment cost + residual risk) for multiple buyout scenarios with 

cost-benefit ratios (CBR). For a time horizon above 50 years, the 2:1 ratio is the most cost effective, and 

after 95 years the 3:1 CBR becomes the most cost effective.  

The buyouts scenario based on the 2:1 ratio is one of the more effective solutions, based 

on the cost-benefit graph compared to the original expected damages, displayed in Figure 5-10. 

Therefore, buyouts, elevation and channel modifications are combined to test the overall risk 

reduction of multiple mitigation and the results are discussed in the following section.  
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5.3 Combined Flood Mitigation 

As mentioned above, the results of the four mitigation strategies are displayed in Figure 

5-10. The graph shows the results from most cost-effective scenarios from each of these sections. 

When considered on an annual risk basis, the initial cost of implementation is much higher than 

the expected damage of any given year. However, since these methods cause permanent 

alterations to the risk overtime, for a cost-benefit analysis, it is more reasonable to consider the 

overall cost for 30-year and 100-year periods.  

 

Figure 5-10: Total cost for each of the technologies quantified in the previous sections. Based on this 

graph, the channel modification (for Project Brays) and the buyout scenario have the highest reduction in 

total costs after a 15-year time horizon. Therefore, these are the methods chosen to create a combined 

mitigation strategy.   

The first technology explored, the combination of two detention basins, results in a higher 

overall cost for all return periods considered based on the high initial cost, and small reduction of 

risk. Meaning, the two detention basins chosen for this analysis did not reduce the risk enough to 

make up for the cost of implementation. Alternatively, the channel modification, with the highest 

initial cost, had the greatest reduction in risk overall. For one year, the initial cost is extremely 

high compared to every other technology, but the flood risk is reduced by 55% over 30 years and 
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78% over 100 years. Next, the results for lifting the first-floor elevation of a structure to above 

the 100-year flood elevation for homes within the 10-year floodplain shows the overall cost 

meets the original risk at about 30 years and lowers when considering the probability over 100 

years. However, the reduction of overall cost is none for 30 years and 0.2% for 100-years 

making this less effective than both the buyout and channel modification. Finally, buyouts for 

houses with a 2:1 ratio of land value to risk value show an increase of 27% in overall cost over 

30 years but a reduction of 44% in overall cost over 100 years. 

 Because the channelization and buyout scenarios had the greatest overall reduction in 

cost, these are the two methods combined to form the final mitigation strategy in this thesis. 

First, the channel and bridge improvements were analyzed for risk reduction. From these results 

the same method of buying out homes with a 2:1 cost-benefit ratio is used to determine what 

homes to remove. The resulting risk reduction of the combination scenario is shown in Figure 5-

11. The results of the channel modifications cause a large reduction in the extent and depth of the 

flood hazard, while the buyout removed structures with a relatively high risk remaining after the 

hazard was reduced.  
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Figure 5-11: This figure shows the reduction of risk from current due to the combination of channel 

modifications specified in Project Brays and buyouts based on a 2:1 cost-benefit ratio. This mitigation 

method results in a total expected cost decrease of 57% over 30 years and a decrease of 80% over 100 

years.  

The results of using both methods demonstrate that the combined mitigation is more 

effective than just adding the results of both. Separately, these methods would have a total initial 

cost of $150 million; however, when used together, the initial cost decreased by 32% to $103 

million. When comparing the reduction of the total cost for the combination of measures 

increases to 80%, while the total cost of the separate measures increases to 70%. This implies 

that the combination of channelization and then buyouts is more cost effective than using them 

both separately. Moreover, combining effective mitigation methods are more cost effective than 

depending on one type exclusively. The results of this chapter are further discussed in the 

following chapter (6).  
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Chapter 6 Conclusion and Discussion 

6.1 Summary of Key Findings 

Recently, there have been several large rainfall events demonstrating the vulnerability of 

coastal cities in the United States. Because there is currently no publicly available flood 

information other than 100-year floodplains for federally required flood insurance, stakeholders 

are lacking pertinent data to make informed decisions about their properties. As rainfall trends 

are predicted to increase in cities like Houston, there is a need to shift from currently flood 

hazard-based analysis to risk-based evaluation of flood mitigation. In order to address this issue, 

this work quantifies flood risk reduction for various flood mitigation methods. In order to 

calculate flood risk, a risk framework is created to evaluate four types of mitigation based on a 

case study for an urban watershed in Houston, Texas.  

As a result of this study, flood risk profiles are created, mapping the expected damages 

under each scenario for every individual residential parcel in the watershed. For current 

conditions, the overall expected residential damages due to riverine flooding for the entire 

watershed are $11 million annually, $265 million over 30 years, and $653 million over 100 

years. In addition to the current conditions, the risk reduction for four mitigation technologies are 

quantified in this thesis. These technologies include detention, channel modifications, structure 

elevation, and government buyouts. When determining the return on investment, the initial cost 

and residual risk for 100 years are compared to current 100-year expected damages. The channel 

modifications and buyouts (with a 2:1 cost-benefit) have the most cost-effective results of the 

scenarios being tested, with total reductions of 77% and 44%, respectively. Alternatively, the 

elevation and detention scenarios proposed do not improve the total cost within 30 and 100 

years. For the most effective elevation scenario, the total cost remains the same over 30- and 
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100-year periods. Furthermore, the detention scenario increases the total cost expected over 100 

years by 3%. Therefore, for the final scenario, channel modification and buyouts with a 2:1 ratio 

are combined. The resulting total cost for this combination scenario decreases the current total by 

80% over 100 years, making it slightly more effective than the channel modification alone. 

Overall, this flood risk framework effectively evaluated each mitigation method and produced 

both quantitative and spatial results, which can be used by individuals or policy makers to inform 

flood risk decisions.   

The spatial nature of the maps produced from the flood risk framework allows for 

targeted mitigation. For instance, homes with high risks that are clumped together may be well 

suited for a buyout scenario to create green space for natural runoff attenuation. Alternatively, 

the spatial character of these maps makes it easier to identify outliers or high-risk homes and 

informs a homeowner or community leader of the need to mitigate these locations. An example 

of this is when there is a home with much higher risk than the surrounding neighborhood, the 

homeowner may decide individually to raise the house to a higher first-floor elevation. 

Additionally, combining damage modeling and hazard maps allows for more accurate cost-

benefit analysis for more projects than traditional floodplain analysis. For example, analyzing on 

a parcel level allows us to consider measures such as raising the first-floor elevation and buyouts, 

which do not affect the flood hazard.  

 Although there are many benefits to using the risk-based framework created in this thesis, 

there are a few issues creating uncertainty within the model. First, the model has some inherent 

assumptions which propagate uncertainties to the results. These include inherent assumptions 

within the hydrologic, hydraulic and damage modeling and are described in chapter 3. Secondly, 

there is both limited data availability and inherent uncertainty for some of the inputs into the risk 
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model. In the hydrologic model, there is inherent uncertainty in the rainfall input because of the 

assumption of stationary rainfall and no factor considered for increasing rainfall overtime. In this 

analysis, the rainfall amounts considered are based on intensity-duration- frequency curves from 

2008 and the newest data, Atlas 14 (Perica, et al., 2018), increase the rainfall amounts, increasing 

the flood risk. In the damage model, there is lack of first-floor elevation data for the individual 

properties, which affects the individual risk calculations. For the overall risk assessment of the 

watershed, this uncertainty is relatively small. However, this widely can change the damage 

estimate for an individual home, making it ideal to add this directly into the model if analyzing 

risk for an individual stakeholder. Furthermore, the depth-damage curves used in the damage 

model assume an average of damage estimates collected from floods, but variables like water 

velocity, length of time inundated, age and condition of the structure, type of material for the 

structure, and contents inside of the structure are either not considered or averaged to form a 

general equation for each structure category. Therefore, if the risk is considered individually, 

there remains factors in the estimation of damages due to flooding that are missing in this 

damage analysis.  

An additional consideration in this work is the intended recipient of the resulting flood 

risks based on this framework. Calculating the risk and evaluating the mitigation methods from 

the perspective of the individual has different implications than for analysis for a policy maker 

making decisions at the watershed or county level. For example, the uncertainties for lack of 

specific first-floor elevations are low using the mean first-floor elevation when calculating the 

total risk for the watershed. However, for a single house, depending on the location of the parcel, 

the risk can vary greatly. Alternatively, it is much easier to obtain the information of elevation 

for a single house and, in that case, often the stakeholder may have this information already. 
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Therefore, the most effective format of delivery of the model or information differs depending 

on the audience. Additionally, there may be other considerations that need to be taken into 

account. For example, in the case of a city planner, issues with social justice need to be 

accounted for in this analysis, which was mentioned in chapter 4. With the flexibility of parcel-

level analysis, the risks can be scaled to any level and normalized to account for variable income 

and structure costs. This allows for multiple stakeholders analyzing with various scales of 

mitigation scenarios, making it an effective, versatile tool.  

 This risk-based framework effectively contributes flood risk reduction analysis and 

parcel-level flood risk maps. Previous risk-based studies provide low resolution results, but this 

study has the advantage of providing this analysis on an individual basis. Additionally, the 

spatially based maps allow for targeted mitigation and potentially clearer communication of 

flood risk to the public than previously published 100-year floodplains in the United States.  

Overall, the framework and analysis produced from this study form the beginning steps of risk- 

and spatially-based flood analysis needed for better quantifying flood risk and the effectiveness 

of specific mitigation in the United States.  

6.2 Future Work 

The framework and quantification of mitigation methods produced in this study can be 

applied to many areas. Due to the modular nature of the framework, any of the components can 

be improved separately and incorporated into the model. This implies the mitigation method is 

easily manipulated by the inputs into the damage and hydrologic models. Therefore, additional 

mitigation scenarios could be tested to improve the analysis of the general mitigation types. For 

the hydrologic and hydraulic analysis, it is recommended in the next stages of this work to 

include Atlas 14 rainfall intensity duration frequency curves to improve the hazard floodplains. 
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Additionally, using 2D hydraulic modeling or 1D coupled with 2D modeling in HEC-RAS 

would enable the flood hazard analysis to include pluvial flooding in the risk analysis, which is 

currently not included in this work. To improve the accuracy of the risk model, the hydrological 

model could be changed to a probabilistic hydrologic model and consider an infinite number of 

hydrological scenarios.  This would improve the range of storms and probability of depths at 

each individual structure.  

In order to strengthen the damage modeling within the risk framework, there are a couple 

of improvements that could be made. First, creating a first-floor elevation prediction model for 

individual parcels in the watershed would greatly improve the accuracy of individual damages. 

This would allow for the parcel-level mitigation scenarios, such as raising a home, to be more 

accurate on an individual stakeholder scale. This could be achieved using surveys or data 

collection tools from stakeholders or by developing an estimation based on street imagery. 

Second, calibration and validation of the damage portion of the model based on flooding claims 

for a storm, such as Hurricane Harvey would increase the confidence in the risk model. 

Additionally, improvement of the depth-damage functions to include more variables than depth 

and the classification of the structure could increase the accuracy of the damage model thereby 

increasing the robustness of the risk model.  

This modular flood risk framework has the potential to be coupled with other risk models 

to create a spatially-based general risk analysis of individual parcels. For example, this could be 

combined with an environmental hazard model and other societal risk factors to help educate 

homeowners and renters what areas are at risk from various hazards. Overall, this framework 

forms the basis of flood risk modeling in the United States giving us the potential create models 
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for a city or community, allowing more informed decisions, leading to more sustainable and 

resilient communities for the future.  
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Chapter 7 Appendices  

Appendix A: Intensity-duration-frequency table for Region II in Harris County 

Table 7-1: Harris County Flood Control District Hydrologic Region 2, Intensity-Duration-Frequency 

Tables for Brays Bayou. Adapted from table II.2.2.3.2  (HCFCD, 2016). 
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Appendix B: Current Flood Risk Profiles. 

 

Figure 7-1: Current Riverine Residential, Parcel-level Annual Expected Damage in Brays Bayou 

Watershed 

 

 

Figure 7-2: Current Riverine Residential, Parcel-level Expected Damage  over 30-year time horizon in 

Brays Bayou Watershed  
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Appendix C: Residential Riverine Flood Risk Profiles for each Mitigation Scenario Tested 

in Brays Bayou 

 

Figure 7-3: Riverine residential, parcel-level annual expected damage in Brays Bayou Watershed after 

applying the detention scenario described in Chapter 5. 

 

Figure 7-4: Riverine residential, parcel-level expected damage over a 30-year time horizon in Brays 

Bayou Watershed after applying the detention scenario described in Chapter 5. 
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Figure 7-5: Riverine residential, parcel-level annual expected damage in Brays Bayou Watershed after 

applying the channel and bridge modification scenario described in Chapter 5. 

 

 

Figure 7-6: Riverine residential, parcel-level expected damage over a 30-year time horizon in Brays 

Bayou Watershed after applying the channel and bridge modification scenario described in Chapter 5. 
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Figure 7-7: Riverine residential, parcel-level annual expected damage in Brays Bayou Watershed after 

applying the elevation (3) scenario described in Chapter 5. 

 

 

 

Figure 7-8: Riverine residential, parcel-level expected damage over a 30-year time horizon in Brays 

Bayou Watershed after applying the elevation (3) scenario described in Chapter 5. 
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Figure 7-9: Riverine residential, parcel-level annual expected damage in Brays Bayou Watershed after 

applying the 2:1 buyout scenario described in Chapter 5. 

 

 

 

Figure 7-10: Riverine residential, parcel-level expected damage over a 30-year time horizon in Brays 

Bayou Watershed after applying the 2:1 buyout scenario described in Chapter 5. 
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Figure 7-11: Riverine residential, parcel-level annual expected damage in Brays Bayou Watershed after 

applying the combination scenario described in Chapter 5. 

 

 

Figure 7-12: Riverine residential, parcel-level expected damage over a 30-year time horizon in Brays 

Bayou Watershed after applying the combination scenario described in Chapter 5. 

 


