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Abstract 

Increase in the frequency of flooding has become a major challenge for many big cities 

around the world. Policy and decision makers employ both structural and non-structural measures 

to achieve resilience against flooding, and flood risk maps can be a useful tool for evaluation of 

both kinds of strategies. Until now, policy makers have mainly been relying on floodplain maps 

(hazard maps) developed for a given frequency rainfall event (e.g. 100-yr event), which represent 

only the hydrologic and hydraulic response of the study area for the rainfall event. More 

information about the consequences of flooding can be presented through spatial risk maps, 

because they combine the probability of a hydrologic event, the extent of exposure to the event 

and vulnerability of the exposed area. 

One city that has been particularly affected by severe flooding in the past and especially 

within the last few years is Houston, Texas. This thesis computes the economic risk for Greens 

Bayou Watershed, located in northeastern Houston, for a more comprehensive assessment of flood 

risk and to better evaluate the effectiveness of suggested flood mitigation strategies.  

The computed risk maps depend upon the floodplain maps obtained through the hydrologic 

and hydraulic modeling, and the modeling approach used to obtain the floodplain maps affects the 

ultimate evaluation of risk. Hence, this thesis also compares the risk maps obtained through 1D 

and 2D hydraulic modeling. Although conducted for only one watershed in Houston, this risk 

analysis helps us understand the importance of using risk maps for better decision making to 

mitigate the consequences of flooding in general. 
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Chapter 1 Introduction 

1.1 Problem Statement 

Population growth, urbanization, and development in natural floodplains in recent decades 

have aggravated the flooding situation around the world. Hence, it has become more challenging 

for policy and decision makers to decide the best structural and non-structural strategies for flood 

mitigation. During the 20th century, efforts were mainly aimed at reducing the hazard (extent of 

floodplain), which represents the effect of flooding only in binary terms – inundated or not 

inundated areas. However, it has become clear that mere information about the floodplain extent 

is not enough to evaluate different mitigation measures and develop effective flood management 

strategies. Beyond evaluating a flood as a hazard, the amount of exposure to flooding and the 

vulnerability of the exposed property/community need to be estimated, which essentially is the 

domain of risk analysis. 

Flood risk analysis not only identifies the hazard, but also evaluates the degree of intensity 

of the flood event and related damages (consequences). The concept of risk analysis has existed in 

the United States since 1960, but it has not yet been appropriately adopted for flood mitigation and 

management. Probable reasons for this could be the limited data availability and higher uncertainty 

associated with damage/loss quantification (Tate, Muñoz, & Suchan, 2015). Such quantification, 

mainly done using depth-damage functions (DDFs), attempts to correlate the damage with the 

depth of flooding. There is even a need to refine the available DDFs or generate new ones. But 
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until such updated DDFs are available, we need to make better use of the available ones for risk 

analysis.  

Cities around the world facing frequent flooding issues can significantly benefit from using 

risk maps for flood management. Houston, TX has been affected by flooding many times in the 

distant and recent past, including recent flooding events like Memorial Day 2015, Tax Day 2016, 

Harvey 2017 and Imelda 2019. Tropical storm Allison 2001 and Hurricane Ike 2008 also caused 

devastating flooding in the Houston region. Thus, Houston seems to be an ideal study area for 

assessing the usefulness of flood risk management using risk maps.  

In response to the city’s frequent flooding issues, Houston has collected substantial flood-

related data. Harris County, which covers most of Houston area, has one of the densest gage 

networks in the entire United States. Apart from that, most recent topographic and statistical 

rainfall data are also available for this region. This data availability can also prove helpful in 

improving the reliability of the hazard and risk analysis results. 

Even after taking extensive flood protection measures in the previous century, decision and 

policy makers are focusing more on achieving resilience to flooding, as floods become more 

frequent and severe around the world. Applying risk analysis for evaluation of mitigation measures 

is a step in the direction of incorporating resiliency in flood management rather than mere flood 

protection/control. Though risk analysis, having a wider scope, is considered more comprehensive 

than simple hazard-based approach, it has its own limitations and uncertainties. Nevertheless, this 

study primarily explores the benefits of conducting risk analysis, assuming that even with those 

limitations it provides more comprehensive and nuanced insights for making effective policy 

decisions. 
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1.2 Objectives 

We focus on the Greens Bayou watershed, located in northeastern Harris County, as our 

study area. Greens Bayou watershed is a highly flood prone and economically disadvantaged area. 

This watershed has benefited from very few flood-reduction measures until now. It is hoped that 

the results presented in this thesis would provide useful and timely insights, as the county is 

currently preparing to invest in effective flood mitigation measures suggested for the Greens 

Bayou watershed. 

Objectives of this study are threefold: 

1. Develop 1D and 2D unsteady HEC-RAS models to assess the change in floodplain 

compared to current FEMA flood maps 

2. Create risk maps using 1D unsteady and 2D HEC-RAS models for upstream part 

of the Greens Bayou watershed and assess how the choice of the modeling method 

affects the resulting maps. 

3. Generate the risk map for the entire watershed using 2D HEC-RAS model and 

evaluate proposed or ongoing mitigation strategies – mainly detention basins. 

Selection of the modeling method also plays an important role in hazard and risk mapping. 

Both 1D and 2D hydraulic models cover different level of details and this affects the computed 

floodplain and flood depth. Since the maximum flood depth computed in hazard mapping is used 

for risk analysis, computed risk values vary with the variation in estimated maximum flood depth. 

Therefore, this thesis develops both the 1D and the 2D unsteady hydraulic models in HEC-RAS 

for the comparison of variation in risk map with the selection of model. 
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After discussing the process involved in obtaining the risk maps, we assess the 

effectiveness of different mitigation measures using these maps. Mitigation strategies can be 

structural or non-structural, but this study mainly assesses structural measures. Mitigation 

structures considered for evaluation are large/medium size detention ponds. On the other hand, we 

do not consider improvement of stormwater drainage system, channel improvement and smaller 

community level detention, because of the limitations of modeling tools used for this project. 

Given the amount and frequency of rainfall that Houston receives, bigger detention pond are 

needed to capture more floodwater. The detention basins evaluated in this thesis are either 

currently under construction or suggested by us based on buyout and vacant land location. 

1.3 Thesis Structure 

This thesis is divided into six chapters. The literature review is covered in chapter 2, giving 

more details on definition of risk, damage analysis and risk analysis. Chapter 3 explains the 

methods adopted for various components of risk analysis as well as for evaluation of mitigation 

strategies. The case study area and hazard analysis results are discussed in Chapter 4. Chapter 5 

presents risk analysis results and evaluates the effectiveness of the proposed detention basins by 

creating new risk maps reflecting the reduction in damage due to the mitigation measures. Finally, 

Chapter 6 concludes the observations and outlines the questions that can be answered in future 

research work. 
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Chapter 2 - Literature Review 

2.1 Hazard Mapping in the United States 

Flood hazard maps usually show the area within the 100-year floodplain, which is the area 

that can be flooded during a 100-year, 24-hour rainfall event, also known as “Base Flood.” There 

is a 1% chance each year that a 100-yr rainfall event will occur.  The 100-yr floodplain is 

considered as the Special Flood Hazard Area (SFHA) for Flood Insurance Rate Mapping (FIRM). 

SFHA maps are created by the Federal Emergency Management Agency (FEMA) as part of the 

National Flood Insurance Program (NFIP), which came into effect in 1968. 

Hazard/floodplain mapping is the major component of NFIP, as these maps are used to 

decide the flood insurance requirements in the areas prone to floods. Apart from the 100-yr 

floodplain, FEMA also uses a 500-yr floodplain to mark the lower risk areas. A 500-yr event has 

0.2% chance of occurrence in a given year. Based on these floodplain maps, FEMA delineates 

flood zones as described in table 2.1. 

Table 2.1: FEMA Flood Zones 

 

Flood Zone Description

A SFHA without Base Flood Elevation

AE, A1-30 SFHA  with Base Flood Elevation

V Coastal 100-yr floodplain without Base Flood Elevation

VE Coastal 100-yr floodplain with Base Flood Elevation

B and X (shaded) Moderate flood hazard zone between base flood and 500-yr floodplain

C and X (unshaded) Minimal flood hazard zone outside 500-yr floodplain
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As shown in table 2.1, hazard maps may or may not have base flood elevation (BFE) 

information, which is the elevation of base flood water level. Thus, the maximum amount of 

information contained in the hazard map is the base flood elevation within the 100-yr floodplain. 

Many times, due to lack of proper hydrologic and hydraulic models, a hazard map merely shows 

the areas inside and outside the floodplain. However, Houston floodplain maps are developed 

using hydrologic and hydraulic models and hence base flood elevation information is available for 

the city. 

Additionally, current hazard maps in practice in the United States are out of date. FEMA 

and local authorities are working on updating these maps in many parts of the country utilizing the 

latest data and software, but it will still take time before they are available for regulatory use. This 

thesis addresses this issue by creating a new HEC-RAS 2D model of Green Bayou Watershed, 

using the latest land use, LiDAR and rainfall statistic data. 

Apart from the NFIP, these hazard maps are used for many other flood management 

purposes such as evaluation of structural measures and land planning strategies. Although “hazard” 

mainly expresses whether property will flood or not and at the most gives information about the 

depth of flooding, it is still an essential part of current flood management. Whereas risk analysis 

not only recognizes the hazard, but it also incorporates the damage caused by the hazard. Very 

aptly put by (Samuels & Gouldby, 2009), recognition of hazard doesn’t lead to the possibility of 

damage. Damage to infrastructure, society or environment is determined by the exposure to the 

hazard. This understanding is very important to recognize the importance of the risk over hazard. 

Many studies have outlined the significance of risk over hazard.  (Plate, 2002; Rincón, 

Khan, & Armenakis, 2018) discuss the various application of risk maps for flood management. 

The next section explains how risk communicates more information than hazard, but it is important 
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to note that hazard is an important component of risk analysis. Damage analysis as part of risk 

assessment utilizes the output of hazard maps (flood depth) to compute losses. Moreover, the 

uncertainty related with risk analysis comes from both hazard and damage analysis. Very few 

studies have conducted uncertainty or sensitivity analysis to account for the effects of uncertainty 

in both these models on overall uncertainty in computing risk (Tate, Muñoz, & Suchan, 2015). 

2.2 Risk Analysis 

Definition of risk varies with the discipline/area, but even within the same field it varies 

based on the purpose of study. Depending on the decision maker’s role and area of concern, the 

definition and estimation of flood risk changes, but the core concept of measuring intensity of the 

impact of flood hazard in terms of exposure remains the same. Engineers, social leaders and 

environmentalists estimate the risk posed by flooding differently. Engineering practice is to 

quantify the risk or damage. On the contrary, a sociologist might focus more on qualitative analysis 

(Meyer, Scheuer, & Haase, 2009). 

Standard practice is to consider flood risk as a function of probability of hazard, exposure 

and vulnerability (Klijn, Kreibich, de Moel, & Penning-Rowsell, 2015; Samuels & Gouldby, 

2009). “Exposure” measures the extent of flooding, depth of water, velocity of water, and time 

duration of inundation. “Vulnerability” is a function of the susceptibility and the value of the 

receptor, which is people and/or property. Equation 2.1 presents this general definition of risk. 

 Risk =  𝑓 (Probability of Hazard , Exposure , Vulnerability) (2.1) 
 

While the above terms are interpreted similarly in many studies, they can also be presented 

differently in different contexts. For example, probability can be a probability of failure of a 
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mitigation structure or it can also be the probability of occurrences of hazard (Klijn et al., 2015). 

Additionally, these terms can be combined in different ways for estimating risk, based on the area 

of application. Usually, combining these different components yield the following definitions of 

risk (Klijn et al., 2015). 

 Risk =  Hazard x Vulnerability (2.2) 
 

 Risk =  Probability x Consequences (2.3) 
 

In the first definition (equation 2.2), “hazard” is considered as a product of probability and 

exposure. In the second (equation 2.3), the term “consequences” represents a combination of 

exposure and vulnerability. In this study, we follow the second definition – risk as a product of 

probability and consequences – as engineering practices mainly focus on reducing consequences 

by reducing exposure and/or vulnerability. The first definition is more useful for social scientists 

who primarily focus on measuring and reducing the vulnerability of people affected by flood 

hazard, assuming that hazard remains the same.  

Definition of risk in equation 2.3 is generally represented by a damage-probability curve 

(figure 2.1), for computations (Meyer et al., 2009). The area under this curve is the risk. Damage, 

in this curve, is essentially consequences, which is measured through hazard and damage 

modeling. Hazard analysis estimates the exposure and damage analysis estimates vulnerability. 

Vulnerability is mostly presented as damage to structure, but researchers are currently making 

active efforts to include social and environmental vulnerability as well. This project is considering 

economic damage, so it is presented in the dollar amount. Exceedance probability is the probability 
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of occurrence of flood in a given period of time (usually a year), which is inverse of return the 

period of the event. 

 

Figure 2.1: Damage-probability curve. From (Meyer et al., 2009) 

Thus, generally in engineering practices, flood risk is computed using a set of rainfall 

events, with known frequency or return period. The damage values for each event generates 

damage-probability (or risk) curve (figure 2.1), and annual average damage (risk) is calculated 

using the composite trapezoidal rule (equation 2.4) (Ernst et al., 2010; FEMA, 2018; Meyer et al., 

2009). 

 𝑅𝑖𝑠𝑘 =  〈𝐷〉 =  ∑ [(
1

𝑇𝑖−1
−

1

𝑇𝑖
)

𝐷𝑖−1 − 𝐷𝑖

2
]

𝑁

𝑖=1

 
(2.4) 

 

Where, D is damage or impact, T is flood frequency or return period, and N is total number of 

flood events. 

The idea of risk analysis is not new. It was introduced in the United Sates in 1960s. 

However, it is still not part of the current flood management practice. FEMA developed the first 

version of its risk analysis software HAZUS (Hazards U.S.) in 1997, and in the same year USACE 

also released HEC-FDA (Hydrologic Engineering Center – Flood Damage Reduction Analysis). 
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These software have different capabilities. HEC-FDA is mainly used for computing flood damage, 

but the latest version of HAZUS has the capability to carry out multi-hazard analysis. Both are 

employed mainly for benefit-cost analysis or damage analysis but rarely for flood risk mapping. 

FEMA is currently moving towards creating risk maps for better flood management, but this is 

still a work in progress.  

2.3 Damage analysis 

Once hazard analysis is completed and floodplain maps are ready, damage is calculated for 

each frequency storm to generate the damage-probability graph. The method of damage estimation 

varies with the criteria because the nature of damage depends on the criteria as well. The following 

paragraph explains the usual practice of categorizing damage. 

Damages can be classified in two main categories: Direct and Indirect (Jongman et al., 

2012; Merz, Kreibich, Schwarze, & Thieken, 2010). Direct losses are caused in a flooded area due 

to the interactions of standing or flowing water with structures, ecology or humans; whereas 

indirect losses occur outside of the actual floodplain of the event. Both these classes can be further 

divided into tangible (monetarily quantifiable) and intangible (monetarily unquantifiable) losses. 

Thus, damages can be Direct Tangible (structure or infrastructure losses), Indirect Tangible (loss 

of jobs, impact on public services outside the flooded regions), Direct Intangible (loss of life, 

disease outbreak, effects on ecosystem, damage caused to structures/buildings with heritage 

importance etc.), or Indirect Intangible (trauma) (Jongman et al., 2012; Merz et al., 2010). The 

majority of the current economic risk analysis practice focuses mainly on “Direct Tangible” losses 

which presents risk in purely monetary terms. Depth-damage function (DDF) is an example of the 

measurement of such losses. Various DDFs in use are explained in the next section. 
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2.3.1 Depth-damage Functions 

The concept of depth-damage curve is as old as flood risk analysis and thus abundance of 

data is available on it. Many countries have developed their depth-damage curves using damage 

data collected after flood events and/or expert opinion. Few studies have compared these different 

DDFs (Huizinga, Meol, & Szewczyk, 2017; Jongman et al., 2012). JRC (European Commission, 

Joint Research Centre) (Huizinga et al., 2017) has also suggested developing DDFs which can be 

used on a continental or global scale. Different countries use different methods for the development 

of DDFs. Two major approaches are the empirical and the synthetic methods, and sometime both 

are combined (empirical-synthetic). The empirical approach employs the damage information 

collected after flood events whereas the synthetic approach uses expert opinion and what-if 

questions. Further, some models use depreciated asset values and some use replacement values for 

damage calculations. 

 

Figure 2.2: Depth-damage functions from different countries. From (Jongman et al., 2012) 
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 Moreover, the spatial applicability of these DDFs also varies. Some DDFs are developed 

for individual structures or for local level analysis and some are generated only for specific land 

use types. Although the European depth-damage curves are developed for certain land use types, 

they match closely with those developed by the United States agencies, which are mainly for 

individual building/infrastructure types (Huizinga et al., 2017). Thus, understanding the 

development process of the depth-damage is important in deciding which available DDF would be 

suitable for the given study. It should also be noted that all these DDFs have a lot of inherent 

uncertainty because of errors and uncertainty related to damage data collection and errors in expert 

judgment in estimating various components of damage. 

Various agencies in the United States have developed depth-damage curves for risk 

assessment. The Flood Insurance Administration (FIA) first published DDFs for different 

residential structures in 1970 and 1973 following implementation of the flood insurance program. 

As more data was collected through flood insurance claims, later credibility-weighted DDFs were 

developed by FIA. USACE released a catalogue of DDFs for various types of residential structures 

in 1992. In 2000 and 2003, USACE released structure and content DDFs for residential structures 

with and without basements using combined empirical and synthetic methods (USACE, 2000, 

2003). Moreover, some USACE districts have also developed their own guidelines and DDFs 

suitable for that particular region which can be also be applicable to other areas in the United 

States. USACE Chicago, Galveston, New York, New Orleans, Philadelphia, St. Paul and 

Wilmington districts have developed DDFs for various residential and non-residential structures. 

These depth-damage curves generated by USACE show damage in the percentage of structure 

value. 
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Usually, DDFs for structures do not account for the damaged objects inside the building 

which are not permanently installed, and all these other movable assets are known as content. 

Hence, two types of curves were developed: structure depth-damage curves and content depth-

damage curves. Initially, damage to content was measured by multiplying content value to the 

depth-damage function for the content, and content value was derived using structure value and 

content-to-structure-value ratio. In the latter approach, which assumes that content damage is 

proportional to the structure value, the content depth-damage curve shows the damage fraction in 

multiplication of structure value. Thus, the current approach of content damage evaluation 

eliminates the need for content-to-structure-value ratio. (USACE, 2003) documents both structure 

and content DDFs for residential structures. 

All these U.S. based DDFs are provided in HAZUS-MH, which is a software developed 

by FEMA. HAZUS provides an option to enter user defined DDFs as well. Moreover, it is set up 

for parcel level (micro-scale) or census block level analysis. Though this software contains all the 

essential information regarding risk analysis, this study extracts useful information from HAZUS 

but develops its own framework to generate spatial risk maps.  



14 

 

 

Chapter 3 - Methods 

 

Risk analysis is conducted in three steps – 1) create hazard maps for various frequency 

rainfalls, 2) compute the damage for each selected rainfall event and 3) assess risk by combining 

the damages computed for selected rainfall events using equation 2.3. The first and second steps 

are explained in this chapter. Once these two steps are completed, the final step mainly employs 

equation 2.3 to calculate the composite risk as explained in the literature review. 

3.1 Hazard Modeling 

In risk analysis, hazard mapping/modeling involves computation of flood depth above the 

ground and its extent in the watershed, for different frequency rainfalls. We consider 10-yr, 25-yr, 

50-yr, 100-yr, 250-yr and 500-yr frequency rainfall events in this study. Hazard mapping is done 

by hydrologic and hydraulic (H&H) modeling. H&H models are generally used in combination to 

generate a flood map for a given area. The hydrologic model calculates rainfall losses, runoff and 

flow in the channel, whereas the hydraulic model creates the final floodplain map by computing 

water elevation in the channel and channel bank area. 

HEC-HMS (Hydrologic Engineering Center - Hydrologic Management System), Vflo, and 

MIKE-SHE are commonly used hydrologic modeling software. HEC-HMS, developed by USACE 

(U.S. Army Corps of Engineers), is a semi-distributed model that allows a watershed to be divided 

into subbasins for runoff and rainfall loss calculations. Vflo is a distributed hydrologic model 
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which solves the Kinematic Wave Equations using Finite Element Method. MIKE-SHE provides 

options to choose from fully distributed conceptual and physics-based methods, with capability to 

do fully integrated surface and groundwater modeling, employing the finite difference method for 

physics-based models. All these models have their pros and cons, but this study uses HEC-HMS 

because it is used by FEMA for Flood Insurance Rate Mapping (FIRM) and because it is widely 

used in the United States. 

The hydraulic model HEC-RAS (Hydrologic Engineering Center - River Analysis 

System), also developed by USACE, is generally used in conjunction with HEC-HMS. Other 

hydrodynamic models such as LISFLOOD-FP are also available, which solve shallow water 

equations using the finite difference method. But this project uses HEC-RAS because FEMA 

insurance floodplain maps are generated using this software in combination with HEC-HMS. 

Instead of employing the currently available FEMA insurance maps, this thesis develops 

new hazard maps for three reasons. First, the modeling capacity of HEC-RAS has been enhanced 

since 2007 when FEMA last created its flood maps for the Houston area. Given the significant 

improvement in the capabilities of hydraulic modeling software in the last decade, more accurate 

and detailed flood maps can now be generated. Secondly, apart from the updates in H&H software, 

rainfall statistics have also changed over the years, which can change the extent of the floodplain 

significantly. NOAA released updated precipitation (rainfall) frequency for Texas in 2018, which 

showed a big jump in frequency rainfall. Thirdly, the latest LiDAR (Light Detection and Ranging) 

data for 2018 is available for the Houston region and incorporating this into the HEC-RAS model 

gives flood depth based on the current land condition.  
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3.1.1 Synthetic Rainfall 

Synthetic rainfall is derived from observed data collected for decades, presented in terms 

of return-period (T), which is basically the frequency of the storm. Inverse of return period (1/T) 

gives the probability of occurrence of that storm in a one-year period. For example, a 100-year 

synthetic storm has 0.01 annual probability of occurrence. This study considers 10-yr, 25-yr, 50-

yr, 100-yr, 200-yr, and 500-yr 24-hour rainfall events to obtain the damage-probability curve for 

risk analysis. As mentioned earlier, this damage-probability curve shows damage caused by 

various frequency storms and annual risk is calculated by computing the area under this curve. 

This project employs new Atlas 14 Volume 11 (Perica et al., 2018) rainfall statistics 

released by NOAA in November 2018, which is planned to be used for future HCFCD/Harris 

County projects. Until now HCFCD has been using frequency rainfall computed by USGS 

(Asquith, 1998)  for all the stormwater management projects as well as for FEMA floodplain 

modeling. No major update took place on rainfall statistics after this USGS study for the Texas 

region. Before this USGS study, synthetic rainfall estimates released in TP-40 (Hershfield, 1961), 

TP-49 (Miller, 1964), and Hydro35  (Frederick, Myers, & Auciello, 1977) were used for floodplain 

mapping and management. 

NOAA Atlas 14 rainfall analysis is based on L-moment statistics, which is similar to the 

approach used by the USGS, but severe storms which occurred during past two decades affected 

the rainfall frequency significantly. This statistical analysis of rainfall presents frequency rainfall 

events in partial duration series. Partial duration series for 10-yr, 25-yr, 50-yr, 100-yr, 200-yr, and 

500-yr rainfall events for Greens Bayou watershed are shown in the appendix. 

For the consistent application of depth-duration-frequency data, HCFCD divided Harris 

county into three hydrologic regions. For more details on how these regions were identified, refer 
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(HCFCD, 2019b). The Greens Bayou watershed falls under region 2 as shown in figure 3.1. New 

100-yr/24-hour rainfall for the Greens Bayou watershed is 16.9 inches, 3.7 inches more than the 

previous value (13.2 inches). Similarly, updated 500-yr/24-hour rainfall is 25 inches, 6.1 inches 

higher than the previous 500-yr rainfall (18.9 inches). Table 3.1 reflects this increase in rainfall. 

Thus, new rainfall frequency study substantially changes the floodplain in the Harris County.  

 

Figure 3.1: Harris County Hydrologic Regions. From (HCFCD, 2019b) 

Table 3.1: Old and new (Atlas 14) 100-yr and 500-yr rainfall 

 

Duration

Old 100-yr 

Rainfall

(inch)

New 100-yr 

Rainfall

(inch)

Old 500-yr 

Rainfall

(inch)

New 500-yr 

Rainfall

(inch)

5 min 1.2 1.26 1.5 1.58

15 min 2.1 2.49 2.7 3.12

60 min 4.3 4.78 5.5 6.23

2 hr 5.7 6.89 7.5 9.56

3 hr 6.7 8.48 9 12.2

6 hr 8.9 11.3 12.2 16.7

12 hr 10.8 14 14.7 20.9

24 hr 13.2 16.9 17.7 25
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3.1.2 Hydrologic Modeling using HEC-HMS 

HEC-HMS uses empirical, conceptual or physically-based models to represent different 

hydrologic processes. This semi-distributed model divides the watershed into small subbasins 

(lump models) and calculates different rainfall losses and direct runoff for these subunits. Runoff 

coming from the small sub-drainage areas flow into the channel which can be modeled by different 

routing models. 

The HEC-HMS model used here is downloaded from the HCFCD M3 system, which 

provides access to H&H models developed for FEMA insurance maps. This model covers the 

entire Greens Bayou watershed, but we focus on the upper portion of the watershed for hydrologic 

modeling and hence some downstream portion of the model is deleted. This updated HMS model 

is validated against observed flow data of Tax Day 2016 and Harvey 2017 flooding. Validation 

results are presented in chapter 4. 

For actual rainfall events like Tax Day 2016 and Harvey 2017, different rainfall values can 

be assigned to subbasins in HMS. Next-Generation Weather Radar (NEXRAD) rainfall data on 

subbasin level was provided by Vieux & Associates for this study. For frequency rainfall, partial 

duration rainfall values are used creating the same hyetograph for all subbasins. Selection of 

methods/models for processes like infiltration, runoff, and routing change according to the 

availability of data and project needs. 

In HEC-HMS, infiltration/losses can be estimated using initial and constant rate model, 

deficit and constant rate model, SCS curve number method or Green and Ampt method (Feldman, 

2000). M3 model uses Green and Ampt method for all the subbasins. This is a conceptual model 

presented as follows: 
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𝑓𝑡 = 𝐾 [

1 + (𝜑 −  𝜃𝑖)𝑆𝑓

𝐹𝑡

] 

 

(3.1) 

 

where 𝑓𝑡  is loss during period t, 𝐾  is saturated hydraulic conductivity, (𝜑 −  𝜃𝑖)  is volume 

moisture deficit, 𝑆𝑓  is wetting front suction, and 𝐹𝑡 is cumulative loss at time t. 

M3 HMS model employs Clark Unit Hydrograph Model among other options given in 

HMS (Snyder Unit Hydrograph, SCS Unit Hydrographs and ModClark Model) for direct runoff 

calculations and assumes that baseflow is null/negligible. “Time of concentration” and “storage 

coefficient” are the two parameters assigned to each subbasin in this method, which are usually 

manipulated for model calibration. Moreover, lag and modified pulse methods are used for flow 

routing in the channel. In lag method, peak of the hydrograph is simply lagged by the given lag 

time. Modified pulse method, known as storage routing, solves the finite difference approximation 

of continuity equation and empirical momentum equation. All the already assigned parameters in 

the downloaded M3 HMS model are kept the same in updated HMS model presented in figure 3.2. 

 

Figure 3.2: Modified HEC-HMS M3 model 
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The updated and validated HMS model is then used to model new Atlas 14 frequency 

storms. Net rainfall and flow values calculated in HMS are incorporated in HEC-RAS models 

explained in the next subsection. 

3.1.3 Hydraulic Modeling using HEC-RAS 

All HEC-RAS 5.0 versions can do 1D, 2D and coupled 1D/2D modeling. A 2D model 

captures the fluvial (riverine) and pluvial (street) flooding in a user defined 2D area, whereas a 1D 

model can only calculate riverine flooding in the 1D cross-section areas created across the 

watercourse.  While 2D modeling does not account for hydraulic structures and requires more 

computational power, it is a better choice over 1D for this project because it can simulate flooding 

effectively in flat topographical areas. However, current RAS versions don’t have the capability 

to perform hydrologic calculations.  Some inputs – for example, flow hydrographs readings at 

particular stations and net rainfall (actual rainfall minus rainfall losses) – are derived from HMS 

model results. This project chooses HEC-RAS 5.0.7 version for modeling. More discussion on 1D 

and 2D model computation is in next section. 

1D modeling in HEC-RAS 

HEC-RAS has capability to do both the 1D steady and unsteady computations. The 1D 

steady state modeling solves the energy equation given below (3.2), for known peak flow at cross-

sections (figure 3.3), employing standard step method.  

 𝑍2 +  𝑌2 +
𝑎2 𝑉2

2

2𝑔
=  𝑍1 +  𝑌1 +

𝑎1 𝑉1
2

2𝑔
+ ℎ𝑒 (3.2) 

where, 𝑍1 and  𝑍2  are the elevations of main channel, 𝑌1 and 𝑌2 the water depth, 𝑉1  and 𝑉2  the 

average velocities and 𝑎1 and 𝑎2 the weighting coefficients at cross-section 1 and 2. g and ℎ𝑒 are 

gravitational acceleration and energy head loss, respectively. 
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1D unsteady solves the conservation of mass (continuity) and the conservation of 

momentum equations and uses entire hydrograph instead of just the peak flow. Final forms of both 

the continuity and the momentum equation are given below (3.3 and 3.4 respectively). 

 

 
𝜕𝐴𝑇

𝜕𝑡
+  

𝜕𝑄

𝜕𝑥
− 𝑞𝑙 = 0 (3.3) 

 
𝜕𝑄

𝜕𝑡
+

𝜕𝑄𝑉

𝜕𝑥
+ 𝑔𝐴 (

𝜕𝑧

𝜕𝑥
+  𝑆𝑓) = 0 (3.4) 

Where 𝑄  is flow and 𝑉  is velocity. 𝐴𝑇  and 𝑞𝑙  represent total flow area and lateral flow 

respectively. 𝐴𝑇 includes both the cross-sectional and the off-channel storage areas. 𝑆𝑓  is friction 

flow, estimated using Manning’s friction equation. 
𝜕𝑧

𝜕𝑥
 is the slope of water surface and 𝐴 is the 

cross-sectional area. 

Thus 1D steady state gives only the maximum water surface elevation, assuming 

simultaneous occurrence of channel peak flow at all the cross-sections, and 1D unsteady gives the 

water surface profile for the entire storm duration. This thesis develops 1D unsteady model to 

generate risk maps, because it gives more accurate maximum water depth compared to 1D steady 

state. 
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Figure 3.3: HEC-RAS 1D model 

For unsteady computation, equations 3.3 and 3.4 are further modified to distinguish 

between the channel and the overbank flow. Modifying these terms is important, since during the 

overflow the primary direction of flow is not through the channel, as water tries to take the shortest 

possible path from one point to another, and hence flow through the floodplain. The modified 

equations are 3.5 and 3.6. These equations are solved using four-point implicit finite difference 

method (box scheme), since it provides a solution for any one point, taking in account the values 

at other points in the reach. 

 
𝜕𝐴𝑇

𝜕𝑡
+  

𝜕(ɸ𝑄)

𝜕𝑥𝑐
+

𝜕((1 − ɸ)𝑄)

𝜕𝑥𝑓
= 0 

      

(3.5) 

 
𝜕𝑄

𝜕𝑡
+

𝜕(ɸ2𝑄2/𝐴𝑐)

𝜕𝑥𝑐
+

𝜕((1−ɸ)2𝑄2/𝐴𝑓)

𝜕𝑥𝑓
+  𝑔𝐴𝑐 (

𝜕𝑧

𝜕𝑥𝑐
+  𝑆𝑓𝑐) +  𝑔𝐴𝑓 (

𝜕𝑧

𝜕𝑥𝑓
+

 𝑆𝑓𝑓) = 0  

      

(3.6) 

Here the subscripts c and f are for channel and floodplain respectively. ɸ =  𝐾𝑐/(𝐾𝑐 + 𝐾𝑓) with 

𝐾𝑐 representing conveyance in channel and 𝐾𝑓 the conveyance in floodplain. 
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Boundary conditions for the most upstream and the downstream cross-sections of the entire 

reach is required for 1D models. Upstream boundary condition can be flow or stage hydrographs, 

and downstream boundary condition can be hydrographs, rating curve, or normal depth. Other 

cross-sections in-between don’t require any inputs, but usually uniform or later flow hydrographs 

are assigned to these cross-sections to capture runoff coming from the drainage area. 

Development of 1D model 

The RAS 1D model used as part of this work is the modified M3 model downloaded from 

HCFCD website. M3 HEC-RAS is a steady state model. However, for this thesis an HEC-RAS 

unsteady model is created by modifying the boundary conditions. Figure 3.3 above shows the 

modified 1D model area, covering the upstream portion of Green Bayou, as that is the area of 

interest for 1D modeling. The cross-sections created in M3 model are kept the same, but additional 

uniform and lateral flow boundary conditions are added using HEC-HMS hydrograph output. Then 

the updated model is validated against the observed gage data for Tax Day 2016 and Harvey 2017 

flood events. Chapter 4 presents the validation data. 

2D modeling in HEC-RAS 

HEC-RAS 2D solves the Shallow Water equations, which are simplified version of Navier-

Stokes equations, based on the assumptions that flow is incompressible and vertical velocity is 

small owing to smaller vertical length scale compared to horizontal (Brunner, 2016). Shallow 

Water equations can be modified further, when gravity and bottom friction terms are dominant in 

momentum equations. These approximated equations are known as Diffusion Wave 

Approximation. HEC-RAS provides options for using both Full Shallow Water and Diffusion 

Wave equations. Full Shallow Water equations take more computational time than Diffusion 
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Wave, and it is mainly useful to model dam or levee breach. This project mainly uses Diffusion 

Wave approximation, as the modelled flow is expected to be shallow enough to disregard 

advection and viscous terms in momentum equations. 

HEC-RAS 2D employs Finite Volume method to solve both, the Diffusion Wave and the 

Full Shallow Water equations. It uses surface elevation information from Digital Elevation Map 

(DEM) for computation and usually the resolution of DEM is higher than the computation cell 

size. To utilize the finer terrain information available within a grid cell, HEC-RAS uses sub-grid 

bathymetry approach (Brunner, 2016). It reduces computational time using coarser computational 

grid but without losing finer details of underlying topography. For more information of sub-grid 

bathymetry, refer (Casulli, 2008) and HEC-RAS manual (Brunner, 2016). 

The 2D model uses the implicit finite volume method to solve shallow water equations. 

Finite volume works better for 2D because it is more stable compared to finite difference and finite 

element. But both 1D and 2D models use implicit schemes to get near accurate results for even 

larger time steps. 

Development of 2D model 

The steps involved in HEC-RAS 2D modeling and validation are as follows: 

1) Create a 2D domain around the study area and assign boundary conditions 

For this project, one 2D RAS model was generated covering the drainage area of Greens 

and Halls bayou, as shown in figure 3.4. This 2D domain was delineated such that it does not 

collect water from adjacent watersheds. Mesh size for this 2D model was set at 150 ft x 150 ft, 

based on how well the modeled results match the observed USGS and HCFCD gage data for two 

validation rainfall events: Harvey 2017 and Imelda 2019. 
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Since the created 2D domain covers the entire drainage area of the watershed, it only has 

downstream boundary condition. Normal depth was assigned as downstream boundary condition. 

Two other boundary conditions are assigned on the side edge of the watershed area so that water 

can flow through the boundary without being constrained to flow within the 2D domain. 

 

Figure 3.4: HEC-RAS 2D model domain. 

2) Input net rainfall information 

Net rainfall is the actual rainfall minus infiltration and other losses. Before rainfall 

generates runoff/overland flow, it percolates/infiltrates into the ground and this continues even 

after runoff starts. The amount of rainfall that creates surface runoff is net rainfall. In urban areas, 

stormwater collection systems also collect the rainfall which affects the total net runoff. HEC-RAS 

5.0 versions don’t have the capability to calculate infiltration or other rainfall losses, but HMS can 

calculate infiltration losses. Thus, net rainfall calculated by the HMS model was applied to the 
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entire 2D domain. Additionally, this rainfall was applied uniformly, since RAS 2D doesn’t allow 

distributed rainfall in the domain. 

3) Input the terrain and land cover/ land use data 

Terrain and land use data is very essential for 2D modeling. Terrain information is inserted 

as Digital Elevation Model (DEM) which provides ground surface elevation for 2D computation. 

Land cover information is used for assigning roughness co-efficient (Manning’s n value) for the 

various land usage in the study region, which affect the flow velocity of runoff. 2018 Light 

detection and ranging (LiDAR) data was used as terrain data and 2018 Houston-Galveston Area 

Council (H-GAC) land use/ land cover data was used as land cover information. 2018 LiDAR data 

obtained from H-GAC has a resolution of 1m. H-GAC land use/land cover map developed using 

LandSat 8 satellite presents data in 10 different classes having a resolution of 30 meters.  

4) Validate the model using observed data 

The RAS model was validated by comparing modeled stage data with USGS or HCFCD 

observed stage gages for rainfall events Harvey 2017 and Imelda 2019. Apart from the stage gage 

data, highwater marks measured by USGS after Harvey 2017 were also used for validation. The 

stage hydrographs and USGS highwater marks showed a good match, which is presented in the 

chapter 4. 

Once the model is validated, it is set up for selected rainfall frequency scenarios to generate 

the flood maps. These flood maps are key inputs for economic damage calculations. Damage 

analysis is entirely based on the flood depth and extent computed by the hydraulic model. 

Methods of model validation: 
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While there are many efficiency criteria/indices available to measure the performance of 

hydrologic and hydraulic models, a few criteria are used commonly -  Nash-Sutcliffe efficiency 

(NSE), coefficient of determination (R2) and index of agreement(Krause, Boyle, & Bäse, 2005; 

Moriasi et al., 2007). This study uses Nash-Sutcliffe efficiency (NSE) and coefficient of 

determination (R2). NSE value can range from -ꝏ to 1, and value of R2 ranges from 0 to 1. NSE 

values less than zero are considered not acceptable. Zero NSE implies that modeled values are as 

good as average of observed values of the hydrograph. 

 𝑁𝑆𝐸 =  1 −  [
∑ (𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑚𝑜𝑑)

2𝑛
𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)

2𝑛
𝑖=1

] (3.7) 

 

 𝑅2 =  
∑ (𝑌𝑖

𝑚𝑜𝑑 − 𝑌𝑚𝑒𝑎𝑛)
2𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)

2𝑛
𝑖=1

 (3.8) 

Where 𝑌𝑖
𝑜𝑏𝑠 is the observed/recorded value, 𝑌𝑖

𝑚𝑜𝑑 is the modeled value and 𝑌𝑚𝑒𝑎𝑛 is the mean of 

recorded values. 

(Moriasi et al., 2007) presents performance rating for NSE given by different studies and 

concludes that generally NSE>0.5 is considered satisfactory. 

3.2 Damage Analysis 

The definition of damage varies with the evaluation criteria. Economic damage is evaluated 

by estimating infrastructural damage. This damage can be presented in two ways: total monetary 

loss or loss measured in percentage value of the assets. Apart from units, the scale of damage 

assessment is also an important factor. Damage can be calculated on different spatial scales: parcel, 

block, block group, tract, or county level, depending on the area of interest and the goal of the 

study. The Harris County Appraisal District (HCAD) provides parcel (each parcel represents 
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individual structure) level GIS data for the entire Harris County (“HCAD Public Data,” n.d.). 

HCAD parcel data contains information regarding the different structural components, features, 

permits, property value and ownership. This thesis uses 2018 HCAD parcel data. 

Many studies in urban regions compute economic damage only for residential areas, since 

a higher percentage of buildings in urbanized regions are residential (Atoba, Brody, Highfield, & 

Merrell, 2018; Maulsby, 2019). The same trend can be observed in the Greens Bayou Watershed 

as well, where approximately 79.7% parcels are residential buildings. These residential parcels 

have different occupancy types. Table 3.2 shows the percentage of various residential 

building/parcel occupancy types in the Greens Bayou watershed. It should be noted, however, that 

the percentage of building type does not necessarily translate into the percentage of total land 

occupied by them. 

Table 3.2: Distribution of residential parcel land use in Greens Bayou Watershed based on 

HCAD (Harris County Appraisal District) parcel data 

 

In this study, economic damage was estimated using Python and ArcGIS in combination. 

Damage analysis can be divided into two steps: 1) estimate first floor elevation (FFE) for each 

parcel, and 2) calculate damage using depth-damage functions. We use the depth-damage curves 

documented in HAZUS-MH. As discussed in the literature review, many USACE districts have 

developed DDFs, and the DDFs developed by USACE Galveston District are suitable for the study 

area. If USACE depth damage function is not available for any particular building type then FIA 

DDFs are used. 

Parcel Type Percentage

Single-Family 74.3

Mobile Homes 2.6

Multi-Family 2.8
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Figure 3.5 shows the procedure for damage calculation. Damage analysis uses H&H 

modeling output and FFE for estimation of depth of water inside the structure. The difference 

between FFE and water surface elevation (WSE), computed through H&H modeling, gives the 

depth of water inside the building. This water depth inside the building is measured at the center 

of the parcel, assuming that center is the best point in the parcel to capture the water depth. Once 

depth of water is computed, suitable DDF is applied to estimate damage in units of percentage of 

structure value. 

 

Figure 3.5: Damage analysis procedure 

As mentioned in the literature review, there are many uncertainties involved in deciding 

first floor elevation. We use occupancy type, foundation type and year-built information, obtained 

from HCAD parcel data, for estimation of the first floor elevation (FFE). Figure 3.6 lays out the 

procedure used for FFE estimation. This FFE estimation process uses HAZUS’ default table for 

floor height approximation (table 3.3). If the parcel contains the foundation type information and 

it is inside the 100-yr FEMA floodplain then ‘Pre-FIRM’ and ‘Post-FIRM’ foundation height is 

assigned. For the parcels outside 100-yr floodplain, we assign ‘Pre-FIRM’ first floor height. In the 

case when type of foundation is not known, slab-on-grade foundation is assumed for which first 



30 

 

 

floor height is 1 ft above the ground. Once first floor height is computed, FFE is computed by 

adding height to the ground elevation obtained from LiDAR. 

 

Figure 3.6: First floor elevation computation steps 

Table 3.3: Default table used in HAZUS for first floor height estimation.  Pre-FIRM and Post-

FIRM represent the condition before and after flood insurance rate mapping came in effect. 

 

Another important step is to select appropriate depth damage functions for different 

building types of residential building, as shown in figure 3.5. Different building types have 

different structural and content DDFs. HAZUS-MH has identified 33 types of 

structures/occupancy, and each one is assigned a different code. This thesis uses the same codes 

as HAZUS for building types, which are shown in table 3.4. To assign HAZUS building type codes 

to residential parcels, we use information about occupancy type and number of stories available 

Foundation Type Pre-FIRM Post-FIRM

Pile 7 8

Pier (or post and beam) 5 6

Solid Wall 7 8

Basement (or Garden Level) 4 4

Crawlspace 3 4

Fill 2 2

Slab 1 1

First Floor Height above Ground (ft)
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through HCAD parcel data. The structural and content DDFs used in this thesis for different 

residential occupancies are shown in figure 3.4 and 3.5. Depth damage functions of occupancy 

types R3AN, R3BN and R3CN are the same, except there are two separate DDFs available for 

apartments and condominiums. Therefore, figures 3.7 and 3.8 present the DDFs for R3AN, R3BN 

and R3CN under R3A1N-A and R3A1N-C; R3A1N-A is for apartments and R3A1N-C for 

condominiums. 

 

Figure 3.7: Depth-damage functions for structural damage estimation 
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Figure 3.8: Depth-damage functions for content damage estimation 

Table 3.4: Occupancy codes assigned in HAZUS-MH 

 

After computing flood depth inside the building and deciding the most appropriate DDFs, 

the damage is calculated for each parcel. In the result, we get spatial distribution of damage at 

parcel level. Structure damage and content damage have different DDFs, but this study combines 

them for estimating total economic damage. HAZUS assumes that the content value is 50% of the 

structure value for the residential buildings, and this project follows the same assumption. This 

Occupancy Code Description

R11N Single story residential building with no basement

R12N Two stories residential building with no basement

R13N Three stories residential building with no basement

R1SN Split level with no basement

R21N Mobile home

R3AN Duplex with no basement

R3BN 3-4 Unit Apartment/Condominium with no basement

R3CN 5-9 Unit Apartment/Condominium with no basement
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process is repeated for all the frequency rainfall under consideration, as risk analysis accounts for 

the annualized impact of all the frequencies. 
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Chapter 4 - Greens Bayou Watershed Case Study 

 

4.1 Study Area: Greens Bayou Watershed 

Greens Bayou watershed in Northeastern Houston region is part of Harris County, which 

covers most of the Houston region. Houston is a large metropolitan coastal city in the state of 

Texas. Because of its proximity to the Gulf of Mexico, Houston has seen many severe rainfall and 

hurricane events resulting in devastating flooding in many parts of the city. In addition to heavy 

rainfall, the clayey or loamy soil texture found widely in the region and the flat topography of the 

area worsen the flooding problem. Being a part of this flat, flood-prone area, Greens Bayou 

watershed is also a victim of severe flooding events. 

Most of the neighborhoods of Greens Bayou fall under the city of Houston limits and a few 

within the City of Humble. The watershed has a total drainage area of 212 sq. miles and open 

stream length of 308 miles. Greens Bayou watershed has two main bayou systems (figure 4.1): 

Greens Bayou and Halls Bayou, with approximate lengths of 43.5 miles and 20.2 miles 

respectively. Garners Bayou and Reinhardt Bayou are the smaller ones flowing into the Greens 

Bayou. Greens Bayou has a unique flow path as it runs from west to east of the watershed and then 

takes a southward turn. Finally, it flows into the Houston Ship Channel. 

Owing to the typical soil texture in the Houston area, soil composition in Greens Bayou 

watershed is mainly of poorly drained, clayey or loamy soils. The watershed also has a flat 



35 

 

 

topography with a channel bed slope of around 0.055%, resulting in interaction between their 

floodwaters when Greens and Halls are overflowing during severe rainfall events. Apart from such 

geographical features, major highways and railroad tracks passing through the watershed also 

aggravate the flooding by generating backwater effect. Major highways in this region include I-

45, Hardy Tollway, Beltway 8 and US-59 (figure 4.1). 

 

 

Figure 4.1: Current and proposed detention basins in Greens Bayou watershed along with the 

major highways passing through the watershed. 
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The major point to be noted is the frequent flooding of Greens Bayou compared to other 

watersheds in the Harris County. During Tax Day 2016 and Harvey 2017, 970 structures (houses 

and commercial building) and 24,730 houses were flooded in the Greens Bayou watershed 

(Lindner & Fitzgerald, Immediate Report – Final, Hurricane Harvey - Storm and Flood 

Information, 2018) and 1085 houses got inundated during Imelda in 2019 (Lindner, 2019). 

According to HCFCD, area around Halls Bayou has been flooded 14 times since 1989 (HCFCD, 

n.d.). As of 2011, NFIP recorded the highest number of repetitive loss (RL) and severe repetitive 

loss (SRL) cases in Greens Bayou Watershed compared to other watersheds in the Harris County. 

As noted by HCFCD in one report on Greens Bayou watershed, NFIP had reported 1043 properties 

in the watershed as repetitive loss property (14 % of total repetitive loss building in Harris County) 

and 298 properties  as severe repetitive loss property (18% of total severe repetitive loss building 

in Harris County) (HCFCD, 2011). The definition of repetitive loss according to NFIP is – “An 

NFIP-insured structure that has had at least two paid flood losses of more than $1,000 each in any 

10-year period since 1978”. For more information on severe repetitive loss building, refer to 

https://www.fema.gov/national-flood-insurance-program/definitions. 

Although known for its repetitive flooding problem, Greens Bayou watershed has not 

received enough funding for the mitigation projects until now. The main reason behind this is 

lower property values in the watershed, resulting in failure to meet benefit-cost ratio threshold 

required for the federal projects. Most properties in the watershed are occupied by lower income 

residents who usually rent the apartment/property, and many live in multi-family housing and 

mobile homes. As per the 2010 census, most of the neighborhoods located in this watershed have 

a poverty concentration of 20 - 40% or above. Thus, the traditional approach of evaluating the 

effectiveness of mitigation projects by measuring benefit-cost ratio has undermined the needs of 

https://www.fema.gov/national-flood-insurance-program/definitions
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this watershed. However, HCFCD has recognized the need to account for social factors for 

evaluation of mitigation projects, and recently allocated more funds for projects in Greens Bayou 

Watershed. HCFCD’s prioritization framework has assigned 20% weightage to social 

vulnerability of the benefited area for computing scores for different strategies. This change in the 

framework resulted in higher scores for projects in Greens Bayou watershed (HCFCD, 2019a). 

Though evaluation methods are shifting, there is still a need to understand the impact of various 

strategies in more detail as these projects cost millions of dollars. 

This thesis looks at the reduction in direct economic loss in the entire watershed and the 

reduction in risk at parcel level, resulting from the in-progress or suggested projects. 

4.1.1 Flood mitigation in Greens Bayou Watershed 

Whereas Greens Bayou requires more mitigation planning, HCFCD has already completed 

and initiated some flood mitigation projects in the watershed. As part of Halls Bayou vision plan 

(Halls Ahead), the Bretshire, Keith-Wiess, and Hall Park detention ponds were constructed, and 

channel improvements on a stretch of Halls Bayou was initiated by HCFCD. Likewise, HCFCD 

has also constructed some detention ponds, such as the Cutten Road, Antoine, Glen forest, and 

Kuykendahl detention basins on Greens Bayou. Aldine Westfield and Lauder detention basins 

planned under “Progress Greens” are in design or construction phases. Brock Park, near the 

confluence point of Halls and Greens, is also designated for detention. Besides digging detention 

ponds, some channel and drainage improvement projects as well as wetland mitigation plans were 

also implemented near Greens Bayou. Though these mitigation projects reduced the extent of 

flooding, they have not proved effective in making a significant impact on the affected areas. 

Many of above detention basins, buyouts, channel and strormwater system improvement 

projects are suggested as part of the 2018 Bond Projects initiated after Harvey. This Bond Program 
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aims to reduce flood damage in the county, using the $2.5 billion Harris County voters’ approved 

fund. The major detention ponds proposed in the 2018 Bond Projects are evaluated for their 

effectiveness in this thesis. Other potential locations for detention ponds are also assessed. All the 

current and future detention ponds are illustrated in figure 4.1. 

4.1.2 Greater Greenspoint neighborhood in Greens Bayou watershed 

As noted earlier, many neighborhoods inside Greens Bayou watershed are vulnerable to 

flooding. Greater Greenspoint, located in the upstream part of the watershed where beltway 8 

intersects I-45 (figure 4.1), is one of them. As shown in figure 4.1, I-45 cuts through the 

neighborhood vertically. Greenspoint, with total area of 4,451 acres, is wider near Greens bayou 

and narrower near Halls and hence major amount of flooding occurs due to overflow from Greens 

Bayou. 

Greenspoint, once inhabited by young professionals, is now home mainly to young families 

(GHFMC, 2019). Its total population was 41,392 in 2015 (City of Houston, 2017). During the 

same year, 14% of the population was under the age of 5 and 23% was between ages 5 and 17. 

During any natural calamities these age groups are particularly vulnerable. According to 2016 ACS 

data, 43% of families there have incomes below the federal poverty line (GHFMC, 2019). The 

social vulnerability index (SVI) released by the CDC in 2016 ranges from 0.86 to 0.98 for the 

census tracts in this neighborhood. This socially vulnerable and flood prone neighborhood has 

become a center of focus for many studies and this project also looks at this area for comparison 

of risk maps generated by 1D and 2D HEC-RAS models. 
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4.2 Risk Analysis Set-up 

Current project evaluation practice adopted by HCFCD only counts the number of parcels 

(properties) removed from 100-yr floodplain by implementing the project. Though this approach 

gives a quick estimate of the impact of a particular mitigation measure, it does not account for the 

probability of the occurrence of flooding. Using risk maps for this purpose is also a time-tested 

concept, but it has been rarely utilized for such decision making practice in the United States. This 

thesis evaluates various detention pond locations by measuring reduction in risk. 

 

Figure 4.2: risk analysis set-up for 1D and 2D model domains 

Figure 4.2 represents the sequence of analysis. The analysis is divided in two parts – 

comparison of risk map generated by 1D and 2D RAS models and evaluation of mitigation 

strategies by computing reduction in risk estimated using RAS 2D model. It is important to note 

here that the first part focuses on the area near the Greater Greenspoint neighborhood for the 

comparison of 1D and 2D model results, whereas the second part generates risk map for the entire 

watershed so that impact of the detention basins can be fully understood. The following sections 

discuss the results obtained for different analysis steps. 
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4.3 Hazard Modeling 

Development of hazard maps, using hydrologic and hydraulic models, is described in the 

methods section. This section presents the validation results of HEC-HMS and HEC-RAS models 

developed for the study. 

4.3.1 Validation of Hydrologic Model 

HEC-HMS model created for 1D RAS model needs to be validated as the flow hydrographs 

generated by this model are used as input in HEC-RAS 1D model. This model covers the upstream 

portion of the watershed, because a 1D unsteady model is developed for the upstream stretch of 

Greens Bayou. Rainfall events selected for validation of this HEC-HMS model are, Tax Day 2016, 

and Harvey 2017. The USGS gages located within the modified HMS model are USGS 08075780, 

USGS 08075900 and USGS 08076000 (figure 4.3). 

 

Figure 4.3: USGS and HCFCD gages covered by 1D HEC-RAS model 

The observed flow data of the USGS gages is downloaded from Texas Water Dashboard 

(USGS Texas Water Dashboard, n.d.). Figures 4.4 shows the observed and the modeled flow 

hydrographs for Tax Day and Harvey, with NSE values. NSE values, for both Tax Day and Harvey, 
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fall in the range of 0.9 – 0.6, indicating good model performance. The uppermost gage, USGS 

08075780, shows NSE values of 0.9 for both the rainfall events, but other two downstream gages 

show different behavior. HMS modeled results show NSE value of 0.93 for USGS 08075900, for 

Tax Day but 0.66 for Harvey. Conversely, USGS 08076000 shows NSE value of 0.6 for Tax Day 

and 0.9 for Harvey. The reasons behind this behavior can be the inaccuracies in rainfall 

measurement for subbasins, or limitation of different methods chosen for computing rainfall 

losses, channel routing, and flow diversion. But, overall, all the modeled hydrographs capture the 

shape and timing of the observed flow very well. 
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Figure 4.4: Comparison between HMS modeled output and observed hydrographs for Tax Day 

2016 and Harvey 2017. 
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4.3.2 Validation of Hydraulic Models 

This section presents the validation results of both 1D unsteady and 2D HEC-RAS model. 

Two rainfall events are considered for validation of 2D RAS model – Harvey 2017 and Imelda 

2019. Whereas, Tax Day 2016 and Harvey 2017 are considered for validation of 1D unsteady 

model. 

Validation of 1D Model 

Validation of 1D model is done by comparing the simulated peak stage (water surface 

elevation) with the observed. Tables 4.1 and 4.2 depict the peak stage percentage difference values 

of Harvey and Tax Day. Both the events show quite a good match with percentage difference not 

more than 2%. All the percentage difference values are negative because all the maximum modeled 

stage values are higher than the observed. Because risk mapping uses only the peak stage 

information for damage computation, good match between observed and modeled stage is 

essential. 

Table 4.1: Comparison of observed and modeled stage values for Tax Day 

 

Table 4.2: Comparison of observed and modeled stage values for Harvey 
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Validation of 2D Model 

RAS 2D model validation involves comparison of the modeled flow and stage hydrographs 

with the observed hydrographs. For flow hydrographs, the measures for comparison is NSE. HEC-

RAS 2D model uses HMS output for only net rainfall, in contrast to RAS 1D, and therefore its 

simulated flow hydrographs also need to be validated. For stage hydrographs, modeled peak stage 

value is compared with the observed peak. For Harvey, USGS highwater marks data is also 

available. Highwater marks are the observations of maximum depth of water during any flood. 

This 2D model is validated against Harvey 2017 and Imelda 2019. 

Hurricane Harvey caused devastating precipitation in Houston during 25 – 29 August 2017, 

with a major portion of the rainfall occurring on the 27th and 28th. Figure 4.5 shows the amount of 

rainfall received by Greens Bayou watershed during Harvey. As the 2D model only allows uniform 

rainfall distribution over the study region, Harvey 2017 is an ideal event for validation because 

then the entire study region had received almost the same amount of rainfall. The rainfall applied 

to the entire 2D region is the area-weighted average of the net rainfall in HMS subbasins. The 

rainfall input for HMS is the NEXRAD radar information obtained from Vieux & Associates, Inc. 

Gage

Observed Peak 

Stage (Yobs)

(ft)

Modeled  Peak 

Stage (Ymod)

(ft)

(Yobs - Ymod)

(ft)

(Yobs - Ymod) x 100/Yobs

(%)

USGS 08075780 111.84 113.45 -1.61 -1.44

HCFCD 1665 106.09 107.92 -1.83 -1.72

USGS 08075900 85.84 87.57 -1.73 -2.02

USGS 08076000 62.88 63.45 -0.57 -0.91
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Figure 4.5: precipitation during Harvey, adapted from FWS Harris County (HCFCD - FWS, 

n.d.) 
 

Imelda is another important event which caused significant rainfall for 4 days in the 

Houston region – 17th to 20th September 2019. For model validation, we are considering last two 

days of the event so that we can assume the soil is already saturated and there are no initial losses 

occurring during those days. Precipitation inputs in RAS model for Imelda are actual gage 

observations, in contrast to Harvey scenario for which net rainfall calculated in HMS is applied to 

the entire 2D region. 
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Figure 4.6: Precipitation during Imelda, adapted from FWS Harris County (HCFCD - FWS, 

n.d.)  
 

Additionally, two different rainfall scenarios are applied to RAS model for validation for 

Imelda because spatial distribution of precipitation was not uniform throughout the study region 

during Imelda (Figure 4.6). Rainfall observed at HCFCD sites 1660 and 1645 (Harris County 

Flood Warning System, n.d.), with precipitation 8.4 and 10.44 inches respectively, are applied to 

the RAS model as they represent the rainfall distribution within the watershed well. Model 

performance for rainfall 10.44 is shown in figure 4.8. 
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Figure 4.7: USGS and HCFCD stage gages within Greens Bayou watershed 

Validation results in figure 4.8 show that for Harvey, modeled results match with the 

observed flow very well with NSE values in the range of 0.98 – 0.73. For Harvey, USGS gages 

08075780, 0807590 and 08076000 display that the 2D model matches recorded peak flow and 

shape of the hydrograph well along with high NSE values. Gage 08076500 does not match the 

peaks well but it captures the shape of the hydrographs well and hence obtains good NSE value. 

For Imelda, gage 08076000 shows very good model performance with NSE value of 0.93. Figure 

4.8 shows three gage results for Imelda which fall within the region that received around 10 inches 

rainfall. 
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Figure 4.8: Observed and modeled flow hydrographs for Imelda 2019. 
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Though it shows good NSE value for gage USGS 08076180 for Harvey, the modeled peak 

flow is 11,500 cfs lower than the observed. This same gage shows very low NSE value – 0.37 – 

for Imelda, with modeled peak flow 6,000 cfs lower than observed. This particular gage located 

near intersection of Garners and Greens bayou, shows lower flow for both the validation events 

compared to other gages. The reason behind this can be the uniform rainfall applied to the entire 

2D domain or the excess flow coming from other watershed during the rainfall event which is not 

accounted for in the 2D model. But the important point to note here is that even with significant 

difference between observed and modeled flow, NSE value for Harvey is higher than the one 

computed for Imelda. This happens because the magnitude of flow for Harvey is higher than 

Imelda – almost 50%. For the same reason, USGS 08075900 obtains very low NSE value even 

though modeled hydrograph matches the peak and shape of the recorded data moderately well. 

Overall, flow hydrograph comparison presents good model performance considering the 

limitations of 2D models like uniform rainfall application and to the inability to include bridges. 

Other than that, discrepancies related to terrain elevation data and uncertainty related to roughness 

values of the land cover also affect the model performance.    

Table 4.3: Observed and modeled stage comparison for Harvey and Imelda. 

 

Gage

Observed Peak 

Stage (Yobs)

(ft)

Modeled  Peak 

Stage (Ymod)

(ft)

(Yobs - Ymod)

(ft)

(Yobs - Ymod) x 100/Yobs

(%)

USGS 08075780 111.84 113.17 -1.33 -1.19

HCFCD 1665 106.09 107.21 -1.12 -1.06

USGS 08075900 85.84 86.55 -0.70 -0.82

USGS 08076000 62.88 64.57 -1.69 -2.68

USGS 08076180 57.92 59.60 -1.68 -2.90

HCFCD 1600 51.10 51.06 0.04 0.08

HCFCD 1690 76.98 77.19 -0.21 -0.28

USGS 08076500 57.54 58.24 -0.70 -1.22

HCFCD 1675 45.44 45.77 -0.33 -0.72



50 

 

 

As noted earlier, comparison of recorded and simulated peak stage values also is important 

for model evaluation. Table 4.3 shows less than 2.9% percentage difference between observed and 

modeled peak stage for Harvey. Negative percentage difference values presents that all the 

recorded stage values are lower than modeled. Additionally, highwater mark information for 

Harvey is also available at 28 location in the watershed.. Figure 4.9 shows the difference in 

highwater marks and modeled values by deducting later from the former. Fifteen out of 28 

locations show difference from -1 to 1 ft. There are 5 locations where highwater marks are more 

than 2 ft lower than simulated water elevation and 1 location where it is 2 ft higher than the 

simulated. such big difference in the values can occur due to the reasons mentioned above, such 

as uncertainty in terrain data and limitations related to the 2D model. In conclusion, based on the 

analysis of the hydrographs and highwater marks, model displays good performance. 
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Figure 4.9: Comparison of flood depth at high water marks observed after Harvey 2017. 

Negative value presents modeled water surface higher than observed high-water mark and 

positive value presents high-water mark higher than modeled water elevation. 

4.4 Comparison of modeled and FEMA floodplain maps 

The developed hydrologic and hydraulic models in this study aim to provide new and 

updated floodplain maps for the study area using the most recent rainfall statistics, LiDAR and 

land use data. These updated flood maps are key to more reliable and accurate risk analysis 

presented in the next chapter. 

The previous section checks the validity of HMS and RAS models, and this section aims 

to assess the differences in modeled and current FEMA maps. Figure 4.10 displays the 100-yr and 
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500-yr flood maps developed using 1D and 2D RAS models. This figure zooms in on the upstream 

area where we are comparing risk results computed using 1D and 2D RAS models as the second 

objective of this study. The comparison of new and FEMA maps is based on the extent of flooding, 

because this factor has been mainly considered for most flood planning efforts until now. 

The 100-yr floodplain generated by the 1D RAS model (figure 4.10 (a)) presents an 

increase in the flood extent near Antoine detention basin  and the very upstream end of Greens 

Bayou as marked with the red boxes, whereas the 100-yr flood maps for 2D (figure 4.10 (b)) model 

display an increase near US-59, as marked. The 100-yr maps for the 2D model shows a reduction 

in the floodplain area as well, between Hardy Tollway and US-59, and also in some areas of 

Greenspoint. This decrease in the floodplain can be due to the detention basins built after the 

release of FEMA floodplain maps, which were generated in 2007. The Cutten Road, Antoine, Glen 

forest and Kuykendahl detention basins, built during the last decade, must have contributed to 

floodplain reduction. 

The 500-yr floodplain created by 1D unsteady model (figure 4.10 (c)),  does not show any 

change in terms of the extent, compared to the FEMA maps, because the 1D cross section length 

only covers the area up to the limits of FEMA 500-yr map. The 2D 500-yr floodplain (figure 4.10 

(d)) displays an increase in the floodplain in many areas of the watershed as marked by red boxes. 

It also presents flood reduction in the area between the Antoine and Glen forest detention basins 

because these detention ponds store some of the stormwater. 

Thus, the 1D and 2D models developed as part of this project capture more current terrain 

details and recent increase in the magnitude of frequency rainfall. Apart from the 100-yr and 500-

yr, flood maps for 10-yr, 25-yr, 50-yr and 200-yr frequency storms are also generated for risk 
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analysis. The next chapter discusses the findings of risk analysis conducted using 1D and 2D RAS 

models. 

 

Figure 4.10: Comparison of new 1D and 2D floodplains with the FEMA flood maps. Areas in the 

red box show increase in flooding and area in blue box presents decrease in flooding.  
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Chapter 5 Risk Analysis 

5.1 Risk Mapping – Comparison of 1D and 2D Model Results 

The 1D unsteady model is developed for the upstream portion of Greens Bayou stretching 

from the upstream-most point to US 59. This area was selected for study because it has been 

flooded many times and obtained 1D and 2D floodplains are significantly different. Therefore, it 

would be important and interesting to understand how the choice of modeling methodology can 

affect risk analysis results. 

We refer to figure 4.10 to compare floodplains generated by 1D and 2D RAS models. As 

can be seen in the figures, 1D model predicts more flooding in the region between I-45 and Hardy 

Tollway, and between Hardy Tollway and US 59 for both 100-yr and 500-yr floods. As a result, 

risk computed using 1D flood depth is higher than the risk computed using 2D. Figure 5.1 shows 

risk maps generated employing 1D and 2D RAS models, for the 1D modeling area. The 1D model 

predicts an annual expected loss of $11 million of whereas the 2D model’s estimates it at $5 

million, which represents significant difference in estimated risk. 
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Figure 5.1: (a) and (b) are risk maps generated by 1D and 2D models and (c) is the difference 

between risks computed by 1D and 2D models (risk calculated by 1D model –risk calculated by 

2D model). 
 

Though comparison of dollar value is easier as it gives a single value for the analysis, 

comparison of risk in unit of percentage of the structure value gives more insight. The number of 

parcels flooded for 1D model is 6,772 and for 2D model 5,267 parcels flooded. Table 5.1 shows 

number of parcels under different classes of risk values. The 1D model yields more parcels with 
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higher risk (1 to 5 percentage risk class), which increases the dollar annual expected damage for 

the 1D model compared to the 2D. 

Table 5.1: Number of affected parcels under different classes of risk values for 1D and 2D 

models 

 

As pointed out in chapter 4, the area chosen for this comparison has higher social 

vulnerability and many families in this region fall within the lower income level. Hence, 

comparing the risk only in terms of dollars is not appropriate for the study area, as it assigns more 

weightage to a property with higher appraised value. In addition to risk maps showing dollar annual 

damage, decision makers might get more insight from the risk maps presenting risk in the terms 

of percentage of structure/property value. Figures 8.1 and 8.2 in the Appendix present risk in 

percentage of structure value. These maps are useful to identify the properties with higher 

percentage damage. 

In figure 5.1, the downstream area in the selected region shows less risk for 1D model 

results compared to 2D, because 1D model is developed for some upstream stretch of Greens 

Bayou with normal depth as boundary condition at the last cross-section, whereas 2D covers the 

entire watershed. Apart from that, most of the region shows higher flooding and resultant damage 

for 1D model. 

1D Model 2D Model

Less than 0.1 1,268                        1,857                        

0.1 - 0.5 2,394                        2,216                        

0.5 - 1.0 620                           817                           

1.0 - 5.0 2,356                        362                           

5.0 - 10.0 134                           15                             

Total 6,772                        5,267                        

Number of Parcels AffectedRisk Value Class

(% of Building Value)
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The possible factors behind variation in 1D and 2D results are – 1) 1D accounts for bridges 

and other hydraulic structures whereas 2D does not have capability to include this information, 2) 

1D uses actual surveyed bayou cross-sections in contrast to the 2D approach to use DEM 

information which might vary from surveyed data, 3) 2D model is rain-on-grid model which 

generates overland flow, whereas 1D model has flow hydrograph as input at channel cross-section 

and 4) 1D and 2D use different numerical approximation methods. 

Thus, uncertainty related with hydrologic and hydraulic modeling affects the computed 

risk drastically. We have also looked at the floodplains generated by 1D and 2D models in the 

Halls Bayou region, which are not presented in this thesis, and the difference in floodplains was 

very minor compared to the difference obtained for upstream Greens Bayou region studied in this 

section. It is crucial to understand such uncertainties related to the models before using them for 

policy decisions, as many studies have highlighted. 

Once the standard procedure for risk mapping is laid out, risk maps can be used for various 

flood response tasks. Following sections discuss the usage of risk maps in analyzing mitigation 

scenarios. 

5.2 Evaluation of Mitigation Strategies 

5.2.1 Mitigation strategies suggested by GHFMC project 

SSPEED (Severe Storm Prediction, Education, & Evacuation from Disasters Center) in 

collaboration with GHFMC (Greater Houston Flood Mitigation Consortium) and CDRC 

(Community Design Resource Center) conducted a study on Greens Bayou watershed to 

recommend improved flood mitigation strategies. As part of this study, some vacant land and 

buyout locations were suggested as potential detention basin locations. Total 46 detention pond 
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locations were identified, out of which 24 detention basins were evaluated through H&H modeling. 

This thesis reevaluates some big detention ponds, found to be more effective in GHFMC study, 

using risk maps. 

Modeling work done in the GHFMC project uses the same hydraulic analysis approach, 

but it employs watchpoints instead of risk maps to assess the mitigation impact on flooding 

achieved by detention basins. Figure 5.2 shows GHFMC proposed detention basins. This thesis 

focuses on the three detention ponds from GHFMC project, marked as GHFMC - B, GHFMC - C 

and GHFMC - N. For more information on the project results check GHFMC report (SSPEED, 

2019). 

 

Figure 5.2: detention ponds proposed and evaluated in GHFMC report. Detention basins B, C 

and N area highlighted with circles around them 

Evaluation method in GHFMC project 
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Floodplain maps of 100-yr and 500-yr frequency rainfall based on 2018 LiDAR data served 

as the baseline scenarios for the GHFMC project. Once the baseline models were prepared, 

evaluation of the mitigation scenarios was carried out by incorporating each scenario in the 

baseline models. Then, the floodplain map of the modified model for each mitigation scenario was 

compared with the floodplain of baseline scenarios. 

After creating all the floodplain maps, 36 watchpoints (figure 5.3) were selected in the 

watershed to gauge the reduction in flooding resulting from the proposed mitigation measures. 

These watch points, distributed equally across the watershed, were chosen such that they fall in 

the severely flood-affected areas. All the mitigation scenarios were compared based on the 

reduction in flood depth observed at these watchpoints. Thus, this approach only focuses on the 

hazard, which is sometimes useful when sufficient information or time is not available for the risk 

analysis. 
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Figure 5.3: 36 watch points selected for evaluation of the mitigation strategies in GHFMC 

project. 

5.2.2 Evaluation of Mitigation Strategies using risk map 

Four mitigation scenarios under consideration, mainly detention ponds in this case, are – 

1) all HCFCD proposed detention basins, 2) GHFMC - B, 3) GHFMC – C and 4) GHFMC - N. 

These scenarios are assessed by computing the change in risk. The purpose is to understand how 

risk mapping can provide detailed analysis of the effectiveness of detention basins in reducing 

impact of flooding, compared to simply measuring reduction in depth of water at watchpoints. 

Baseline scenarios represent the current (2018) conditions, but do not include any proposed 

flood-control measures. Mitigation scenarios modify the terrain (LiDAR) data to create depression 

at the locations of the detention basins. This analysis uses risk maps generated using the 2D model 

because it covers the entire watershed and that provides insight into the effect of the detention in 
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downstream regions. Figure 5.4 presents the baseline risk map showing the annual expected 

damage in dollars. Area between I-45 and Hardy Tollway, and US 59 and Hardy Tollway show 

more flooded properties than other parts of the watershed because many residential areas are 

located in this region.  Areas with significant property loss in the baseline map show agreement 

with repetitive loss properties in the Greens Bayou watershed as of 2011 (figure 5.5). Though 

figure 5.5 is based on the data available during 2011, it still helps us prove the validity of the 

computed risk map. 

 

Figure 5.4: Baseline flood risk map generated using HEC-RAS 2D model results 
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Figure 5.5: Repetitive loss properties published by Harris County (HCFCD, 2011) 

The following subsections assess the impact of detention basins. Two main assumptions 

made for modeling these detention basins are – 1) they are 15 ft deep and 2) flow is controlled by 

gravity as no structures are added to control the flow inside the basin. 

Scenario 1 – HCFCD Suggested Detention Ponds 

This scenario includes HCFCD detention ponds currently under construction or in design 

phase. Detention ponds simulated as part of this scenario are Aldine Westfield, Lauder, Brock 

Park, Hopper detention basins and detention near Helms Road and near Greens Bayou Tributary 

P130-05-00. Aldine Westfield and Lauder detention basins are located along Greens bayou.  

Lauder detention basin is divided in 3 phases. First phase is partially excavated which is captured 

in 2018 LiDAR. Phases 2 and 3 cover the area of Castlewood subdivision and excavation has not 

started for these phases. Scenario 1 models the effects of phases 2 and 3 by creating a 15 ft deep 
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detention area in the region of respective phases. As shown in Figure 4.1, Brock park is located at 

the intersection of Halls and Greens Bayou. The Hopper detention basin and detention near Helms 

road and near tributary P130-05-00, located near Halls bayou, are very small – 5 to 50 acres – in 

area. 

Though the volumes and shapes of these detention ponds are available through the HCFCD 

website  (HCFCD - Greens Bayou, n.d.), the detailed design of the basins are not available in 

public domain. If all the detention ponds are assumed to be15 ft deep, it closely captures the 

planned detention volume. 

Risk analysis shows that HCFCD detention basins reduce the annual expected damage by 

$800,000. Figure 5.6 shows the amount of risk reduced by HCFCD detention basins compared to 

the baseline scenario. Total 7,460 parcels showed more than 0.01% reduction in risk compared to 

base scenarios; 219 parcels showed reduction greater than 1% and 1,058 parcels showed reduction 

between 0.1 and 1 %. The percentage represent the percentage of property value, not the percentage 

reduction in risk compared to baseline risk value.  
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Figure 5.6: Reduction in risk value for mitigation scenario – 1. 

Some areas show negative risk reduction, which indicates increment in risk after 

incorporating detention basins. This happens due to the change in flow direction induced by 

modification in topography. Even minor changes in the input can affect numerical analysis and 

cause slightly different results, which might not happen in reality when water is flowing on actual 

ground. This negative reduction is not reflected in the map, as it is very small in magnitude. 

GHFMC Detention Ponds B, C and N (Scenarios 2, 3 and 4) 

Figure 5.2 shows the location of GHFMC suggested detention basins B, C and N. Detention 

pond B is located along Greens Bayou, downstream of Glen Forest Detention basin. Total area of 

detention B is 202 acres, which covers the frequently flooded apartment properties in Greenspoint 

neighborhood. GHFMC study has identified this area as potential location for buyout and turning 

it into detention. Detention pond C, having an area of 334 acres, is directly downstream from pond 
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B, and it also covers the buyout area under consideration. The appraised value of the structures in 

the buyout area is $33 million according to HCAD parcel data. Detention pond N, suggested to be 

built on 429 acres of vacant land, is located on upstream end of Halls bayou watershed. Flooding 

in this area is less severe than the downstream, but frequently flooded downstream areas are highly 

developed, and it is hard to find vacant land there. Though larger detention area is available for 

basin N, the catchment area is very small and therefore volume of runoff coming to the detention 

area is smaller compared to other suggested detentions. 

All three selected detention basins are located in the upstream part of the watershed and 

their impact can be observed throughout the downstream region. Tables 5.2 and 5.3 present the 

monetary risk reduction obtained by each mitigation scenario. All the dollar annual expected 

damage values are based on appraised property value available in HCAD data. Table 5.2 shows 

that cost of the parcels in selected detention basin area varies drastically but the annual expected 

damage mitigated by all the scenarios is in the range of $600,000 – 800,000. Appraised value of 

the parcels covered by pond B is approximately $91 million, which is quite high for the amount of 

annual dollar damage reduced by building this pond. It is also important to note that table 5.2 is 

showing only the property values, and additional cost of removal of structure and excavation of 

the detention is not estimated in this study. Table 1 does not show cost of parcels that needs to be 

removed for detention for scenario-1, as these areas are already bought out and cleaned up for 

detention and the HCAD dataset might not give reliable data for these parcels. It is important to 

remember that all the dollar damage values are for residential structures. There can be other non-

residential structures in the mitigated area, which are not included in the analysis. 

Additionally, table 5.2 also presents dollar risk that can be reduced over an assumed 

mortgage period of 30 years, to reflect long-term benefits provided by the mitigation measure. It 
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is also assumed that price of the property remains the same during this period which in fact change 

over time.  

Table 5.2: Risk reduction obtained within 2D domain area through different mitigation scenarios 

 

Advantage of using 2D model for the entire watershed is that the effect of the mitigation 

measures can be assessed to the full spectrum, but for the chosen detention basins the area of 

impact is not very large. Hence, it is necessary to understand in which part most of the impact is 

observed. Table 5.3 shows 70 - 90% risk reduction in current FEMA 100-yr floodplain (SFHA).  

Table 5.3: Risk reduction obtained within current 100-yr FEMA floodplain area through 

different mitigation scenarios 

 

For scenario – 2, a total of 2,871 residential parcels show reduction in risk higher than 

0.01%, out of which 28 parcels show reduction greater than 1% and 621 parcels between 0.1 and 

1% (figure 5.7). In this figure, percentage values are percentages of parcel values. Detention basin 

C causes more than 0.01% reduction in risk for 5,020 parcels, from which 93 parcels show 

reduction greater than 1% and 832 parcels between 0.1 and 1%. It reduces flooding in upstream 

region where part of the detention pond B is located. Figure 5.8 shows the reduced risk values for 

Baseline Annual 

Risk

Annual Risk after 

Mitigation

Reduction in 

Annual Risk

Reduction in Risk 

over 30 years

million USD million USD million USD million USD million USD

Scenario - 1 - 21.81                      20.99                      0.82                        11.42                      

Scenario - 2 91.59                          21.81                      21.11                      0.71                        12.84                      

Scenario - 3 33.88                          21.81                      21.20                      0.61                        11.34                      

Scenario - 4 7.45                            21.81                      21.04                      0.77                        12.73                      

Mitigation 

Scenarios

Cost of the Parcels 

Removed

Entire 2D area

Baseline Annual 

Risk

Annual Risk after 

Mitigation

Reduction in 

Annual Risk

Reduction in Risk 

over 30 years

million USD million USD million USD million USD

Scenario - 1 8.42                        7.82                        0.59                        6.28                        

Scenario - 2 8.42                        7.76                        0.65                        11.39                      

Scenario - 3 8.42                        7.94                        0.47                        7.74                        

Scenario - 4 8.42                        7.71                        0.70                        10.67                      

Mitigation 

Scenarios

SFHA (FIRM 100-yr)
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this scenario. GHFMC detention basin N reduce risk for 6,061 parcels; 129 parcels show reduction 

greater than 1% and 1,416 parcels yield reduction between 0.1 and 1% (figure 5.9). 

Additionally, the conclusion of the GHFMC study does not completely match with the risk 

analysis results. GHFMC study found that proposed HCFCD detention basins are not very 

effective in reducing the flooding compared to the other three, but the findings of this thesis do not 

completely agree with that. It can be seen that HCFCD detention basin scenario is equally effective 

as others in reducing overall damage. 

 

Figure 5.7: Reduction in risk value for mitigation scenario - 2 
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Figure 5.8: Reduction in risk value for mitigation scenario - 3 

    

Figure 5.9: Reduction in risk value for mitigation scenario - 4  
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Chapter 6 - Conclusion and Future Work 

Hazard maps, mainly 100-yr floodplain, have long served as the main source of information 

for policy makers, insurance companies and designers. Though this approach is well established 

and has been the basis of many current policies and mitigation strategies, it provides limited 

information regarding the magnitude of the impact possibly caused by the hazard. Evaluating the 

change in hazard/floodplain maps is still the popular way of analyzing the effects of mitigation 

measures, but as floods are becoming more frequent and severe in many cities around the world, 

there is a need for more detailed maps which can reflect the impact/consequences of such hazards. 

Because of this shift in interest toward understanding the consequences of a hazard, well-known 

but less-implemented concepts like risk mapping are getting more attention. 

This thesis aims to generate new flood/hazard maps and understand the usefulness and 

limitations of risk analysis conducted using these updated flood maps, for one of the most flood-

prone and socially vulnerable watersheds in Houston – the Greens Bayou watershed. The new 

floodplains, created employing latest rainfall, LiDAR and land use information, enhance the 

reliability of risk analysis. The risk analysis for this project focuses on two different aspects – 1) 

understanding how risk value changes with the H&H modeling method and 2) employing risk 

maps for evaluating impact of four detention basin scenarios. 

While risk maps provide more information for assessing flood mitigation strategies, they 

also show how uncertainty related with modeling approach, 1D and 2D models for our case, 

drastically change the computed risk values. Results presented in chapter 5 show an annual 
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expected damage of $11 million with 1D model, and $5 million using 2D. This comparison clearly 

shows that while risk maps provide more information, it is important to recognize the uncertainty 

related to it while using them for policy decisions. Like hazard maps, risk maps are also subject to 

various uncertainties, but nevertheless provide more comprehensive assessment of the impact of a 

flood event. 

Comparison of the 1D and 2D model results focuses on the upstream Greens Bayou region, 

as that is one of the most frequently flooded areas. However, risk maps for evaluation of detention 

basins use the 2D model, which covers the entire watershed. The baseline risk map, representing 

the current terrain without including any proposed mitigation measures, estimates $21 million 

annual average damage for the entire watershed. Evaluation of four mitigation strategies, all 

detention basins, using risk maps, shows that reduction in the annual average damage caused by 

various scenarios are similar, in the range of $600,000 – 800,000. The amount of reduction in the 

annual damage is not significant compared to the baseline damage of $21 million, which implies 

that only detention basins are not enough if the goal is a substantial reduction in the flood risk. 

Other options, such as pump storage, which can be 30-50 ft deep and provide higher volume of 

storage can be more effective in reducing overall risk. 

Another important point to note is, while risk analysis for the entire 2D area provides risk 

distribution for the whole watershed, it might be more helpful to look at specific areas inside the 

watershed to compare the reduction in risk values. Computing the baseline risk for properties in 

the 100-yr FEMA floodplain, the total annual average damage came out to be $8.4 million and the 

reduction in dollar damage due to various mitigation scenarios was in the range of $475,000 to 

$700,000. This comparison shows that 70-90% of the properties which see a risk reduction for the 

evaluated mitigation options are within the FEMA 100-yr floodplain. 
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Although dollar value of the annual average damage does not vary much for the considered 

scenarios, the area benefited from placement of the detentions varies under different scenarios. 

Depending on the area of interest for flood risk reduction, any of these detention ponds can be 

useful for moderate reduction in the overall annualized impact of a flood. Additionally, the 

appraised value of the properties in the area of a suggested detention basin also need to be 

considered, as this value varies significantly for each scenario as shown in table 5.2. 

This thesis provides an outline for parcel-level risk analysis and explores its usage for 

evaluation of structural flood mitigation measures for the Greens Bayou watershed in Houston. 

Two main components of risk analysis are hazard and damage analysis. We focus mainly on 

understanding and improving the hazard analysis component in this work, but it is important to 

note that improvement of depth-damage functions and first-floor elevation estimation methods, 

used in damage analysis, is also essential. 

6.1 Future Work 

This study compares results from HEC-RAS 1D and 2D models and uses 2D model for 

evaluation of detention basins, but both models have their relative advantages and disadvantages. 

It is possible that 2D model is underpredicting the fluvial flooding whereas 1D model is 

overpredicting it. To benefit from both 1D and 2D modeling, coupled 1D/2D modeling can be 

done. Coupled modeling can generate results that are more accurate by accounting for bridges in 

1D models and capturing flooding in the area between Greens and Halls bayous through the 2D 

model, which is not done by 1D. Other benefit of employing 1D/2D coupled model is that 

mitigation measures such as channel improvements and bridge modification are easier to model. 

Harris County Flood Control District (HCFCD) has undertaken a project to update flood maps for 

all the watersheds in Harris County, employing 1D/2D coupled modeling, which will be available 
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to the public in 2-3 years. Until these new models from HCFCD are available, coupled models for 

smaller areas of interest can be created and used for risk analysis. 

Apart from H&H models, uncertainty related to damage analysis also needs to be 

addressed. Two major factors contributing to damage uncertainty are first floor elevation and 

depth-damage function. This thesis assumes that DDFs created by USACE Galveston are 

applicable for the study area, but these DDFs are obtained based on old damage data. If area wise 

depth-damage functions, developed using most recent damage data are available instead of more 

general ones, then reliability of damage analysis increases. Moreover, if FEMA elevation 

certificate data is available, then depth of water inside the structure can be measured more 

accurately. Other tools such as oblique imagery are also useful for estimating the first floor height. 

Further, instead of solely estimating the economic risk, Multicriteria Risk Analysis 

(MCRA), also called Multicriteria Decision Making (MCDM), should be employed, as it can 

account for social and environmental risks in addition to the economic risk. Multicriteria risk 

analysis is not commonly applied for flood risk mapping, one of the main reasons being the 

complexity involved in such analysis. The standard way of estimating economic damage uses the 

depth-damage relationship, but there are no established standards for quantifying the social and 

environmental aspects. It is difficult to standardize a method for this kind of analysis as multiple 

methods available for multicriteria analysis have different validity in different situations. Decision 

makers may prefer different methods depending on the study area and/or policy aims.  

The key point in employing multicriteria risk analysis would be understanding 

decision/policy makers’ priorities and goals. That may influence the methodology and hence the 

overall evaluation of risk significantly. For better application of multicriteria risk analysis for 

floods, it is also essential to know the community’s concerns and priorities, usually done by 
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holding public meetings. Thus, methods and procedure for conducting MCRA might vary from 

region to region, but this is worthwhile, because it combines various aspects of risk. Future work 

should focus on understanding risk perception and various ways of improving risk analysis and 

mapping by enhancing the current methodology.  
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Chapter 8 Appendix 

 

Table 8.1: Frequency rainfall values for partial duration for Harris County hydrologic region 2 

 

Figure 8.1: Risk values computed using 1D HEC-RAS model for upstream Greens Bayou region. 

Risk is presented as percentage of property value. 

 

2-Year 5-Year 10-Year 25-Year 50-Year 100-Year 200-Year 500-Year 1000-Year

5-min 0.58 0.73 0.85 1.01 1.13 1.26 1.39 1.58 1.72

10-min 0.92 1.16 1.35 1.61 1.81 2.01 2.21 2.48 2.68

15-min 1.17 1.46 1.69 2.01 2.25 2.49 2.76 3.12 3.4

30-min 1.67 2.07 2.39 2.83 3.15 3.48 3.87 4.42 4.87

60-min 2.22 2.77 3.22 3.84 4.29 4.78 5.36 6.23 6.96

2-hr 2.79 3.56 4.25 5.24 6.02 6.89 7.95 9.56 10.9

3-hr 3.13 4.07 4.94 6.21 7.27 8.48 9.93 12.2 14.1

6-hr 3.75 4.98 6.15 7.94 9.48 11.3 13.4 16.7 19.5

12-hr 4.4 5.91 7.39 9.66 11.7 14 16.7 20.9 24.4

24-hr 5.11 6.92 8.71 11.5 14 16.9 20.1 25 29.1

Rainfall (inch)

Duration
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Figure 8.2 Risk values computed using 2D HEC-RAS model for upstream Greens Bayou region. 

Risk is presented as percentage of property value. 
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