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Abstract 

10 and 2D Methods for Modeling Floodplains under Storm Surge Conditions 

This study evaluates a 1 D and a 2D method for analyzing the combined effect of 

inland rainfall and hurricane-induced storm surge on a coastal floodplain. Horsepen 

Bayou near Clear Lake, southeast of Houston, Texas is vulnerable to storm surge, which 

can travel upstream into the Bayou and exacerbate flooding outside the designated 

floodplain. However, the current 100-year floodplain for this area is delineated using a 

ID model without direct storm surge inputs. Additionally, floodplains with flat 

topography, like Horsepen, could be modeled more accurately using 2D models, instead 

ofthe traditionallD approach. A ID HEC-RAS model and a 2D XPSWMM model are 

used to compare the resulting floodplain from three historical storms and one synthetic 

storm. When compared to actual FEMA flood claims, the floodplains calculated by the 

2D model are more representative of inundation hazard in Horsepen and therefore a 

better tool for evaluating flooding in the area. 
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Chapter 1 INTRODUCTION 

Cities along the Texas Gulf Coast are vulnerable to flooding caused by of severe 

rainfalls, tropical cyclones, or a combination of the two. Houston, Texas, the largest city 

on the Gulf Coast, is known as the "Bayou City" because of the numerous channels that 

flow though the metropolitan area. Waters in these bayous eventually reach the coast and 

empty into Galveston Bay. The bayous provide a hydrologic connection between inland 

areas and the coast, putting many communities at risk from storm surge flooding. A flood 

hazard is supposed to be conveyed to the public through the use of a floodplain map; 

however, these maps often address the effect of storm surge on inland areas in a limited 

way. 

In order to directly investigate the influence of storm surge on a floodplain, this 

research evaluates the use of 1 D and 2D floodplain mapping methods for the storm surge

influenced floodplain of Horsepen Bayou near Clear Lake, Texas. Horsepen Bayou, a flat 

coastal urbanized watershed, is southeast of the City of Houston and near the coastline of 

Galveston Bay. Flooding in the watershed comes from both rainfall runoff and storm 

surge that can travel up the Bayou from the Bay. In this study both rainfall and storm 

surge are input into a lD HEC-RAS model and a 2D XPSWMM model to analyze the 

difference in floodplain delineation. A comparison between the modeled floodplains and 

actual FEMA flood claims is then used as the driving force to show that a 2D floodplain 

approach is more appropriate for low sloping urbanized regions like the Clear Lake area. 
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1.1 Research Motivations 

The following three statements represent the motivation behind the research in this thesis. 

1. Currently, storm surge is not included in the lD models used for 100-yr 

floodplain delineations in coastal channels near Houston. 

2. Overbank conditions in wide flat floodplains could be more accurately modeled 

using a 2D model. 

3. Published floodplain maps may not reflect the actual flooding hazard due to storm 

surge in watersheds in the Houston area. 

1.2 Research Objectives 

The research objectives of this thesis are listed below. 

1. Evaluate an existing 1 D steady state floodplain mapping method for a coastal 

watershed and expand it to unsteady state. 

2. Develop a 2D modeling method for comparison to the more standard lD 

modeling approach. 

3. Calibrate both approaches using historical events of varying rainfall magnitude 

and storm surge levels. 

4. Compare and contrast lD and 2D methods for general coastal floodplain 

determination. 

5. Compare FEMA flood claim data to the existing floodplain as well as to the 

modeled floodplains. 



Chapter 2 BACKGROUND and LITERATURE REVIEW 

The direct hydrologic connection between Horsepen Bayou and Galveston Bay 

causes flooding in the Horsepen watershed, near Clear Lake, not only from rainfall, but 

also from storm surges in the Bay. Hurricanes in the Gulf Coast are a serious threat each 

year and have repeatedly resulted in extensive loss of life and property damage. The 

flooding caused by hurricane-induced storm surge is especially damaging and deadly. 

FEMA (Federal Emergency Management Agency) uses coastal floodplain maps to 

evaluate areas that are at high risk from rainfall and storm surge inundation. The 

traditional approach to floodplain mapping involves using 1D-models such as the HEC 

models. Recently however, floodplain analysis especially for urbanized areas, is moving 

more towards 2D models, such as XPSWMM, in order to increase modeling accuracy. 

This chapter gives context and background to storm surge along the Gulf Coast and the 

current methodology for floodplain analysis, as well as a literature review of 1D and 2D 

hydrodynamic modeling studies. 

2.1 Hurricanes and Storm Surge 
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Hurricanes are large tropical cyclones that develop over ocean waters when warm 

surface water temperature, high humidity, and weak winds aloft combine to support 

storm formation. Storm surge is produced by hurricanes because of the strong wind fields 

and large pressure gradients that push water ahead of a hurricane. 

Most damage and loss of life during a hurricane can be attributed to storm 

surge. Based on data from 1970 to 1999, 82% of all hurricane-related deaths are caused 

by water while only 12% are caused by wind (Rappaport 2000). Most deaths caused by 



hurricanes in coastal areas are related to storm surge, while deaths in inland areas are 

usually attributed to rainfall flooding and hurricane winds (Rappaport 2000). The Gulf 

Coast has an extensive hurricane history that includes enormous damages and a 

considerable death toll, making it an important and interesting study area. 

2.1.1 History of Gulf Coast Hurricanes 

4 

Gulf Coast hurricanes make up approximately three to four percent of the world's 

cyclone activity (Keirn et al. 2009). However, the repeated hurricane landfalls in this 

area give it a lengthy storm history. Statistically the Gulf of Mexico sees on average 1. 7 

hurricanes per season while the total number of hurricanes for the entire Atlantic Basin 

averages 5.3 hurricanes per season (Keirn et al. 2009). An average for the past 105 years 

shows that, coastal sites throughout the Gulf Coast experience approximately one 

hurricane strike every 10 to 20 years (Keirn et al. 2009). Taking all tropical storms and 

hurricanes from 1886 to 2005, 72 out ofthe 395 Gulf Coast storms developed into major 

hurricanes (category 3 or above) (Keirn et al. 2009). The following sections describe 

some of the notable Gulf Coast hurricanes. 

Galveston Storm of1900 

The deadliest hurricane and natural disaster to ever strike the Gulf Coast and the 

U.S. was the 1900 Galveston Hurricane. The lack oftechnology to accurately determine 

the risk of a direct hit, combined with an unwillingness of residents to leave resulted in 

8,000 to 12,000 lives lost (NOAA 2008). The destructive storm surge was estimated at 8 

to 15 ft and destroyed much of the city causing an estimated $30 million in property 

damage (NOAA 2008). Although Galveston rebuilt and constructed an enormous 17 ft 
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high, 27ft wide sea wall, the city was never able to recover its shipping industry and as a 

result the City of Houston developed into a strong port city (Keirn et al. 2009). 

Hurricane Camille 

Because of its 200 mph wind speeds, Hurricane Camille (1969) is on record as the 

strongest hurricane landfall in the U.S. (Keirn et al. 2009). This category 5 storm hit the 

Mississippi coast and overall caused $1.421 billion in property damage and claimed over 

256lives (NOAA 2008). Much ofthe damage and loss of life was due to the massive 

24.6 ft storm surge (NOAA 2008). The remnants of Camille continued to move to the 

northeast bringing torrential downpours of 12 to 20 inches of rain (NOAA 2008). 

Hurricane Katrina 

In 2005, Hurricane Katrina hit the Mississippi and Louisiana coast causing 

catastrophic damage and deaths, mostly because oflevee failures in New Orleans. 

Katrina is on record as being the costliest hurricane to ever hit the U.S. The storm is also 

on record as the third most intense hurricane in the U.S. Finally, it follows the Galveston 

1900 storm and Florida 1928 storm for most deaths cause by a hurricane (Blake et al. 

2007). According to Keirn, while our detection of hurricanes has greatly improved since 

the devastating Galveston Hurricane of 1900, the possible destruction has increased. In 

1900 only 42,000 Galveston Island residents were affected by the hurricane while in 2005 

Katrina hit the New Orleans area with a population of over 1.6 million people (Keirn et 

al. 2009). 

Hurricane Katrina made landfall as a category 3 hurricane just 50 miles southeast 

ofNew Orleans. The category 5 status before landfall helped produce a large storm surge. 
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Record high surge values of 28 ft were recorded in Mississippi (NOAA 2008). The 

southeastern Louisiana coast experienced 10 to 20 foot surge levels (NOAA 2008). In 

New Orleans the surge breached the levees and Lake Pontchartrain spilled into the city 

causing massive flooding. Although most of the damages and news-worthy stories 

occurred in New Orleans, the Mississippi coast was affected by the most powerful part of 

the storm. The surge along the Mississippi coast reached 6 miles inland and 1 0-12 miles 

inland along rivers (Keirn et al. 2009). The death toll from Hurricane Katrina in the U.S. 

reached 1,350 with property and infrastructure damage reaching $75 billion (Keirn et al. 

2009). 

Hurricane Ike 

In 2008, Hurricane Ike became the second most destructive storm to hit the Texas 

coast since the Galveston Storm of 1900 with a total of $24.9 billion in damages (Berg 

2010). Although rainfall was not significant, the storm surge from Ike ranged from 15 to 

20 feet with the highest surge recorded on Bolivar peninsula (NOAA 2008). The 

peninsula was severely damaged by the surge (Figure 2-1) while wind caused millions of 

residents all along the southeast Texas and southwest Louisiana coast to lost power. 

Surprisingly, there was little damage to the Houston Ship Channel facilities because of 

the path of the storm track and protective structures in place. However Hurricane Ike, 

much like Katrina, forced the Houston community to realize their high risk for hurricane

induced storm surge. Ike was one of the best monitored hurricanes in history for the 

Houston region, allowing new research related to hurricanes and storm surge issues 

possible. 



Figure 2-1: Before and after Hurricane Ike on Bolivar peninsula (Doran 2009) 

2.1.2 Storm Surge Overview 

Storm surge is essentially a wall of water created by the winds and pressure 

gradients during a hurricane. This water is pushed towards the shoreline over a period of 

several days during a severe storm. The height of this water wall is controlled by four 

main factors: the wind blowing over the surface of the water, the effect of waves, the 

pressure gradient, and the Coriolis force (Dean et al. 2004). Other factors that affect the 

height of storm surge include coastal bathymetry, astronomical tides, and storm size. 

Figure 2-2 shows an example of storm surge inundation along a coastal area. For areas 

which have gently sloping coastal continental shelves, like the Gulf of Mexico and the 

East coast of the U.S., the wind and wave factor account for 75-90% of storm surge 

height, with the wind component having the greatest influence on the total storm surge 

height (Walton et al. 2009). 

7 
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Figure 2-2: Storm Surge 

The force of storm surge can cause extensive damage not only by flooding coastal 

communities, but also by destroying any buildings in its path. When evaluating the 

vulnerability of a hurricane-prone coastal area to storm surge damage it is important to 

consider the topography of the inland areas. For example, the Houston-Galveston area is 

a very low sloping flat coastal community, which makes inland areas more vulnerable to 

storm surge than coastal communities with higher coastal elevations. 

The size and location of a hurricane can affect how far along the shoreline the 

storm surge will reach and which areas will be the most damaged. Larger storms affect 

longer lengths of shoreline than smaller storms. In terms of location, the right side of a 

hurricane will have a higher storm surge due to the inland blowing winds of the 

counterclockwise rotating storm. 

Some historically memorable hurricanes with significant storm surge levels 

include the Galveston Hurricane of 1900 (8 to 15 ft), Hurricane Camille in 1969 (24 ft), 

Hurricane Katrina in 2005 (20-28 ft) and Hurricane Ike in 2008 (15 to 20 ft) (NOAA 

2008). These storm surge levels cause widespread flooding in coastal regions in both 

floodplain and non-floodplain designated regions. 



2.2 Coastal Floodplain Maps 

The purpose of the National Flood Insurance Program (NFIP), which is directed 

under the Federal Emergency Management Agency (FEMA), is to provide federally 

backed flood insurance to communities in high flood prone areas. In exchange, 

communities that choose to participate in the NFIP are required to develop and carry out 

floodplain management regulations that reduce the chance of future damage from 

flooding. The NFIP currently has over 20,000 communities that participate in the 

program, which includes a total of 5.5 million properties (NFIP 2010, Holladay 201 0). 

Florida and Texas combined contribute to over 50% of the total flood insurance policies 

(Holladay 2010). Although this federal insurance program fills a need that private 

insurance does not cover, recent flooding events related to hurricanes along the Gulf 

Coast have put the NFIP $19 billion in debt, causing it to no longer be a sustainable 

program (Holladay 2010). Nevertheless, the program is continuing to modernize and 

update its floodplain maps throughout the nation. 

These floodplain maps, known as Flood Insurance Rate Maps (FIRM), are used to 

locate properties in flood insurance areas and to develop strategies for floodplain 

management. Floodplain modeling and mapping in coastal areas can be more complex 

because of the various sources of flooding. Procedures developed by the NFIP are just 

recently incorporating sophisticated hydrodynamic storm surge models to more 

accurately determine flood risks in coastal areas. In this research, the impact of storm 

surge in coastal channels is considered by directly incorporating surge into floodplain 

models. 

9 
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2.2.1 Mapping Methods 

Floodplain maps show areas that are flooded as a result of a 1 00-yr storm event. 

This level of flooding is referred to as the Base Flood Level (BFL) and is defined as 

having a 1% chance of being exceeded in any given year (FEMA 2007). The Base Flood 

Level is not determined from one particular storm; instead it is determined from 

statistical calculations based on historical data and modeling. In other words, there are a 

countless number of storms with varying characteristics and parameters that could cause 

a 100-yr flood. 

The basic procedure for coastal floodplain mapping involves determining the 

Base Flood Level using an appropriate flood frequency analysis method. These analysis 

methods can use either observed data or simulated data which is based on numerical 

modeling. For coastal areas, analysis of both water levels and waves at the coastline 

needs to be considered for the Base Flood Level. Water levels consist of astronomical 

tides and storm surge. Either observed gage records or simulated synthetic data is used to 

complete a frequency analysis on tides and surges. Wave height analysis is combined 

with water level frequency calculations to determine the overall Base Flood Level 

(FEMA 2007). 

The Flood Insurance Rate Maps are coded into various flood zones based on the 

floodplain mapping procedure. Zone AE represent areas with a 1% annual chance of 

flooding, which corresponds to a 26% chance of flooding over the life of a 30-yr 

mortgage. Zone VE also represent this same annual chance except these zones are 

specific for coastal areas. The shaded Zone X represents the 500-yr floodplain and the 

un-shaded area is outside of any floodplain. 
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Figure 2-3 shows the FIRM zones for the study area of this thesis. Based on these 

FEMA zones, the floodplain in the Horsepen Bayou watershed, near Clear Lake is in 

Zone AE, meaning coastal flooding factors such as storm surge are not directly taken into 

consideration. One of the goals of this research is to examine the effect of storm surge on 

the Horsepen Bayou floodplain since the watershed is connected to Galveston Bay. 

~ Open Water 

'
, 'I Horsepen Bayou Watershed ., 
C:::3 Armand Bayou Watershed 

N 

A 
0 0.5 1 -Miles 

Figure 2-3: FEMA flood zones 

FEMA Floodplain mapping is usually contracted out to engineering firms that 

specialize in such work. In order to maintain uniformity between maps delineated by 

various groups, FEMA publishes extensive guidelines which include specific 

2 
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methodologies as well as a list of approved hydrologic and hydraulic models. By far the 

most popular model used for floodplain mapping in Zone AE is the 1D HEC-RAS model 

(HEC 2010). FEMA used the HEC-RAS model to determine the flood zones in Figure 

2-3 and used a minimum Base Flood Level of 12ft to account for storm surge inundation. 

XPSWMM, which is a focus ofthis thesis, is also an approved floodplain modeling 

software (XP Software 2009). Instead of assuming a minimum BFL for storm surge, this 

study uses both HEC-RAS and XPSWMM to dynamically model rainfall and storm surge 

together. These two models are elaborated on in Sections 2.3 and 2.5. The next section 

explains how FEMA is in the process of addressing storm surge more comprehensively in 

their floodplain maps by incorporating the ADCRIC storm surge model. 

2.2.2 Coastal Remapping using ADCIRC 

FEMA has recently instigated the Map Modernization program which involves 

updating floodplain maps throughout the nation by using newly available data and better 

modeling methods. The uncertainty related to storm surge frequency in coastal areas is 

being addressed in the Map Modernization program by the use of a storm surge model 

called ADCIRC (ADCIRC 2010, FEMA 2010). 

ADCIRC is an ocean and coastal finite element hydrodynamic model that was 

developed by Westerink and Luettich (Westerink et al. 1992). The model's applications 

include modeling storm surge and flooding, simulating past storms, forecasting storm 

surge, and even predicting transport of contaminants such as oil in the ocean. Figure 2-4 

shows the water depth results from a typical ADCIRC model run. 
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Figure 2-4: ADCIRC simulated max water levels for Southern Louisiana during Hurricane Ike 

The main purpose of the model for floodplain mapping purposes is to determine 

the 1 00-yr storm surge height by simulating numerous synthetic storms. Historical data is 

analyzed using the joint probability method to develop statistical distributions of 

important hurricane variables such as central pressure, radius of maximum winds, and 

translational speed. Sampling from these distributions results in a set of synthetic 

hurricanes that can be modeled using ADCIRC. The 1% annual chance or 1 00-yr storm 

surge return period at locations of interest can then be calculated and used as a storm 

surge boundary conditions for hydraulic analysis that include rainfall. 

Areas in the United States that are using ADCIRC for the remapping of coastal 

floodplains include Virginia, Maryland, Delaware, Louisiana, Mississippi, and Texas 

(Dawson 2010, FEMA 2010, LSU 201 0). How the use of ADCIRC will affect the 

floodplain in the Horsepen Bayou area is unknown; however, it will be an interesting 
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comparison to this research when the new maps are available. Since a reliable 1 00-yr 

storm surge levels based on ADCIRC simulations are not available currently, this 

research uses observed storm surge levels from historical storms to model the effect of 

storm surge in a lD HEC-RAS model (Section 2.3) and a 2D XPSWMM model (Section 

2.5). 
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2.3 HEC Models 

The Hydrologic Engineering Center (HEC) is a part of the US Army Corps of 

Engineers and provides technical expertise to the Corps in areas of surface and 

groundwater processes. In addition to providing technical guidance, the Center also 

develops and maintains a suite of water resource models. The HEC-Hydrologic Modeling 

System (HEC-HMS) and the HEC-River Analysis System (HEC-RAS) are a hydrology 

and hydraulic model, respectively, developed by HEC and recommended by FEMA for 

use in floodplain mapping (HEC 2010, HEC 2000). The Tropical Storm Allison 

Recovery Project (TSARP) used both HEC-HMS and HEC-RAS to remap all the 

floodplains in Harris County including the study area in this thesis (TSARP 2010). 

2.3.1 HEC-HMS 

HEC-HMS is a hydrology model that was released by the US Army Corps of 

Engineers in 1992 to replace the old HEC-1 model. The HEC-HMS software is a lumped 

precipitation-runoff model that can be applied to various geographic terrains by 

simulating hydrographs through a watershed. HEC-HMS can be coupled with other 

software (such as HEC-RAS) for a multitude of applications including, floodplain 

delineations, urbanization studies, reservoir design, and water availability analysis (HEC 

2000). 

The software includes various options for modeling the physical parameters of the 

watershed and for inputting meteorological data. The Basin Model in HEC-HMS is a 

network of subbasins, junctions, reaches, reservoirs, and diversions that describes the 

layout of the watershed. Users can choose from various accepted method to model 



infiltration losses, transport, and channel routing within the Basin Model. The 

meteorological inputs in HEC-HMS include precipitation, evapotranspiration, and 

snowmelt inputs. Precipitations can be input as either historical storm data or synthetic 

precipitation data. 

In terms of floodplain modeling, HEC-HMS is the hydrologic model that 

simulates flow hydrographs that are used as inputs for HEC-RAS. To model a 100-yr 

floodplain, a 100-yr rainfall event for the area of interest is simulated in HEC-HMS. 

The peak hydrograph flows from HEC-HMS are then used in HEC-RAS to model the 

worst case scenario 1 00-yr floodplain. 

2.3.2 HEC-RAS 
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HEC-RAS is a hydraulic model for rivers and channels that was released in 1995 

by the US Army Corps of Engineers. The main functionality of the model is to simulate 

water surface elevation given inputs of river geometry and channel flows. HEC-RAS is a 

one dimensional (10) model, which means it does not model the bends or shape changes 

in a channel directly. When combined with hydrologic software such as HEC-HMS, 

applications for HEC-RAS include floodplain delineation, channel modification studies, 

and dam breach analysis. HEC-RAS has sophisticated capabilities such as being able to 

model complex structures like bridges, weirs, and culverts, as well as subcritical, 

supercritical and mixed flow regimes (HEC 2010, Bedient 2008). 

HEC-RAS is used in this thesis for the software's steady state and unsteady state 

flow simulation capability. The steady flow analysis involves inputting peak flows into 

the model geometry in order to generate a maximum water surface profile for the entire 



river. HEC-RAS uses the 1D energy and momentum equations and calculates energy 

losses though Manning's roughness coefficient and contraction/expansion coefficients. 

17 

Unsteady flow simulations require the input of entire hydro graphs instead of just 

peak flows. This allows the software to model water surface profiles through time. The 

code within HEC-RAS that solves the unsteady flow equations is based on a solver called 

UNET (Barkau 1996). The program solves the 1D St. Venant Equations using an implicit 

finite difference scheme. Unlike the steady state simulation, the unsteady state model 

requires experienced users to insure stable and accurate solutions. 

2.3.3 Tropical Storm Allison Recovery Project 

The Tropical Storm Allison Recovery Project (TSARP) is a collaboration between 

FEMA and the Harris County Flood Control District. It was initiated after Tropical Storm 

Allison in 2001 devastated the Houston area with unprecedented flooding and property 

damages that totaled over $5 billion (TSARP 201 0). 

The purpose of TSARP was to reanalyze the flood risks in Harris County by 

creating new HEC-HMS and HEC-RAS models for all22 watersheds in the county. One 

of the main improvements over the old models was the use ofLiDAR (Light Detection 

and Ranging) data to map the topography of the region. The result of the program has 

been newer and more accurate Federal Insurance Rate Maps (FIRM) for all of Harris 

County. The TSARP models are used in this thesis for the 1D model floodplain mapping 

analysis. The following section describes the motivation behind comparing the TSARP 

1D model to a 2D model of this study area. 



18 

2.4 1D vs. 2D Hydrodynamic Modeling 

Until recently, hydrodynamic modeling of urban systems involved solving a 1D 

network of channels, pipes and nodes. However, with the development of high resolution, 

gridded topographical data, the application of 2D modeling methods is becoming more 

popular. 2D models can be more accurate than lD models because data can be input in a 

gridded format. The major downside to using a 2D model is the increased computational 

cost required compared to the traditional1D approach. To maximize the accuracy of a 

hydrodynamic model while minimizing the run time and cost, dynamically linked 10/20 

models have been developed. 

Figure 2-5 illustrates the geometry difference between a 1D model and a 20 or 

1D/2D model. A 1D model includes cross-sections that extend past the river banks and 

into the floodplain to define the topography ofthe channel. Flow from rainfall-runoff is 

input into 10 models using flow hydro graphs which are simulated using an additional 

hydrologic model. 2D models incorporate a grid that directly models overland and 

overbank flow from rainfall-runoff into the channel and do not require an additional 

hydrologic model to calculate this flow. 1D/20 models combine a 2D overland flow 

model with a 1D channel model that only includes the channel area within the river 

banks. A purely 2D model would simulate the channel in 2D as well. Various 10, 2D, 

and 1 0/2D models are now used in engineering practice for floodplain modeling in urban 

areas. 
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1DMode/ 20 or 1D/2D Model 

Figure 2-5: 10 and 20 model schematic 

Modeling floodplains in urban areas is more complex than in underdeveloped 

areas. Urbanization creates complex flow patterns because of the combination of pipe 

networks, street flooding, and overland flow. Many cities are also located in coastal areas 

and are therefore at risk from flooding from extreme storm events in addition to typical 

rainfalls. A hydrodynamic model for an urban system needs to be able to handle these 

various complexities in order to model the area accurately. Common 1D software for 

modeling floodplain inundation and/or urban pipe systems includes HEC-RAS, ISIS, 

XPSWMM, and MIKE (HEC 2010, Halcrow 2010, XP Software 2010, DHI 2011). 2D 

models and 1D/2D linked models include TELEMAC-2D, LISFLOOD-FP, XPSWMM-

2D (TUFLOW), and MIKE FLOOD (TELEMAC 2009, Bates 2009, XP Software 2010, 

DHI 2011 ). A review of the literature on these models shows that while each model is 

capable of simulating floodplain inundation, certain models perform better for particular 

types of terrain and urbanization. 
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In a study done by Horritt et al. (2002), a 10 HEC-RAS model was compared to 

the finite difference LISFLOOD-FP model and the finite element TELEMAC-20 model. 

Results concluded that for the narrow valley study area, HEC-RAS was capable of 

representing the floodplain comparably well to TELEMAC-20, while LISFLOOD-FP 

was not able to match the observed inundation area as accurately. The author attributed 

the high performance of the HEC-RAS model to the steep terrain and the high resolution 

DEM data, which allowed both the HEC-RAS and TELEMAC-2D models to perform 

equally well. 

A similar study was completed on the River Thames floodplain in England which 

compared the flooding from various dam breach scenarios using four hydrodynamic 

models including ISIS flow (Quasi 20), LISFLOOO-FP (2D raster routing), TUFLOW 

(20 with regular grid, and 10/20 links), and TELEMAC-20 (20 with irregular grids) 

(Syme et al. 2004). The authors claim that TUFLOW performed the most consistently 

between all four models because in all instances it matched the results from at least one 

other model. 

The studies mentioned above represent two very different terrains and types of 

urbanization. Horritt compares 10 and 20 models for an inland river in a mixed urban 

and agricultural area, while Syme evaluates hydrodynamic models for a tidal area in a 

highly urbanized system. The strong performance of the 1 D/20 dynamically linked 

TUFLOW model in Syme's work supports the use of lD/20 modeling for complex urban 

areas. However, not alll0/20 models are applicable for every type of study area. 

Lhomme et al. (2009) tests the 2D module in a newer 10/20 model called IW20 and 

compares the results to both TUFLOW and TELEMAC. The results show that both 
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TELEMAC and IW20 outperform TUFLOW in a dam breach scenario. The weakness of 

IW20 is the modeling of tidal zones and estuaries which TUFLOW was specifically 

developed to simulate. Therefore, while TUFLOW may not perform well for Lhomme's 

study area, there are other geographical situations where TUFLOW may surpass models 

such as IW20. 

Overall, there are many advantages in using 10 and 20 integrated models over 

traditional10 models or solely 20 models. A purely 20 model can have an extremely 

long run-time which increases as grid sizing decreases. In order to capture the terrain of a 

river in a 20 model, a grid size smaller than the width of the channel is necessary. A 20 

representation of a channel is often much coarser than the 10 channel cross-sections. 

Additionally, within the channel banks, a river can be accurately modeled using a 10 

analysis. By replacing the river area in the 20 model with a 10 model, not only can the 

river be modeled more accurately but the overall run-time of the model decreases because 

of the decrease in overall 20 model area. 

Hydrodynamic 20 and 10/20 models can use a GIS-based interface to 

incorporate gridded surface data which makes creating the model and analyzing the 

results much simpler than using a 10 model. An increasingly important advantage of20 

and 10/20 models is the concept of defining areas associated with a specific flood risk 

rather than strictly a floodplain map that results from river overbank conditions. 

Hydrodynamic models with 20 elements can simulate not only a water depth but also a 

water velocity from which a hazard can be calculated. 10 floodplain models are unable to 

provide such detailed flood hazard information making 20 models for urbanized areas 
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significantly more useful. In this thesis the XPSWMM software, which include the 

TUFLOW model, is used to compare a lD model floodplain with a 2D model floodplain. 

2.5 XPSWMM 

XPSWMM (eXPert Stormwater and Wastewater Management Model) is a 

software package used for dynamic modeling of stormwater systems, sanitary systems, 

and river systems. The program was created by XP Software, but uses the EPA SWMM 

model (Storm Water Management Model) as the primary runoffhydrograph simulation 

method (EPA 2011). The EPA SWMM model, first developed in 1971, is a dynamic 

rainfall-runoff model that simulates runoff quantity and quality. The model includes 

subcatchment areas for runoff modeling and channels and pipes for routing. The 

XPSWMM software uses the capabilities of SWMM and combines it with a user friendly 

interface and the ability to link the 1 D SWMM model to a 2D overland flow model (XP 

Software 2010). 

The main advantage of using XPSWMM for this research is the software's 

capability of combining a 1 D river hydraulic model with a 2D rainfall-runoff model to 

generate floodplain maps (XP Software 2009). XPSWMM is approved by FEMA for use 

in hydraulic and hydrologic applications such as floodplain mapping. The xp2D module 

available for XPSWMM allows the user to utilize the 1D river modeling capability of the 

XPSWMM software with a 2D TUFLOW-based overland flow model. The following 

section discusses the 1D/2D TUFLOW model within the XPSWMM software. 
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2.5.1 TUFLOW 

The TUFLOW (Two dimensional Unsteady FLOW) model was originally 

developed to model estuaries, coastal bays, and tidal basins. Previous methods used to 

model such areas included coarse 2D grids, which were inadequate for simulating flow in 

and out of an estuary. The purpose ofTUFLOW was to create a hydrodynamic model 

that could dynamically link 1D nodes to a 2D model, thereby more accurately modeling 

the hydraulics of a coastal area (Syme 2001 ). The model development was funded by 

WBM Pty Ltd and the University of Queensland and was completed in 1990. TUFLOW 

was upgraded in 1997 in order to work more efficiently in the Windows PC environment. 

The 1D area of the TUFLOW model is simulated using ESTRY, a 1D 

hydrodynamic, explicit finite difference code. ESTRYuses a network of nodes and links 

to solve the 1D St. Venant equations. TUFLOW solves the 2D area by calculating the full 

2D shallow water equations (St. Venant equations) of continuity and momentum over a 

rectangular gridded surface (Equation 1, 2, and 3). The 2D solution scheme is a finite 

difference, alternating direction implicit (AD I) scheme based on the work of Stelling 

(1984). 

As mentioned above, the main advantage ofTUFLOW is the ability to 

dynamically link 1D nodes with the 2D model. Three types of 1D/2D links can be used in 

TUFLOW. Externa1links are applied along the perimeter ofthe 2D area while internal 

links can be nested inside the 2D model to simulate subsurface flow. The third method, 

called the Split 2D model links, is used in this research because it allows the river 

channel area to be modeled in 1D while the overbank area is modeled in 2D (Syme 

2001). The 1D network can more accurately represent the river by including detailed 



channel cross-sectional information while the area outside the channel banks can 

represent complex overland 2D flow. 

2D St. Venant Equations 

u = depth averaged velocity in the x direction 

v = depth averaged velocity in they direction 

g = acceleration due to gravity 

~ = water surface level 

h = depth of water relative to a datum 

H = ~ + h = total water depth 

f = coriolis parameter 

C = Chezy bed friction coefficient 

Fw = external wind force 

Fr = force due to waves (radiation stress) 

Fp = force due to barometric pressure 

Fxory = external force in x or y direction from Fw + Fr + Fp 
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(1) 

(2) 

(3) 

Since TUFLOW simulates the lD and 2D models in unison, the code handles the 

boundary of these models with a lD flow/2D level interface. At the boundary of the two 

models, the 2D model transfers the total calculated flow to the 1 D node which then 

calculates and specifies a new water level to the 2D model. The 2D model is then re-run 

for the next time step and the 1D/2D interface process is repeated (Syme 2001). 

Besides the important 1D/2D modeling advantage ofTUFLOW, the model also 

has several significant computational, calibration, and user-interface advantages. A 

computational advantage of the code is that it can handle rapid wetting and drying of 

model grid cells while maintaining a stable solution (Syme 2001). The model can also 
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simulate complex urban and overland flows and hydraulic structures while maintaining a 

stable solution. In terms of calibration, the model is much easier to calibrate compared to 

1 D models such as HEC-RAS and accurate results can be achieved by adjusting the 

roughness values. The integration of GIS data management into TUFLOW gives the 

model a user friendly advantage. 

GIS data can be used to input a variety of information into the model including, 

topography, land cover categories, model boundaries, and node and channel networks. 

The model output can also be exported for analysis in a GIS environment. Figure 2-6 

shows the types of GIS data that TUFLOW is able to directly incorporate into the model. 

Land-cover 

Figure 2-6: Example GIS inputs into TUFLOW 

The next chapter discusses the methods used in this thesis to develop both a 1 D 

HEC-RAS model and combined 1D/2D XPSWMM model for Horsepen Bayou. Both 

models simulate rainfall and storm surge that influence the Horsepen Bayou floodplain 

unlike the current floodplain models that only incorporate storm surge in a limited way. 



Chapter 3 METHODS 

This thesis focuses on lD and 2D modeling of the Horsepen Bayou floodplain 

near Clear Lake, Texas. Horsepen Bayou is an inland channel that has a hydrologic 

connection to Galveston Bay, making it vulnerable to inundation from both inland 

rainfall and storm surge. A lD HEC-RAS model and 2D XPSWMM model are used to 

simulate flooding in this watershed from both ofthese inundation sources. 

3.1 Study Area 
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The broader study area for this research is the Armand Bayou watershed located 

in Harris County, southeast ofthe City of Houston near the coast of Galveston Bay 

(Figure 3-1). Armand Bayou is connected to Galveston Bay through Clear Lake, which 

empties directly into the Bay. Horsepen Bayou is one ofthe main tributaries to Armand 

Bayou and is the focus for floodplain modeling in this thesis. It was chosen for this study 

because of the storm surge impacts that can affect this basin as well as the availability of 

storm surge measurements from Hurricane Ike. 

Figure 3-2 shows a close up of the Armand and Horsepen Bayou watersheds 

along with important stream and surge gages. The Horsepen Bayou watershed is 

approximately 19.5 sq miles, which is 33% of the total Armand Bayou watershed. The 

figure clarifies how storm surge can cause flooding in Horsepen Bayou by traveling 

though Clear Lake, into Armand, and up to the Horsepen confluence. The area is 

characterized by flat topography with poor infiltration, causing substantial rainfall events 

to create large runoffs and also contribute to flooding. 



Figure 3-1: Houston-Galveston Area 
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Figure 3-2: Armand and Horsepen Watersheds near Clear Lake, TX 
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Like many areas surrounding Houston, the Armand Bayou watershed is a rapidly 

expanding urban region. The area has a mixed land use that includes residential, 

commercial, and industrial areas. The Horsepen Bayou watershed, which is contained 

within the Armand watershed, is mostly residential but includes NASA's Johnson Space 

Center as well. Critical facilities near the study area include the Houston Ship Channel 

which has the potential to be strongly impacted by storm surge in Galveston Bay. The 

nearby coast and frequency of Gulf Coast hurricanes makes the study area vulnerable to 

extensive damage when inland rainfall and surge combine during a severe storm event. 

The following sections describe the model setup for both 1 D and 2D models used to 

simulate this combined rainfall and storm surge effect. 

3.2 HEC-RAS Model Setup 

As mentioned in Section 2.3.3, the HEC-RAS and HEC-HMS models used in this 

study were created by the Tropical Storm Allison Recovery Project (TSARP) which 

created new hydrologic and hydraulic model for all 22 watersheds in Harris County after 

Tropical Storm Allison devastated the area in 2001. Three separate HEC-RAS models 

from TSARP for the Horsepen Bayou watershed were utilized in this research. The main 

model represents the Horsepen channel while the other two models represent tributaries. 

The inputs chosen by TSARP as well as the modification made to the original models for 

application to this study are described in the next section. 
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3.2.1 Model Inputs 

The HEC-HMS TSARP model was used to develop hydrograph inputs for the 

HEC-RAS model. The original HEC-HMS model was unchanged, except for the addition 

of specific rain events needed for this study. The HEC-HMS model uses the Green-Ampt 

infiltration method, Modified Puls reach routing method, and the Clark transform 

method. 

The main Horsepen Bayou HEC-RAS model and two tributary HEC-RAS models 

utilized in this study varied greatly in size and model complexity, however, one 

commonality is that all channel cross sections were determined from LiDAR data. The 

number of cross sections in each of the three models is as follows: the Main Channel has 

62 cross sections; Tributary 1 has 26 cross sections; and Tributary 2 has 10 cross 

sections. The channel bed roughness coefficients for all three models range from 0.030 to 

0.042, which is appropriate for a natural earth channel. Figure 3-3 illustrates all three 

model geometries from the HEC-RAS model, however the reader should keep in mind 

that the models were actually simulated separately. 
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Figure 3-3: HEC-RAS geometry 

3.2.2 Conversion to Unsteady State Simulation 

The HEC-RAS TSARP models were created for steady state simulations. For the 

purpose of this study, an unsteady state model was needed. Considerations were made to 

combine the three steady state models into one unsteady state model but because of the 

methodology used by TSARP, this task proved to be cumbersome and unnecessary. 

Instead, all three models were modified separately to run in unsteady state. A previously 

modified unsteady state model for the main channel of Horsepen Bayou was used as a 

starting point for this study (Ray et al. 2011). The two tributary models were changed 

from the original TSARP models. Modifying the models from steady state to unsteady 

state involves changing the flow rate inputs to vary with time, adding a downstream 

boundary condition, and manipulating the geometry data to allow for stable calculations. 
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The flow rate inputs are hydrographs taken from HEC-HMS sub-basins and 

attached to the cross-section along the river that receives the given flow. Flows from all 

sub-basins in HEC-HMS have to be specified to a particular cross-section in HEC-RAS 

to maintain a water balance. In order to assign flows accurately along the channel, the 

location of a sub-basin and the type of flow from the sub-basin needs to be considered. 

Flow into a cross-section can be either specified as a Lateral Inflow Hydrograph or a 

Uniform Lateral Inflow Hydrograph. The lateral inflow directly assigns the flow to one 

specific cross-section while the uniform lateral inflow distributes the flow from a sub

basin throughout several consecutive cross-sections. Aerial images, land-use information, 

and knowledge of the study area were used to determine if hydro graphs from a HEC

HMS sub-basin entered the channel at a single location or if flow was distributed along a 

section of the channel. 

Along with assigned flows, an unsteady state model also needs a time dependant 

downstream boundary condition. For the main channel, the boundary condition was 

determined by Gage GAL-022 or Gage 104 (Figure 3-2), which record the stage at the 

coastline caused by storm surges and tides. The downstream boundary condition input for 

the two tributaries was the HEC-RAS simulated stage hydrograph on the main channel 

downstream of the tributary confluence. Using the modeled stage on the main channel to 

define the boundary condition for the tributaries is a good method for maintaining 

accuracy when modeling the tributaries and main channel separately instead of together 

in one unsteady state model. 

The final step in changing the steady state model into an unsteady HEC-RAS 

model was to modify the geometry data to facilitate the comparison to XPSWMM and to 
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ensure stable calculations. The original TSARP models included bridges which were 

eliminated from the model in this study to facilitate the comparison with XPSWMM. 

Because the main purpose of this study is a model-to-model comparison, removal of the 

bridges does not affect the overall results or conclusion of this research. In addition to 

deleting the bridges, geometry modifications included increasing the number of hydraulic 

curves for each cross-section and manipulating obstructions and ineffective flow areas to 

allow for stable calculations. 

3.3 XPSWMM Model Setup 

The XPSWMM model is able to dynamically link aID model area with a 2D 

model area. In the context of floodplain mapping, channels can be modeled in ID while 

the overbank area is modeled in 2D. Incorporating a ID channel into the 2D model not 

only decreases the total run-time of the model, but it also allows for a more accurate 

representation of the channel when the grid size of the 2D model is larger than the 

channel width. In this study, the entire Horsepen Bayou watershed is modeled in 2D 

except for the areas within the channel banks. These channel areas are modeled in ID and 

correspond to the same channels that are modeled in HEC-RAS in order to make 

comparison between the two models easier. The following section explains how the 

XPSWMM model was constructed. 

3.3.1 Model Inputs 

In order to maintain a comparison basis between the HEC-RAS model and the 

XPSWMM model, the same cross-sections from HEC-RAS were used in the ID model in 
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XPSWMM. These cross-sections had to be trimmed down to only represent the channel 

from bank to bank and exclude the entire overbank area. Cross-sections from HEC-RAS 

were directly imported into XPSWMM after they were trimmed down in HEC-RAS. The 

same Manning's roughness coefficients from HEC-RAS were also used in the 

XPSWMM model. 

The 1D model in XPSWMM is made up oflinks which are defmed as natural 

channels and nodes which connect one link to the next. Links and nodes can be imported 

into XPSWMM from GIS. The original Horsepen Bayou TSARP GIS shapefiles were 

used to create links and nodes that would place cross-sections in the same location in 

XPSWMM as in HEC-RAS. The links and nodes were also assigned the same channel 

bottom elevations, channel lengths, and cross-section maximum depths as specified in 

HEC-RAS. 

Topography for the 2D model was defined using the same LiDAR data utilized by 

TSARP. In order to import the LiDAR data into XPSWMM, this gridded topography data 

had to be re-sampled from a 15 ft to a 30 ft resolution by averaging the elevation onto the 

new 30 ft grid. The elevations from the LiDAR data are assigned to the gridded 2D area 

which is defined as the entire watershed minus the 1D channel area. Figure 3-4 shows an 

illustration of the XPSWMM 1D and 2D model areas. The boundary between the 1D and 

2D model area was defined using the 1 D/2D interface tool in XPSWMM. The 1 D model 

was linked to the 2D model by creating l D/2D connections from each node to the nearest 

vertex on the 1D/2D interface. 

The 2D computation grid in the XPSWMM model has a 180 ft by 180 ft grid size 

for a total of 26,800 grids in the model area. The software version used in this study only 



allows for a maximum of 30,000 grid cells, meaning the grid spacing was the smallest 

possible for the size of the watershed. However, a 180 ft grid cell represents 

approximately the area of four suburban homes and therefore is of reasonable accuracy 

for comparing the 1 D and 2D floodplain methods in this thesis. 

Figure 3-4: XPSWMM model area 
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Unlike HEC-RAS, which requires HEC-HMS for precipitation-runoff 

calculations, the 2D model in XPSWMM simulates overland flow from rainfall. Overland 

flow is calculated in XPSWMM based on the land-cover of a 2D grid cell. Land-cover is 

specified by assigning a Manning's roughness coefficient that corresponds to a particular 

land-cover category. The integration of GIS and XPSWMM makes importing geo

referenced shapes for various land-cover categories a straightforward task. Land-cover 

data from 2008 for the model area was taken from the Houston-Galveston Area Council 

and appropriate roughness values were assigned based on literature values (HGAC 2010, 



Vieux 2004). Table 3-1 shows all the land-cover classifications and roughness 

coefficients used in the model as well as the area of each land category in the model. 

Table 3-1: XPSWMM Land-cover Input 

Manning's Total Area Percent Total 
Land-cover Category Roughness (sq mi) Model Area 

High Development 0.015 2.2 11.3 

Low Development 0.015 9.1 46.7 

Open Development 0.05 3.3 16.9 

Grassland and Shrubs 0.04 3 15.4 

Forest 0.1 0.2 1 

Woody Wetlands 0.06 0.9 4.6 

Herbaceous Wetlands 0.055 0.4 2.1 

Bare Land 0.04 0.1 0.5 

Open Water 0.015 0.3 1.5 

Total 19.5 100 

3.3.2 Model Calibration 

Calibration of the XPSWMM model is straightforward and primarily involves 

changing the Manning's roughness coefficient to determine the overland flow. 

Additionally, the timing and magnitude of the stage throughout the channel can be 
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calibrated by moving the boundary condition stage hydrograph to occur later or adjusting 

it up or down to match the rising limb of an observed stage hydrograph on the channel. 

Matching observed hydrographs with modeled hydrographs at a gauged location on the 

channel is an appropriate method for verifying the model during calibration. Roughness 

coefficients chosen based on literature values (Table 3-1) produced excellent matches for 

the two large historical storms modeled in this thesis and a decent match for the one 

smaller storm event. Because this study is specifically interested in large storm events 



with surge, the model was considered calibrated using the values in Table 3-1 which 

produced the modeled hydrographs discussed in Chapter 4. The next section described 

the storm events modeled using both the HEC-RAS and the XPSWMM model. 

3.4 Storm Event Inputs 

The HEC-RAS and XPSWMM models were used to model four rain events. 

36 

Three of these rain events are historical events and one is a synthetic storm. The three 

historical rain events include Hurricane Ike, Tropical Storm Allison, and the July 2, 2010 

rainfall. The synthetic storm is a 1 00-yr design storm with Hurricane Ike storm surge. 

Hurricane Ike is the only historical hurricane modeled in this research because there is no 

other hurricane for this study area with adequate storm surge data. Tropical Storm Allison 

was an extremely large rain event with minimal surge and is used in this study to help 

verify and compare both models. The July 2, 2010 storm is only a rain event with no 

storm surge and is also used for model verification and comparison. The synthetic storm 

is designed to be an additional hurricane event with significant rain and surge. 

3.4.1 Historical Storms 

Three historical storms were chosen for this study with varying amounts of rain 

and storm surge. Figure 3-5 through Figure 3-7 show the cumulative rainfall for these 

storms along with the storm surge boundary condition that was input at the downstream 

end of the model. The rainfall input for Hurricane Ike and the July 2, 2010 storm is an 

average rainfall from three nearby rain gages (HCOHSEM 2009). For Tropical Storm 

Allison, the average RADAR rainfall for each HEC-HMS sub-basin was used. This 



RADAR rainfall was determined by TSARP and was used for both HEC-RAS and 

XPSWMM models. 
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The boundary condition was taken from the gages directly on the coastline of 

Galveston Bay, downstream of the Horsepen Bayou confluence (Figure 3-2). The GAL-

022 gage was used for Hurricane Ike and Gage 104 was used for Tropical Storm Allison 

and the July 2, 2010 rainfall (East et al. 2008, HCOHSEM 2009). There gages record the 

stage due to tides and storm surge, but do not include the effects of inland rainfall 

because of their coastline locations. Since the gages are downstream of the Horsepen 

confluence it is reasonable to assume that the stage at these gages reflects the stage at the 

confluence after some amount of travel time upstream. To account for the time the water 

needs to travel from the GAL-022 and Gage 104 to the downstream end of Horsepen, the 

surge boundary condition was moved to occur later in time so that the modeled stage and 

the observed stage at a specified stream gage upstream on the Bayou would match the 

rising limb of the modeled stage hydrograph. 

For Hurricane Ike, the boundary condition adjustment for the HEC-RAS model 

was determined in a previous study to be 2 hours (Ray et al. 20 11 ). However for the 

XPSWMM model, a 0.5 hour lag time was used to achieve the best hydrograph match. 

The choice to use two different boundary condition lag times does not affect the ability to 

directly compare the results from these two models since the chosen lag times resulted in 

the best possible match to observed data for each model. Figure 3-5 shows that the peak 

rainfall and peak storm surge occur approximately at the same time which is true for both 

the 2 hr and the 0.5 hr lag time. The boundary condition lag time for Tropical Storm 

Allison for both models was 4 hours. Finally, for the July 2, 2010 storm, no lag time was 
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necessary but the entire boundary condition stage hydrograph was adjusted down by 0.7 

ft to better match both modeled results. 
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Figure 3-5: Rainfall and boundary condition for Hurricane Ike 
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3.4.2 Synthetic Storm 

The motivation behind creating a synthetic storm was to have a storm event with 

both heavy rainfall and significant storm surge. The Hurricane Ike surge for this area 

reached 12.3 feet at GAL-022 but the rain associated with the storm was only 9.5 inches 

over approximately 1.6 days. Based on the rainfall amount analysis from TSARP, a 100-

yr 24-hour rainfall for this area is defined as 13.45 inches of rain in 24 hours. Table 3-2 

summarizes how all four storm events simulated in this study compare in terms of 

cumulative average rainfall over the watershed and the duration and intensity of rainfall. 

Similarly to the historical storms, Figure 3-8 shows the cumulative rainfall and boundary 

condition input for the synthetic storm. Since both HEC-RAS and XPSWMM models are 

run in unsteady mode, the peak surge and peak rainfall were temporally lined up to create 

a peak-surge on peak-rainfall scenario. However, worse-case flooding would occur 

during a peak-surge on peak-flow scenario instead of peak-rainfall. Peak flow in a 

channel occurs after the peak rainfall, but for purposes of this study a peak-surge on 

peak-rainfall scenario was considered adequate to create a synthetic storm with 

significant surge and rainfall flooding. 

Table 3-2: Storm Events Summary 

Cumulative Duration of 
Average Rain 

Storm Events Average Rainfall Rainfall 
(in) (days) 

(in/day) 

Hurricane Ike 9.5 1.6 5.9 

Tropical Storm Allison 18.7 4.6 4.1 

July 2, 2010 7.0 1.3 5.3 

100-yr with Ike surge 13.45 1.0 13.5 
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Chapter 4 MODEL RESULTS 

The HEC-RAS and XPSWMM results from all four storm simulations are 

presented in this chapter. Firstly, in order to validate the models, the calculated stage 

through time is compared to observed gage data. Next, the maximum water surface 

elevations from both models at the same points along the channel are compared to 

analyze the difference between HEC-RAS and XPSWMM. Finally, both models are 

evaluated based on how they calculate channel water depth when rainfall-runoff and 

storm surge combine. 

4.1 Stage Hydrograph Results 
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Figure 4-1 though Figure 4-4 show stage hydrographs at stream gages on the main 

Horsepen channel. The locations of the gages are shown in Figure 3-2. For the three 

historical storms, the HEC-RAS and XPSWMM results are plotted with the recorded 

gage data. Table 4-1 summarizes the percent error between the modeled and the observed 

stage hydrograph by comparing the peak stage and the area under the graphs. For the 

synthetic storm, the two model results are compared to each other instead of to actual 

data. 

Table 4-1: Percent Error between Modeled and Observed Stage Hydrographs 

Storm Events 
% Error of Peak Stage % Error of Area under Hydrograph 

HEC-RAS XPSWMM HEC-RAS XPSWMM 

Hurricane Ike 5% -6% 1% -5% 

Tropical Storm Allison 3% 8% -5% -17% 

July 2, 2010 21% 4% 19% -10% 
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Figure 4-1 represents the stage hydrograph for Hurricane Ike. Both models 

capture the shape and the timing of the stage but XPSWMM under predicts the peak 

while HEC-RAS over predicts the peak. However, both models are within 1ft of the 

observed peak stage. Figure 4-2 shows the stage hydrograph from Tropical Storm 

Allison. Compared to Ike, Allison had more rainfall and lasted longer, but had minimal 

storm surge. The figure shows that HEC-RAS matches the observed stage extremely well 

which was expected since the TSARP model was specifically calibrated to Allison. The 

XPSWMM model under predicts the first peak by 2 ft and over predicts the second peak 

by 1 ft. Nevertheless, the 2D model simulates the timing and shape of the hydrograph as 

well as the HEC-RAS model and matches the recorded stage very accurately. 

The last modeled historical storm was the large rainfall on July 2, 2010 (Figure 

4-3). This event had no storm surge and had less rain than Ike and Allison. The storm 

represents a more typical rainfall for the study area. Unlike the Ike and Allison stage 

results, the HEC-RAS model and the XPSWMM model have difficulties capturing this 

storm accurately. HEC-RAS models the timing of the rising limb for all three peaks but 

over predicts the first and third peak. XPSWMM does not capture the first two peaks but 

does model the third peak. One reason for this could be that during the first two peaks the 

stage in XPSWMM is dominated by the tidal boundary condition and the rainfall does not 

influence the stage until the third peak. 

A stage hydrograph comparison of the synthetic storm (100-yr rainfall with Ike 

surge) is shown in Figure 4-4. Both models simulate the shape, timing, and peak of this 

storm in a similar way, with HEC-RAS on average 0.5 ft higher than XPSWMM. This 

design storm had on average more rain per day than the historical storms simulated in this 
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study. Storms with a large amount of rain and a short duration peak quickly in an urban 

environment and are easier to accurately model than small storms like the July 2, 2010 

rainfall. This explains why the results for both models match well for the synthetic storm 

and not as well for the July 2, 2010 rainfall. 

Overall both models perform well when compared to observed data, especially for 

large storms. The stage comparison between HEC-RAS and XPSWMM demonstrates 

that the area under the XPSWMM hydrograph is always less than the HEC-RAS 

hydrograph at these specific gages {Table 4-1). In terms of the peaks stage, for three of 

the four modeled storms, XPSWMM predicts a lower peak stage than HEC-RAS. The 

next section illustrates how these generalizations are not always true by comparing the 

maximum water depths for both models throughout the entire channel, instead of just at a 

single gage location. 
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4.2 Maximum Water Surface Elevations Comparison 

By maintaining consistency between the existing HEC-RAS model and the newly 

created XPSWMM model, a comparison between the maximum water surface elevations 

along the channels in both models was possible. The locations of the cross-sections in the 

HEC-RAS model correspond to the same node locations in the XPSWMM model, 

allowing for a straightforward comparison. Figure 4-5 through Figure 4-8 show the 

scatter plots ofHEC-RAS vs. XPSWMM results at corresponding locations along the 

main channel for the four storm events. 

In order to evaluate the relationship between the HEC-RAS and the XPSWMM 

results throughout the channel, a linear regression was completed for every storm event 

with the HEC-RAS results representing the independent variable and the XPSWMM 

results representing the dependent variable. The purpose of this analysis was to inspect 

the modeling trend between the two models and to help interpret similarities and 

differences between the various storm events. Figure 4-5 through Figure 4-8 include the 

line of best fit determined from the linear regression analysis. A one-to-one line is also 

included in these figures to represent where the models have equivalent performance. The 

one-to-one line and the line of best fit help describe the results both visually and 

statistically. 

By examining the location of the comparison points in relation to the one-to-one 

line, a visual inspection of the modeling trend between HEC-RAS and XPSWMM in 

Figure 4-5 through Figure 4-8 is possible. Hurricane Ike maximum water surface 

elevations from both models are illustrated in Figure 4-5. For elevations between 10 and 

15 feet, HEC-RAS tends to predict elevations 1 to 2ft higher than XPSWMM. For water 



elevations above 15ft both models have similar results with either HEC-RAS or 

XPSWMM slightly higher for any given point. 
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Figure 4-6 shows the maximum water surface elevations for Tropical Storm 

Allison. For a majority of the comparison locations along the main channel, XPSWMM 

simulates higher elevations than HEC-RAS. This is opposite to Figure 4-5 that shows the 

HEC-RAS water elevations from Ike to be usually higher than XPSWMM. 

The maximum water surface elevations from the July 2, 2010 storm, illustrated 

in Figure 4-7, resemble the results from Hurricane Ike except with a closer one-to-one fit. 

For elevations below 11 ft, HEC-RAS tends to model slightly higher elevations than 

XPSWMM while for elevation above 11 ft, XPSWMM tends to model higher elevation 

than HEC-RAS. 

Finally, the 100-yr storm with Ike storm surge is shown in Figure 4-8. In relation 

to the historical storms, the design storm resulted in the greatest similarity between the 

two models, which was expected based on the similarity seen in the gage comparison. For 

elevations less than 16 ft, XPSWMM usually simulates higher or almost equal elevations 

compared to HEC-RAS and for elevations greater than 16ft, HEC-RAS tends to simulate 

higher elevations. 

In addition to visually interpreting the model-to-model results, a linear regression 

was performed on all model-to-model comparisons to statistically investigate the results. 

Table 4-2 shows the statistics calculated for each storm event. The correlation coefficient 

is based on assuming that both HEC-RAS and XPSWMM results are independent, which 

is true in a model-to-model comparison. For all storm events the correlation coefficient is 

greater than 0.9 meaning that the models are strongly correlated and that water depths 
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throughout the main channel in one model are related to the water depths in the other 

model. The coefficient of determination based from the line of best is greater than 0.96 

for all storm events except Tropical Storm Allison. This high R squared value supports 

the goodness of fit of the linear regression. Tropical Storm Allison has an R squared of 

0.85 which implies that the linear fit is less indicative of the relationship between the two 

models. The p-value for all storm events is less than 0.05 meaning that the slopes from 

the lines ofbest fit are all statistically significant. 

Table 4-2: Statistics from HEC-RAS and XPSWMM comparison 

Storm Events 
Correlation Coefficient of 

Slope P-Value 
Coefficient Px,y Determination R1 

Hurricane Ike 0.985 0.969 1.125 3.79 X 10"47 

Tropical Storm Allison 0.920 0.846 0.907 1.22 X 10-25 

July 2, 2010 0.988 0.977 1.123 7.43 X 10-51 

100-yr with Ike surge 0.984 0.969 0.893 7.65 X 10-47 

After performing the linear regressions, a diagnosis of the residuals was 

completed to scrutinize of the regression analysis. A linear trend should have equally 

distributed residuals with constant variance. However, the non-linearity of the model 

comparison for Ike, Allison and the July storm is seen in a plot of the standardized 

residuals shown in Figure 4-9. This figure shows a visible pattern among the residuals for 

these three storms which suggest non-linearity. The standardized residual plot for the 

synthetic storm has constant variance among the residuals with slight residual fanning at 

higher water surface elevations. The non-linearity of the model-to-model comparison for 

Ike, Allison, and the July 2010 storm is also seen in Figure 4-5 through Figure 4-7 where 
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the trend between both models is not ideally represented with a linear regression. Instead 

of a linear trend, the comparison points in Figure 4-5 and Figure 4-8 for Hurricane Ike 

and the July 2, 2010 storm have an S-shape and the points in Figure 4-6 for Tropical 

Storm Allison have a curved shape. This analysis shows that the relationship between the 

results from both models cannot consistently be described using the same type of trend. 

In other words, a specific type of storm event controls the modeling trend between HEC

RAS and XPSWMM. 

One difference between Tropical Storm Allison and the other modeled storms that 

can explain why the modeling trends between these storms are different is the total 

amount of rainfall. During Allison, 18.7 in of rainfall occurred, which is over 5 in more 

than the 1 00-yr rainfall modeled in this study and over 9 in more than during Hurricane 

Ike. The model-to-model trend analysis suggests that HEC-RAS and XPSWMM simulate 

either higher or lower maximum water surface elevations in relation to each other based 

on the total rainfall. Although the precipitation inputs for a storm is the same in both 

models, the way the flows are calculated from the rainfall differs. 

In HEC-RAS, flow is calculated from a lumped HEC-HMS model while in 

XPSWMM flow is calculated based on a distributed overland flow model. The distinction 

between these two hydrologic methods results in different flows entering the channel at 

different times for each model. One reason why flow into the channel could be attenuated 

in XPSWMM is because the distributed overland flow model is able to capture rainfall

runoff storage throughout the watershed. The lumped HEC-HMS model cannot simulate 

storage on the same spatial scale as XPSWMM. This modeling difference results in flows 

entering the channel faster in HEC-HMS compared to XPSWMM. The Tropical Storm 



Allison model-to-model comparison shows higher XPSWMM values which can be 

attributed to the much higher rainfall total and the different rainfall-runoff calculation 

methods in each model. 
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The model results presented here show that HEC-RAS and XPSWMM do not 

simulate higher or lower water surface elevation consistently. The amount of rainfall and 

the hydrologic modeling method is one explanation for model variation between the 

simulated storms; additionally, the presence of storm surge during Hurricane Ike is 

another explanation which is elaborated on in the following section. 
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4.3 Storm Surge Modeling Results 

The current FEMA 1 00-yr floodplain in Horsepen Bayou was created using the 

same HEC-RAS model used in this study but without including a 100-yr design storm 

surge level. There is not enough historical hurricane data to support what a 1 00-yr surge 

would be in this area. Additionally, current work that uses the ADCIRC model to 

determine the 1 00-yr storm surge level has not yet been published. 

In order to see the effects of storm surge on Horsepen Bayou in this study, storm 

surge was included by modeling Hurricane Ike and a 1 00-yr rain event with Ike storm 

surge instead ofthe unknown 100-yr storm surge. The main difference between these two 

simulations is that the rain during the 1 00-yr event is four inches greater than during 

Hurricane Ike. Additionally, the peak of the Ike rainfall occurs slightly after the peak 

surge, unlike the design storm which has an exact peak-on-peak alignment. 

The effect of storm surge during Hurricane Ike is seen at the channel locations 

with maximum water surface elevation less that 15ft in Figure 4-5. These points 

correspond to locations further downstream in the channel which are effected by storm 

surge more that upstream locations. For all of these points, HEC-RAS models higher 

water levels than XPSWMM. An explanation for why HEC-RAS consistently models 

higher water levels in the downstream potion of the channel during Hurricane Ike is the 

interaction between the storm surge model input and the rainfall-runoff flow into the 

channel. 

In HEC-RAS, flows from rainfall-runoff are modeled separately in HEC-HMS 

and then combined with a storm surge boundary condition in HEC-RAS. In other words, 

the flows are not calculated simultaneous with the storm surge. However in XPSWMM, 
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overland flow and storm surge are modeled simultaneously meaning that rainfall-runoff 

can be prevented from entering the channel if significant storm surge is present. This 

means that XPSWMM can simulate lower channel water elevations because the model 

can store flow overland until a decrease in storm surge allows water to enter the channel. 

This same storm surge effect is not seen in the 1 00-yr storm with Ike surge 

because during this storm the large rainfall amount over a short duration overwhelms the 

channel. Since a 1 00-yr rainfall is much greater than the rain during Hurricane Ike, storm 

surge does not influence the channel water depth as much for the synthetic storm. A 

similar relationship exists in the Tropical Storm Allison modeling comparison where the 

effect of a small storm surge is completely overtaken by the large rainfall total. In other 

words, in Figure 4-6 of Tropical Storm Allison, there is no clear distinction between a 

storm surge effected downstream area and the rest of the bayou like there is in Figure 4-5 

for Hurricane Ike. 

These conclusions demonstrate that for a major hurricane where storm surge is 

significant in relation to the rainfall, like during Hurricane Ike, the combination of a 

1 D/2D model can help capture the interaction between storm surge and rainfall better that 

a purely 1 D model. The next chapter discusses how the 1 D and 2D models perform 

during a storm surge event in relation to actual flood claims. The Hurricane Ike 

floodplains from both models are used to compare modeled inundation to recorded flood 

damage. 
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Chapter 5 FEMA FLOOD CLAIMS ANALYSIS 

The model results presented in Chapter 4 are compared in this section to recorded 

FEMA flood claim data. This data was obtained with the permission of FEMA and is 

used in this study to analyze the current and modeled floodplains in relation to the 

location of the actual flood claims (Brody 201 0). The data set only include flood claims 

reported to FEMA and does not include wind damage claims. 

Between 1999 and 2009 there have been 490 flood claims within the Horsepen 

Bayou watershed. Out of the total number of claims, 31.2% were caused by Hurricane 

Ike and 44.7% were caused by Tropical Storm Allison. Figure 5-1 shows the claims are 

distributed fairly evenly throughout the residential area of the watershed and no 

correlation exists between the FEMA defined floodplains and the locations of the claims. 

In fact, 78.6% of the claims in this area lie outside of the 100-yr and 500-yr floodplain. 

Table 5-1 summarizes the percentage of claims inside and outside the floodplains. 

In order to evaluate the magnitude of the claims in the study area, the percent 

damage for each flood claim was calculated by normalizing the building and contents 

damage dollar value by the total property value (Equation 5). 

Percent Damage 

Building Damage ($) + Contents Damage ($) 
Percent Damage = 100 x p t V l ($) (5) roper y a ue 

Figure 5-2 illustrates the flood claims from Figure 5-1 with a percent damage 

greater than 1%. The claims with less than 1% damage account for almost half of the 490 

claims. Overall, the percent damage calculations show that most of the claims report 

small damages, for instance, only 11% of claims have a 10% or higher damage. This 
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means that although the majority of the claims are outside of the floodplain they also do 

not represent severe flood damage. Table 5-l summarizes the percentage of claims by the 

amount of damage. 

The 490 flood claims in Horsepen included claims with damage values of zero 

and even property values of zero. All claims with a property value of zero also have zero 

building damage, indicating that perhaps the homeowner only purchased flood insurance 

for contents damage and not building damage. Although it is unclear what these data 

points represent in terms of the actual flooding, they were not omitted because they still 

represent locations of flood claims. Figure 5-3 and Figure 5-4 are histograms ofthe 

percent damage and property values of the 490 claims in the watershed. The first bar in 

the Figure 5-3 represents claims with no damage values and the first bar in Figure 5-4 

represents claims with no recorded property value. 

Table 5-1: FEMA flood claim statistics for the Horsepen Bayou watershed 

FEMA Flood Claims in the 
Horsepen Bayou Watershed 

from 1999-2009 

Total Claims in Horsepen Bayou 

Ike claims 

Allison claims 

All other claims 

FEMA Floodplain Boundary 

Inside the 100-yr floodplain 

Inside the 100-yr or 500-yr floodplain 

Outside any floodplain 

Percent Damage (Damage Amount/Property Value) 

Damage Percent above 1% 

Damage Percent above 10% 

Damage Percent above 30% 

Number of 
Claims 

490 

153 

219 

118 

13 

105 

385 

241 

54 

17 

Percent of 
Total Claims 

100% 

31.2% 

44.7% 

24.1% 

2.7% 

21.4% 

78.6% 

49.2% 

11.0% 

3.5% 
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Given the spatial distribution of the flood claims in the Horsepen Bayou area, it is 

evident that flooding in this watershed is caused by a combination of riverine floodplain 

inundation and localized street flooding. The data suggests that a majority of the flooding 

is caused by street flooding rather than by the bayou overflowing. The low damage 

percentages also suggest mostly street flooding with minor damages. Although this 

conclusion differs from the original intuition that storm surge inundation contributes to an 

increase in flooded homes for this area, it still supports the use of 2D modeling when 

combined with FEMA flood claims. By comparing the floodplain results from the lD and 

2D models against the locations of the flood claims, the benefit of using a 2D model is 

apparent. 

Figure 5-5 and Figure 5-6 show the resulting Ike floodplains from the HEC-RAS 

and XPSWMM models respectively. Both figures also include the FEMA Ike claims next 

to the modeled floodplain. The claims are characterized by color according to the water 

depth calculated by the models at the claim location. While the area of the HEC-RAS 

floodplain captures only two of these claims, the XPSWMM floodplain results span the 

entire watershed meaning each claim can be assigned a water depth. The 2D overland 

flow model allows XPSWMM not only to model the complex overbank conditions, but 

also to model areas that are not affected by the channel. In this case, the model captures 

low lying areas which are not directly connected to the Bayou but still flood. Only a 2D 

model which incorporates the entire watershed area can predict such localized flooding as 

shown in Figure 5-6. 

Localized street flooding resulting from overland flow can contribute significantly 

to flooding in urbanized areas. Cities are specifically at risk to localized flooding because 
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of the complex street and sewer networks which can channel water in various directions. 

Although the XPSWMM model in this thesis did not include a storm sewer network, the 

possibility of including one is a strong benefit ofusing XPSWMM for accurate modeling 

in certain urbanized watershed. A sewer network was not included in this research 

because the storm-water pipes in the study area only carry a 2-yr rainfall and all of the 

storms simulated were larger than this size storm event. The water carried by this pipe 

network during a 100-yr or even a 10-yr rainfall would not significantly alleviate 

flooding in the area and therefore it was not included. The following conclusion connects 

the model comparison results with the flood claim analysis in order to discuss the various 

application and possible future research with 2D models. 
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Figure 5-5: Water depths for Hurricane Ike flood claims based on HEC-RAS 
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Figure 5-6: Water depths for Hurricane Ike flood claims based on XPSWMM 
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Chapter6 CONCLUSION 

The research in this thesis suggests a change in two aspects of current floodplain 

mapping in the Houston area. The first is the linkage of storm surge and rainfall in 

hydraulic modeling of watersheds with hydrologic connections to the coast. The second 

is the use of 2D overland flow models to better communicate the flood risk in flat urban 

areas that are outside of a riverine floodplain. 

This study identifies the benefits of using 2D models such as XPSWMM in 

coastal watersheds which have both riverine flooding that is influenced by storm surge as 

well as localized street flooding caused by rainfall-runoff. HEC-RAS is capable of 

capturing only riverine flooding and not street flooding which the FEMA flood claim 

data demonstrate are more prevalent in the Horsepen watershed. 

The riverine floodplain modeling in HEC-RAS and XPSWMM for all four storm 

events was analyzed by comparing modeled and observed stage hydrographs at specific 

points on the Bayou and by comparing the maximum water surface elevations along the 

entire Bayou. Both models matched the observed stage hydrographs well, especially for 

the larger storms (Hurricane Ike and Tropical Storm Allison). The models were compared 

to each other by plotting the simulated maximum water surface elevations from both 

models at the same locations along the main channel of the Bayou. The results indicate 

that the storm size is important in determining whether XPSWMM or HEC-RAS will 

model higher or lower water surface elevations in relation to the other model. 

In addition, the influence of the different rainfall-runoff modeling methods in 

HEC-RAS and XPSWMM is seen when rainfall is combined with storm surge. 

XPSWMM is capable of dynamically simulating storm surge and rainfall together, 
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whereas HEC-RAS is not. Therefore, since both types of models have their advantages 

and disadvantages, the storm type and the particular application should be used as criteria 

to help determine whether a lD or a 2D model is needed for a project or study area. 

The advantages of a lD model like HEC-RAS includes effective riverine 

floodplain modeling and the fast model run time, as well as the accepted use of the model 

in engineering practice. Disadvantages include the lack of full watershed coverage to 

capture flooding from sources other than the channel. Models like XPSWMM can 

simulate riverine flooding with a lD channel as well as overbank and overland flooding 

with a 2D model. Additionally, the model can be adapted for urban areas by including 

storm sewer networks. However, incorporating a 2D grid into a model greatly increases 

the computational cost making it a more time consuming analysis. The amount of data 

required for a complete XPSWMM model with channels and pipe networks can also 

make the analysis too complicated for certain applications. 

Particular applications for a 2D model include real time floodplain monitoring 

systems and long term planning to prevent future flooding. Incorporating a 2D model into 

a real time flood alert system for coastal areas could be a useful interim step in flood 

protection. Such a system would deliver flood warnings to local emergency management 

officials during normal rainfalls as well as extreme storm events. 2D models can also be 

used to evaluate both structural and non-structural solutions for long term flood 

protection. Models like XPSWMM can be used to analyze flood mitigation provided by a 

structural solution such as a proposed levee or a higher bridge. The model can also be 

manipulated to study the effect of non-structural solutions such as land use planning in 

flood prone areas. 
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Future research with a 2D model like XPSWMM could involve extending the 

model to be useful in the applications discussed above. Another continuation of this 

research could be the mapping of actual 1 00-yr floodplain maps that includes 1 00-yr 

rainfall and 100-yr storm surge. As ofnow, a confident definition of a 100-yr storm surge 

for this study area does not exist. However, FEMA is currently using the ADCIRC storm 

surge model to calculate the frequency of surge along the Gulf Coast. Incorporating the 

100-yr storm surge level in either HEC-RAS or XPSWMM would result in floodplain 

maps that show a better storm surge flood risk in areas where surge has not been 

previously considered. 

In addition to using the ADCIRC model to determine the frequency of surge, the 

model can also be utilized to map floodplains in coastal areas. Examining the extent of 

the ADCIRC floodplain in relation to floodplains created by HEC-RAS and XPSWMM 

would be an interesting comparison in terms of how different types of models simulate 

flooding caused by storm surge. 

One unique contribution of this research is the combination of floodplain analysis 

using various models with the actual FEMA flood claim data for the study area. Future 

research using this data could involve an analysis of the socio-economic distribution of 

the flood claims in the greater Houston area and how this distribution relates to the 

published floodplain maps. 

Extending this study to other areas near Houston that are also susceptible to storm 

surge would be an excellent way of validating the use of a 2D model for flat coastal 

urbanized watersheds. Although Horsepen Bayou is not severely impacted by storm 

surge, other nearby areas, like the facilities located along the Houston Ship Channel or 
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other residential areas have higher risks. Having a better understanding of the flood risk 

in a critical industrial area would allow for proactive emergency planning and smart 

future development. For residential watersheds with flooding from both overland runoff 

and storm surge, the use of 2D models in conjunction with FEMA flood claims could be 

a better combination of tools for defining a flood risk zone as opposed to the current 100-

yr floodplain map. 
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