


 
 

ABSTRACT 

Evaluating the Hydrodynamic Performance of Green and Gray 
Infrastructure in Urban Watersheds for the Greater Houston Region 

 by 

Andrew Juan 

Flooding is the costliest hazard in the United States. Among the many flood 

prone areas in the nation, the Greater Houston Region is considered one of the most 

vulnerable, due to high intensity rainfall, flat topography, high imperviousness, and 

poor infiltration. Traditionally, Houston’s flood control strategy involves the 

implementation of gray infrastructure (e.g., channelization and detention basins). 

However, even after spending billions of dollars on numerous flood reduction 

projects, Houston continues to suffer from flood damages.   

Houston’s severe flooding issue has prompted various efforts to develop new 

flood control strategies. One alternative is Green Infrastructure, or Low Impact 

Development (LID), which consists of land development strategies aiming to 

preserve predevelopment hydrology. Originally designed to improve water quality, 

LID has also been shown to attenuate flood flows. Despite its popularity in the 

Northeast and the Northwest, the flood reduction benefits of LID in the Greater 

Houston Region are poorly understood. Moreover, most currently available models 

capable of simulating site-scale LID features are applied to small-scale study areas, 

providing limited insight at the watershed-scale. To bridge these knowledge gaps, 

this research proposes a method to model two site-scale LID features: green roofs 
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and rain gardens at the watershed level. The hydrologic performance of an 

experimental watershed-wide LID implementation at The Woodlands is evaluated 

using a distributed hydrologic model. The findings suggest that LID features can be 

used able to reduce peak flow and runoff volume for smaller magnitude and 

intensity storms, but has limited effects for larger, more intense events. 

For comparison, this research also examines the hydrodynamic performance 

of gray infrastructure at two different scales of implementation: a catchment-wide 

flood reduction project at Brays Bayou and a local drainage improvement at Harris 

Gully. Due to the difference in application scales, floodplain analyses of both studies 

reveal varying degrees of flood reduction benefits. By understanding the flood 

reduction potential and limitations of green and gray infrastructure, this research 

can help floodplain managers and local stakeholders in the proper selection of flood 

control strategies. 
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Chapter 1: Introduction 
 

1.1. Background and Motivation 

 

1.1.1. National Perspective 

 

Flooding occurrences and their devastating effects have become increasingly 

common in the United States over the last few decades, especially in big cities. 

Floods are considered to be the costliest hazard in the United States, with average 

flood costs estimated at $2 billion annually (Pielke et al. 2002, Ntelekos et al. 2010). 

A report released by the National Climatic Data Center (NCDC) in 2013 stated that 

59 out of the 133 billion-dollar disaster events from the 1980-2011 period were 

from severe local storms and non-tropical floods (Smith and Katz 2013). Table 1.1 

shows annual flood damages and number of fatalities for the period of 1995 – 2015 

(NWS 2015). This data demonstrates the severity of a nationwide flood problem, 

despite years of investment in various types of flood control. 

The increased frequency of flooding and their associated impacts are often 

attributed to human activities such as landuse change due to urbanization (Leopold 

1968, Klein 1979, US EPA 1997, Moglen and Beighly 2002, Konrad 2003, IPCC 

2007a, Brody et al. 2014, Babar and Ramesh 2015). As cities continue to develop, 

the hydrology in urban watersheds are inevitably impacted, and thereby resulted in 

increased flooding. Klein (1979) estimated that by increasing impervious surface 

cover from 0 to 25% in a watershed, the likelihood of a 100-yr storm event 

occurring would be the same as a 5-yr storm had the impervious cover not been 
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increased. The same study also stated that the 100-yr event could become an annual 

occurrence when impervious cover reached 65% or above. The gravity of the 

nationwide flooding situation has driven various efforts of floodplain management 

and flood mitigation practices. Existing flood control/ management measures 

typically involve a structural solution or gray infrastructure (i.e., dams, levees, 

channelization, diversions, detention ponds) and/or a non-structural solution (i.e., 

flood insurance programs, home buyouts, flood warning systems). Despite having 

these solutions in place, many urban watersheds still experience various degrees of 

flooding damage from severe storm events. 

Year Flood Damages ($ billion) Flood Fatalities 

2015 2.7 176 

2014 2.8 38 

2013 2.1 80 

2012 0.5 29 

2011 8.9 113 

2010 5.5 103 

2009 1.1 56 

2008 6.6 82 

2007 2.9 87 

2006 4.6 76 

2005 53.9 43 

2004 18.7 82 

2003 3.5 86 

2002 1.8 49 

2001 11.0 48 

2000 2.1 38 

1999 8.6 68 

1998 4.0 136 

1997 14.3 118 

1996 10.4 131 

1995 8.9 80 

 

Table 1.1: Flood damages and casualties in the United States from 1995 to 2015 (NWS 2015) 
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1.1.2. Flood Vulnerability in the Greater Houston Region 
 

 Among the many flood-prone areas in the United States, the Greater Houston 

Region is considered as one of the most flood vulnerable (HCFCD 2016). Flood 

control is especially a crucial issue for Houston due to several factors including the 

frequency of intense rainfall events, rapidly expanding urban development, and 

generally poor infiltration due to the presence of predominantly clay and loamy 

soils. The Greater Houston Region is characterized by little to no topography, where 

elevation increases by approximately 1 foot per mile as one move away from the 

coast.  

Additionally, intense development and high imperviousness permeate many 

of the region’s watersheds (e.g., downtown Houston and its surrounding areas). 

Liscum and Massey (1980) conducted a detailed analysis of gauge data and showed 

that the flow rate from a 50 to 100-year storm can increase by a factor of 4.9 when 

Houston watersheds transition from their predevelopment to fully developed 

conditions. Figure 1.1 shows the 2011 NOAA LULC data for watersheds in the 

Greater Houston Region. The most populated watersheds such as White Oak Bayou, 

Buffalo Bayou, Brays Bayou, and Hunting Bayou are virtually fully-developed. 

Coincidentally, these are the watersheds that typically suffer the worst flood 

damages from severe storm events. Coastal watersheds such as Clear Creek and 

Armand Bayou are also rapidly becoming more urban in recent years. These 

watersheds are vulnerable not only from inland flooding due to severe storms, but 

also from storm surges due to hurricanes (Brody et al. 2014). 
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Figure 1.1: 2011 NOAA NLCD Land Use/Land Cover for Greater Houston Region 
Watersheds 

 

The highly urbanized condition of these watersheds, coupled with the high-

intensity rainfall often experienced in the region inevitably leads to increased runoff 

volume and flashy peak flows. This problem is exacerbated by poor infiltration due 

to the soil type of the region (see Figure 1.2). Soil is predominantly clay in Central 

and South Houston, two densely populated areas in the region, and loam in North 

Houston. Consequently, the soils have very low hydraulic conductivity, which limits 

the amount of rainfall that can infiltrate the ground surface.  
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Figure 1.2: Soil map for Harris County, TX (NRCS) 

 

1.1.3. Green vs Gray Infrastructure for Flood Control in Houston 

 

Green Infrastructure 

The severity of Houston’s flooding problem has prompted numerous efforts 

in finding new flood control alternatives. One such alternative is Green 

Infrastructure (GI) or Low Impact Development (LID) (from this point onwards, 

these two terms will be used interchangeably). For the last two decades, LID has 

been increasingly popular, especially in the Northeast, Northwest, and more 

recently, the Gulf coast region.  LID consists of various land development strategies 
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(e.g., green roofs, rain gardens, porous pavement, bioswales, rain water harvesting 

systems) aiming to preserve predevelopment hydrology. Originally developed to 

improve water quality, LID is shown to have flood attenuation benefits as well 

(Bledsoe and Watson 2001; Williams and Wise 2006; Hood et al. 2007; Dietz and 

Clausen 2008; Gilroy and McCuen 2009). The hydrologic performance of LID 

features is tied intrinsically to volume retention. The ability for LID features to 

reduce peak runoff rates and infiltrate rainfall is believed to have an impact on 

overall drainage and flood control planning in urban areas. To better understand the 

degree to which LID features can benefit large scale stormwater management, 

hydrologic performance assessment of LID must focus on watershed-scale impacts. 

The challenge, however, is that LID is usually implemented at the site / local 

scale. Conventional methodologies of modeling small-scale LID features have a 

limitation on size of study areas for flood control assessments (Elliott and 

Trowsdale 2007, Ahiablame et al. 2012, Gallo 2012). Moreover, numerous studies 

that had reported excellent runoff reduction performances (Ahiablame et al. 2012) 

are usually applied in small subcatchments (e.g. less than 2,000 acres) and/or are 

located in areas with temperate climate. These results indicate that site-scale LID 

features have the ability to address local flooding / drainage issues for small, 

frequent storms. However, uncertainties remain regarding the hydrologic 

performances of site-scale LID features at the watershed-scale, or in areas with high 

intensity and magnitude rainfall. Thus, one of the major objectives in this thesis is to 

bridge the knowledge gap between typical large scale hydrologic studies that often 

lack spatial variability with the level of detail that is usually only found in local-scale 
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LID analyses. The author will also evaluate the effectiveness of implementing site-

scale LID features to address catchment-wide (e.g., riverine or overbank) flooding in 

a high intensity rainfall region.  

For this purpose, The Woodlands, TX, is selected for LID performance 

assessment. The Woodlands is considered by many as the paradigm for watershed 

planning and development to prevent adverse impacts caused by urbanization. The 

Woodlands, since its development in the 1970s, was designed to preserve its natural 

hydrology, evidenced by the presence of riparian buffers and vegetated swales (see 

Figure 1.3). The watershed has been well studied (McHarg and Sutton, 1975; 

Bedient et al., 1985; Yang and Li, 2010; Yang and Li, 2011; Doubleday et al. 2013), 

with its unique stormwater management plan having the advantage of preserving 

land for flood control before it could be overtaken by traditional urban 

development.  

 

Figure 1.3: Novel stormwater management strategies in The Woodlands (Chang 2010) 
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In this thesis, two site-scale LID features (i.e., green roofs and rain gardens) 

and their combination are retrofitted throughout the watershed. Their hydrologic 

performances under different rainfall scenarios are simulated by using a physics-

based, fully distributed hydrologic model, Vflo®, along with high resolution spatial 

datasets. Their hydrologic performances are compared to the results obtained by a 

recent study conducted by Doubleday et al. (2013), in which the authors simulated 

the hydrologic performances of The Woodlands under its existing conservative 

development strategy using the same distributed hydrologic model. 

 

Gray Infrastructure 

 

Figure 1.4: Brays Bayou Watershed (blue) and Harris Gully (green) 

Traditionally, flood control strategies in Houston involve the implementation 

of gray infrastructure (e.g., channelization, detention basin, bridge modification). 

Brays Bayou watershed (see Figure 1.4), a highly urbanized catchment that has 
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developed more than 95% of its drainage area (128 mi2), is no exception.  The main 

channel of the watershed, Brays Bayou, is approximately 31 miles long, with major 

tributaries consisting of Keegans Bayou and Willow Waterhole Bayou.  

Despite decades of flood reduction projects, Brays Bayou and its various 

subwatersheds such as Harris Gully are still frequently plagued by flooding from 

various storm events. Notable historic storms and flooding occurrences include 

Tropical Storm Allison (June 5-9, 2001), Memorial Day 2015 Storm (May 25-26, 

2015), and Tax Day 2016 Storm (April 18, 2016). TS Allison (see Figure 1.5) was 

recorded as one of the most devastating storm in US history, causing an estimated 

property damage of $5 billion in Harris County alone (HCFCD 2002).  

 

Figure 1.5: Flooding in Downtown Houston, TX, during TS Allison (Source: HCFCD, 2001) 
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The watershed’s propensity for flooding has launched a $550 million federal 

flood reduction project called Project Brays (HCFCD and USACE 2015b). Beginning 

in the early 2000s, the project consists of 76 individual flood reduction plans, 

including construction of various detention basins and bridge/ channel 

modifications throughout the watershed. Three detention basins make up the initial 

Project Brays flood reduction plans that were approved for the upper reach of Brays 

in 2000. The three basins cover an area of 0.94 mi2 and can hold up to 8.9 billion ac.-

ft. of stormwater (HCFCD and USACE 2015a). In 2010, the HCFCD and USACE 

reached an agreement to commence work on the middle and lower reach of Brays 

Bayou. Middle/lower reach flood reduction projects include (1) the construction of 

0.39 mi2 detention basin that will hold 1873 ac.-ft. of stormwater, (2) a channel 

deepening and widening of a 17.5 mile section starting from the outlet of Brays 

Bayou, and (3) the replacement of 12 bridges and elevation of 18 bridges (HCFCD 

and USACE 2015a). The massive undertaking of Project Brays as well as its 

staggered construction phases inevitably resulted in an unequal distribution of flood 

reduction benefits throughout Brays Bayou.  

A major objective of this thesis is to evaluate the hydrodynamic 

performances of Project Brays as well as the flood damages that occurred along 

Brays Bayou in the context of a recent flood event, the 2015 Memorial Day storm. 

The Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) and 

1-D unsteady River Analysis System (HEC-RAS) were used to simulate flood 

conditions in Brays Bayou at the time of the storm, May 2015. Models representing 

Pre-Project Brays (2001) and Post-Project Brays (at the earliest 2021) were utilized 
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to evaluate changes in the flood response for this event under watershed conditions 

representative of past, current, and future conditions during the 20+ year 

implementation of Project Brays. 

In addition to Brays Bayou, the hydrologic/ hydraulic performance of Harris 

Gully (see Figure 1.4), a subwatershed of Brays Bayou, is also presented in this 

thesis. After TS Allison (2001), as part of the Tropical Storm Allison Recover Project 

(TSARP), a series of drainage improvement projects were conducted in Harris Gully 

to mitigate future flood damages. Similar to the Brays Bayou study, the flood 

impacts of drainage improvements at Harris Gully are also evaluated using HEC-

HMS and HEC-RAS. By comparing the results of the floodplain analysis at Harris 

Gully and the flood impacts of Project Brays, the author hopes to gain valuable 

insights on the performances of gray infrastructure in addressing catchment-wide 

flooding in Houston watersheds.  

1.2. Dissertation Overview and Research Objectives 
 

The primary goal of this research is to better understand the effectiveness 

and limitations of green and gray infrastructure as watershed-wide flood control 

strategies in urban watersheds of the Greater Houston Region. The unique 

characteristics of the Greater Houston Region described earlier present various 

challenges that need to be considered for successful stormwater management 

implementation.  For this purpose, this thesis evaluates the hydrodynamic 

performances of green infrastructure for The Woodlands and gray infrastructure for 

Brays Bayou watershed. Each watershed will be assessed based on how well their 
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implemented flood control strategies address catchment-wide riverine flooding in 

terms of peak flow and volume reduction.  

Chapter 2 provides an overview of green and gray infrastructure, and also 

includes a literature review of selected hydrologic and hydraulic models commonly 

used to simulate LID features. Chapter 3 discusses the data sources and proposed 

methodology of modeling LID features at the watershed scale. The hydrologic 

performances of green infrastructure (i.e., green roofs and rain gardens) at The 

Woodlands are then presented in Chapter 4. Parts of the information presented in 

Chapters 3 and 4 have been submitted for peer review and possible publication as: 

Juan, A., Hughes, C., Fang, Z., and Bedient, P., 2016. Hydrologic Performance of 
Watershed-scale Low Impact Development (LID) in a High Intensity 
Rainfall Region. Journal of Irrigation and Drainage Engineering (to 
appear). 

 

The hydrologic/ hydraulic performances of gray infrastructure at Brays 

Bayou watershed are presented in Chapters 5 and 6. Chapter 5 discusses the flood 

impacts of Project Brays from the context of the 2015 Memorial Day Flood. This 

study has also been submitted for peer review as:  

Bass, B., Juan, A., Gori, A., Fang, Z., and Bedient, P., 2015. 2015 Memorial Day 
Storm Flood Impacts for Changing Watershed Conditions in Houston, 
TX. Natural Hazards Review (to appear). 

 

Chapter 6 then discusses the flood impacts of a drainage improvement project at 

Harris Gully. The assessment of Harris Gully was conducted as part of floodplain 

study prepared for the Texas Medical Center in 2015. Finally, Chapter 7 presents the 

conclusions of this thesis. 
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The following lists several research objectives that the author hopes to achieve:  

 Objective 1:  Understand the hydrologic characteristics of urban watersheds in 

the Greater Houston Region, contrasting between a conservatively developed 

watershed (The Woodlands) and a conventionally developed watershed (Brays 

Bayou).   

 Objective 2: Propose a methodology to model site-scale LID features at the 

watershed-scale using a fully-distributed hydrologic model. 

 Objective 3: Evaluate the effectiveness and limitations of using green 

infrastructure as a catchment-wide flood control alternative in Houston by 

analyzing the hydrologic performances of green roofs and rain gardens at The 

Woodlands. 

 Objective 4: Evaluate the effectiveness and limitations of using gray 

infrastructure as a flood control strategy to address catchment-wide flooding in 

Houston by analyzing the hydrologic/ hydraulic performances and associated 

flood impacts of Project Brays and Harris Gully drainage improvements at Brays 

Bayou watershed.  
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Chapter 2: Literature Review 
 

This literature review section will cover the following topics: how changes in 

landuse affect urban hydrology, conventional versus emerging flood control 

measures, low impact development as an emerging flood control alternative, a 

review of some hydrologic and hydraulic models that have been used to simulate 

LID practices, and the uncertainties in watershed-scale LID design. 

 

2.1. Impacts of Landuse Change on Urban Hydrology 

 

Urban development in most metropolitan regions in the United States has 

grown tremendously in the last 50 years. This growth can be attributed to increase 

in population and change in land cover from permeable to impervious surfaces. 

Likewise, land use change associated with typical development processes inevitably 

impact urban hydrology by altering runoff patterns and conveyance characteristics 

to downstream reaches (Leopold 1968, Bhaduri et al. 2000, Fohrer et al. 2001, 

Grove et al. 2001, Konrad 2003, Tang et al. 2005).  

The impacts of land use characteristics and potential changes in land use on 

stormwater runoff volume have been quantified in numerous studies by comparing 

pre- and post-development hydrologic conditions. In most cases, the results 

demonstrate significant increases in runoff volume and flood risk due to 

urbanization (Hirsch et al., 1990; Arnold and Gibbons, 1996; Camorani et al., 2005; 

Jacobson, 2011). Landuse change usually involves vegetation and canopy removal, 

soil compaction, and impervious cover increase in urban watersheds, which affected 
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overland runoff in two ways. First, the high imperviousness would cause increased 

overland runoff volume due to reduced infiltration. Second, the resulting overall 

runoff rate would increase due to the decreased surface roughness. When the 

increased runoff volume and rate reaches the receiving streams, they would result 

in higher peak discharges and flashier stream flows (Kim et al. 2002, Konrad 2003). 

As a matter of fact, many studies have suggested and/or demonstrated that 

increased imperviousness is the primary cause of urban runoff increase (Hollis, 

1975; Claytor and Schueler, 1996; Brabec et al., 2002; Pitt et al., 2002). In 1968, 

Leopold classified the impacts of land use changes (e.g. increased imperviousness) 

on watershed hydrology in four categories, including; changes in peak flow 

characteristics, changes in total runoff volume, changes in water quality, and 

changes in the hydrologic amenities. On a natural and undeveloped ground cover, 

the runoff may vary from 10% to 30% of the overall precipitation. As urban 

development occurs, depending on the type and degree of imperviousness, the 

surface runoff might increase to 55% of the total annual precipitation (Prince 

George’s County, 1999).  

The ubiquity of concrete-lined channels in urban watersheds is a major 

contributing factor to their flooding issues. The original purpose of channelization is 

to quickly convey water from upstream locations into the outlet of the watershed 

during a storm event. However, as the watershed continues to develop over the 

years, excess water would exceed the capacity of the downstream drainage channel. 

Directing stormwater away from certain areas utilizing concrete-lined channels or 

pipes, rather than providing storage or retention on-site, would transfer the 
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hydrologic impacts downstream. Whereas water velocity is slowed in natural 

streams due to the presence of rough streambeds, woody debris, and irregularly 

shaped channels; with development, straightening, deepening, or piping streams 

alter river hydraulics by making the hydrology smoother, essentially transmitting 

the flood downstream faster. The increase in flooding risks, then, is a direct result of 

the loss of water absorption capacity within the landscape.  

Figure 2.1 illustrates typical increased runoff flows (and associated 

decreased infiltration amounts) with increasing amounts of impervious surfaces. 

Despite the many challenges associated with the quantity aspects of urban 

stormwater runoff, such as flooding, accelerated erosion, and groundwater recharge 

reduction, stormwater runoff also causes adverse effects on water quality. 

Stormwater runoff quantity and quality greatly depends on land use characteristics 

(i.e., size and type) and weather conditions (i.e., wet/dry weather), therefore runoff 

volume, and type and the concentration of pollutants in runoff vary in different 

watersheds and urban areas (Booth, 1991; Pitt et al, 2004).  

 

Figure 2.1: Runoff variability with increased impervious surfaces (FISRWG, 1998) 
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Conversion from pervious to impervious surfaces associated with typical 

development processes has been shown to degrade storm water runoff quality. 

Monitoring and modeling studies have reported elevated urban pollutant loads due 

to increased imperviousness (Schueler 1995). As stormwater runoff travels through 

an urban area, impervious surfaces collect pollutants in runoff or in sediments, such 

as oil and grease, heavy metals, pesticides, nutrients, and fecal coliform bacteria. 

These pollutants are then discharged into various water bodies such as streams and 

lakes (Grove et al. 2001). Different studies have shown contamination in 

stormwater collected from various catchment sources (Hvitved-Jacobsen et al., 

2010; Barbosa et al., 2012). 

Alterations in the timing of flows and duration of flooding can also 

significantly impact the health in downstream ecosystem, a factor which should be 

considered when evaluating and selecting sustainable watershed management 

plans. Poff et al. (1997) observed that many characteristics of the flow regime are 

important to maintain ecosystem health, including magnitude, frequency, duration, 

timing and discharge. Various performance metrics have been suggested to better 

quantify the hydrologic alterations due to increased impervious cover. One example 

is an event-based metric for evaluating the sustainability of watershed management 

plans called Hydrologic Footprint Residence (HFR). It was developed to incorporate 

changes in the hydrograph with respect to both magnitude and timing. The method 

evaluates the modification of floodplain areas and inundation duration (Giacomoni 

and Zechman 2009), and is used to evaluate the performance of various storm water 

management options with respect to peak discharge. As HFR captures both the 
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timing and inundated areas, it provides a clearer picture on development impacts at 

downstream locations and might also help in the selection of watershed 

management options for the impacted areas.  

 

2.2. Conventional Flood Control Measures 

 

The flood impacts caused by urbanization are one of the major driving forces 

behind the numerous efforts for flood control/ mitigation in the U.S. Conventional 

flood control/ management methods can generally be divided into two categories: 

structural and non-structural. Both methods attempt to reduce flood risks and 

damages, although they differ in their approach. Structural solutions aim to manage 

or control the quantity of flood/ stormwater directly by building dams, floodgates, 

diversions, detention ponds, and channel modifications. In contrast, non-structural 

methods address flood / stormwater indirectly by establishing and implementing 

flood regulations and insurance programs, building codes, flood warning systems, 

and property buyouts. Each of these approaches has associated advantages and 

disadvantages (USACE 1996). 

 

2.2.1. Structural solutions (Gray Infrastructure) 

 

Early structural approach (1900s through the 1960s) relied on major 

channel modifications and the constructions of dams and reservoirs. Many of these 

were water supply / water resources projects implemented as part of the 
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development of the arid western United States (Reisner 1993). Examples include 

Hoover, Grand Coulee, Shasta, and Tennessee Valley Authority dams of the 1930s 

and 1940s, followed by others such as the Glen Canyon and Amistad dams in the 

1950s and 1960s. While the main purpose of these projects was to increase water 

supply, they had a side benefit of providing flood control and protection to 

downstream areas. Due to the ubiquity of dams and reservoirs at the time, the 

reliance on structural measures at large catchments was replicated in various 

smaller watersheds. 

 The dawn of the environmental movement in the 1960s had impeded the 

proliferation of these structural measures, however. Dams, reservoirs, and concrete 

channels came under heavy scrutiny for not sufficiently addressing flooding issues, 

and instead causing significant adverse environmental impacts. This problem was 

evident in the overuse of channelization for flood control throughout the United 

States, particularly in the meandering streams of the South and Southeastern 

Coastal Plains (Brookes 1988). Between 1820 and 1970, more than 200,000 miles of 

the nation’s channels were modified in various degrees (Schoof 1980). Due to rising 

concerns over the widespread use of channelization, the Council on Environmental 

Quality commissioned Arthur D. Little Corporation to perform a nationwide survey 

on both the effectiveness and environmental impacts of channelization. The report 

(1973) concluded that channelization projects were often over-designed at the large 

watershed scale and under-designed at the small watershed scale. The under-

designed modifications were insufficient to provide future flood protection and the 
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over-designed modifications would result in significant environmental impacts to 

the natural floodplain and downstream areas (A.D. Little 1973). 

 The Brays Bayou watershed in Houston, Texas is an excellent example 

of how the effectiveness of a purely structural flood control measure can be limited 

in the long term as a result of over-development in the floodplain and under-design 

of the flood control measure. The main channel of the watershed (see Figure 2.2) 

was channelized and partially concrete-lined in the late 1950s, with the goal of 

accommodating flows exceeding a 100-year storm event. However, due to the urban 

sprawl throughout Houston in the 1970s, the channel is no longer able to contain a 

mere 10-year rainfall event. Moreover, Brays Bayou now responds even faster, with 

time to peak ranging on an average of 2-6 hours, depending on the spatial and 

temporal distribution of the rainfall (Bedient et al. 2003). Major floods occurred in 

Brays Bayou in 1976, 1983, and 2001. More than 90% of the watershed is 

developed, with an estimated 30,000 structures inside the 100-year floodplain, 

including the Texas Medical Center (TMC), which is the largest medical complex in 

the United States. Channelization has been severely criticized for promoting a false 

sense of security in flood protection. A study conducted by HCFCD (2013) concluded 

that the 1960 channelization, combined with continued upstream development and 

poor stormwater management practices resulted in significant flood damage costs 

(approximately $1.8 billion) for a 100-year flood at Brays Bayou watershed.  
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Figure 2.2: Concrete-lined channel at Brays Bayou 

 

Besides channelization, other common structural approaches (grey 

infrastructures) to urban stormwater management include detention ponds and 

diversions. Detention ponds are used to hold runoff for a short period before 

releasing the water back into the main channel. Generally, detention ponds can be 

divided into two categories: local and regional (HCFCD 2009).  Local detention 

ponds are usually small in scale, and are typically funded by developers or 

individual property owners. These ponds are meant to protect a site from existing 

flooding conditions or to prevent increased runoff at downstream properties. 

Regional detention ponds, on the other hand, are large in size and are usually owned 

and operated by the region’s flood control district. The purpose of these facilities is 

to significantly reduce downstream flows in order to maximize the capacity of 

existing drainage systems and maintain flows at or below historic rates. Since local 
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detention ponds can be integrated into existing landscapes such as golf courses and 

parks, this option is more likely to be accepted by the general public than regional 

ponds due to aesthetic considerations and minimal environmental impacts. 

Generally, detention ponds are placed in the upper or middle portions of the 

watershed to protect downstream areas.  

Diversions are mainly used to reroute a portion of water flow away from a 

flood-prone area. This option may be feasible if another channel or basin exists 

within the vicinity of the flood-prone area to which the diversion can be routed to. 

For this option, it is important that the target channel or basin where the diversion 

is routed to not be located too far from the main channel. Another consideration is 

to properly size the diversion so that it would not cause flooding in the diverted 

areas. In addition, right-of-ways must be considered when diverting flows into 

adjacent channels or basins.  

Unfortunately, the skepticism of channelization extended to other structural 

approaches as well, due to their combination of associated environmental impacts, 

poor aesthetics, and overall performances. The recurrence interval design 

methodology of these methods often translates to minimum effectiveness when 

their design specifications are exceeded. Additionally, the problem is exacerbated by 

encroachment into flood-prone areas. Fortunately, floodplain management and 

flood control agencies have recognized the shortcomings of solely relying on 

structural flood control measures. As a result, alternatives to structural solutions 

have become increasingly common in more recent flood control/ management 

strategies. 
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2.2.2. Non-structural solutions 

 

While the primary aim of structural approaches to reduce flood hazard is by 

directly changing flows, nonstructural measures attempt to reduce flood risks (as 

well as flood damages) by a variety of means. The amounts of reduction in flood 

damage by nonstructural methods would vary depending on the implemented 

mechanism. Examples of these nonstructural approaches include flood proofing, 

flood alert systems, flood insurance programs, land-use and zoning regulations, 

public awareness and education programs, and voluntary property buyouts. After 

realizing that structural methods alone were inadequate in providing the desired 

level of flood protection, nonstructural solutions have been given serious 

consideration as an alternative means to reduce flood damage.  

 In 1966, a Presidential Task Force on Floodplain Regulations was charged 

with making recommendations for improving existing federal flood control policy in 

order to create a unified national program to manage flood losses. One of the 

principal outcomes of the task force findings was the establishment of the National 

Flood Insurance Program (NFIP) as a result of the Flood Control Act of 1968. This 

was the first major nonstructural flood control alternative implemented at the 

national level. The NFIP was placed under the supervision if the newly formed 

Federal Emergency Management Agency (FEMA) in 1979. While the program has 

experienced major shortcomings due to repetitive loss property claims and poor 

regulatory enforcement, it has nevertheless achieved some success. Flood insurance 

programs, paid by property owners who live within the 100-year floodplain in 

communities that have established a minimum standard of hazard mitigation 
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provisions, have covered $10.4 billion in losses and program expenses between 

1977 and 1997 (NWF 1998). The NFIP spurred an increasing awareness of the 

benefits of a proper flood mitigation strategy and emphasized the benefits of the 

natural floodplain. It also proved that a nonstructural solution could be as effective 

as, if not more effective than, structural solutions from both the flood protection and 

financial stand points. 

 The buyout of high-risk properties from willing owners and the relocation of 

at-risk buildings and structure out of the floodplain are additional nonstructural 

alternatives that have received increased attention over the years. Several post-

flood studies and recommendations resulting from major floods, such as the 

Midwest flood of 1993, have spurred national interest in this particular alternative. 

Interest was raised due to the significantly reduced flood damages experienced by 

communities throughout these major watersheds that had implemented this control 

measure as compared to those solely relying on levees or other structural measures 

(NWF 1998). Some examples of nonstructural flood control applications are: 

Besides flood insurance and property buyouts, various forms of flood 

warning systems have been used in the United States after World War II to reduce 

flood damages in susceptible areas (Bedient et al. 2012). These range from simple 

tables that linked rainfall with associated water elevations to sophisticated models 

that had the capabilities to predict the likelihood of flooding. Older flood warning 

systems employ a series of rain and stream gauges to provide the necessary 

precipitation and stream elevation data. Prior to the 1980s, while existing 

hydrologic science allowed the conversion of precipitation into surface runoff, the 



25 
 

technology at the time were not able to process, analyze and transmit those 

information in real-time, making effective flood forecasting difficult.  This changed 

since the 1990s however, due to the technological advances in geographic 

information sciences (GIS), remote sensing capabilities, and computing power. 

Newer flood alert systems were able to take advantage of these new advances by 

utilizing high definition weather radar to collect rainfall information in addition to 

those recorded by the gage network in real time (see Figures 2.3). Numerous studies 

have been published over the last two decades regarding flood alert systems’ 

performances and reliability (Bedient et al. 2000, Bedient et al. 2003, Fang et al. 

2008, Mukhopadhyay et al. 2009, Fang et al. 2011, Juan et al. 2015). 
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Figure 2.3: Workflow of a radar-based flood warning system (top) and the Rice-Texas 
Medical Center Flood Alert System (http://fas3.flood-alert.org/) (bottom) 

 

2.3. Low Impact Development (Green Infrastructure) 

 

In the last decade or so, green infrastructure (GI) or low impact development 

(LID) has emerged as a flood control alternative in urban areas. Low Impact 

Development (LID) was piloted in Maryland (Prince George’s County 1999) as a way 

to mitigate the negative effects of increasing urbanization and impervious surfaces. 

The main purpose of GI or LID is to return current urban hydrology/ hydraulics to 

its natural/ pre-development state to improve water quality and prevent/ mitigate 

inundation problems. In contrast to typical stormwater design, the LID approach 

advocates for more careful site design in the planning phases. It is considered to be a 

volume-based hydrologic approach, designed to manage the volume of water at a 

site and consequently, all other associated issues (i.e., pollution) (Lenhart and Hunt 
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2011). Some of the LID applications include green roofs, rain barrels, bio-swales, 

infiltration strips, and porous pavements. These technologies are designed to 

increase infiltration, onsite storage and detention, evapotranspiration of runoff, and 

absorption, precipitation, biodegradation, and phytoremediation of pollutants 

(Ahiablame et al. 2012, USEPA 2000). Along with the mentioned conventional 

methods, GI or LID is believed to be capable of mitigating flooding problems in 

urban areas. 

LID has gained popularity for its effectiveness in site-scale retrofits to 

improve watershed health and address existing development issues, especially in 

urban and residential areas where land availability and greenspace are limited 

(USEPA, 2000; Damodaram, et al., 2010). Although retrofit LID features tend to be 

smaller in scale than conservation-based features such as wetlands or riparian 

corridors, the concepts of source control, pollutant removal, and runoff reduction 

are still inherent in their design and functionality. Site-scale LID features commonly 

studied and implemented across the U.S. include bioretention (rain gardens), green 

roofs, and rainwater harvesting systems. With the exception of rainwater storage 

tanks, these features typically consist of surface depressions with a highly vegetated 

top layer to restrict flow and a high permeability soil media layer to encourage 

infiltration. They are often located directly downstream of impervious areas to 

intercept runoff at the source. 

 Monitoring studies that have attempted to quantify the individual 

performance of these features both in terms of water quality and quantity have 

shown that most LID features improve stormwater runoff overall, but the results 
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depend on a number of external variables such as climate conditions, seasonality, 

and degree of maintenance, and can be highly site-specific (Davis, et al., 2009; Dietz, 

2007). Modeling-based studies have similarly sought to quantify the hydrologic 

performance of site-scale LID features, but there is a marked lack of consensus on 

the optimal modeling technique to represent these features (Elliott & Trowsdale, 

2007). Possibly because of this variability, few studies have attempted to evaluate 

the cumulative hydrologic impact site-scale LID features can have when distributed 

throughout a watershed. This is a particularly important question in urban areas 

where flat topography, low-permeability soils, and high intensity rainfalls 

exacerbate flooding and drainage issues.  

In the Houston, TX region, where rainfall-runoff rates far exceed rates in 

other parts of the country, the relative effectiveness for small-scale LID technologies 

must be evaluated thoroughly before they are applied. Although individual small-

scale LID technologies may be overwhelmed during a large storm event, it may be 

possible to incorporate them in a larger LID context. Burns et al. found that by 

restoring or protecting small-scale hydrologic processes on-site, natural flow 

regimes can be restored at large-scales downstream (2012). Similarly, in a studies of 

neighborhood-level LID, researchers found that employing multiple small-scale LID 

technologies, like grassed swales, bioretention, pervious pavements and clustered 

homes, water quality was improved and the flood wave was attenuated (Hood et al. 

2007; Dietz and Clausen 2007).  Other studies have evaluated the hydrologic 

impacts of LID and their ability to mimic natural flow at various scales: Hood et al. 

2007; Bledsoe and Watson 2001; Gilroy and McCuen 2009; Xiao et al. 2007; Dietz 
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and Clausen 2008; Williams and Wise 2006. Continued research on the combined 

effects of LID practices at larger scales is imperative for catchment-wide land use 

planning to address intense rain events that threaten the region. 

 

2.3.1. Green roofs 

 

Green roofs (see Figure 2.4), as their name imply, refers to vegetative roofing 

systems that typically consist of a layer of soil planted with various vegetation, 

grass, and/or trees. Generally, there are two types of green roofs: intensive and 

extensive. Intensive green roofs have thicker layer of soil media with greater plant 

diversity. In contrast, extensive green roofs have thinner soil media (usually less 

than 6 inches) with vegetation ranging from small grasses to herbaceous plants. 

Rainfall retention on green roofs is a combination of storage in the media and 

evapotranspiration by plants. Various studies on green roofs have consistently 

shown rainfall retention ranging between 60% and 70%, with an average retention 

of approximately 63% (Dietz 2007). 

In one particular study, Van Woert et al. (2005) evaluated the effects of 

media thickness and slope on rainfall retention. Their study revealed that the 

increase in rainfall retention due to increased soil depths and milder slopes were 

less substantial than expected. In general, the study evaluated green roofs with soil 

thickness ranging from 2 cm to over 12 cm, and concluded that the gains in rainfall 

retention were insignificant. This suggests that green roofs with thinner soil layers 
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may be adequate for stormwater retention purposes to minimize installation costs 

and structural requirements. 

 

 

 

 

 
Figure 2.4: Green roof schematic and example (Source: http://www.portlandoregon.gov) 

 

2.3.2. Rain gardens 

 

Rain gardens (see Figures 2.5) are shallow depressed areas planted with 

deep-rooted vegetation and grasses to retain precipitation and decrease stormwater 

runoff. They can be applied in either residential or commercial settings, and are 

usually planted with native vegetation. Aside from stormwater retention, rain 

gardens are also known to increase groundwater recharge and improve water 

quality through biofiltration (Prince George’s County 1993). Due to the wide range 

of benefits, several municipalities have established design standards for 

bioretention (rain gardens). An example of a detailed bioretention design and 

practice criteria is developed by the Wisconsin DNR. It includes site selection 
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procedures, design specifications, construction and maintenance guidelines (WI 

DNR 2006).  

 

 

Figure 2.5: Rain garden schematic and example (Source: 2011 Harris County LID Design 
Criteria) 

 

Despite the existence of these standards, rain garden design 

recommendations remain inconsistent. One reason for this uncertainty is that the 

established guidelines from one location are difficult to transfer to a different 

location due to the variability in soils, native vegetation, and/or the design 

objectives. Additionally, procedures to simulate and evaluate rain garden 

performances have not been standardized. One popular approach is using the SCS 

curve number (SCS 1986) to estimate runoff for rain gardens. The RECARGA model 

(Atchison et al. 2006) implements the SCS curve number (SCS-CN) to estimate 

surface runoff from pervious areas.  The model allows for detailed water balance 

calculations based on different rain garden configurations, and rain gardens could 

also be easily simulated for a totally impervious area (e.g., parking lots or roads). 

The accuracy of the SCS curve number approach to calculate runoff for smaller, 

frequent rainfall events, however, has been brought into question. In fact, the 
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Natural Resources Conservation Service stated that the curve number approach is 

not suitable in applications where there is less than 0.5 in. of rainfall (SCS 1986). As 

evidenced, Pitt (1999) observed large discrepancies between CN-predicted runoff 

and actual observed runoff for various small magnitude storms.  

 

2.3.3. Permeable pavement 

 

Permeable or porous pavements (see Figure 2.6), are designed to capture 

surface runoff that allows for slow infiltration into the subsoil (USEPA 2000). 

Permeable pavements may consist of porous asphalts, porous concretes, or block 

pavers (Dietz 2007). Various studies on porous pavements reported significant 

reduction in surface runoff (between 50% to upwards of 90%) and associated 

pollutant loads (Dietz 2007; Collins et al. 2008; Collins et al. 2010; Fassman 2012,  

Ahiablame 2012). 

Collins et al. (2008) found that permeable interlocking concrete pavements 

and concrete grid pavers were able to store up to 6 mm of rainfall. Other 

experiments from the same area confirmed that not only can permeable pavements 

reduce runoff, but they can also eliminate runoff entirely (Bean et al. 2007) from the 

most intense rainfall events. Similarly, Dreelin et al. (2006) showed that porous 

pavements were able to reduce 93% of runoff on two parking lots. The study also 

proved that porous pavements can be used to fully capture runoff from smaller 

storms (e.g., less than 2 cm) and retain “first flush” runoff during larger storms on 

clay soils. While permeable pavements are shown to significantly reduce the 
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stormwater runoff volume from the treated area, design characteristics such as the 

filter media size and shape as well as the application location might influence the 

hydraulic performance of these systems. Moreover, since permeable pavement 

allows for some filtration of stormwater, occasionally these systems might clog due 

to the settling of fine particulates that are trapped in the base layer. Therefore, 

adequate knowledge of infiltration process, clogging, and maintenance cycles and 

procedures need to be carefully considered for successful permeable pavements 

implementations. 

 

Figure 2.6: Permeable pavement schematic (Source: www.epa.gov) 
 

 

2.3.4. Swales/ bioswales 

 

Swales (see Figure 2.7) are shallow open channels with gentle side slopes, 

filled with erosion and flood resistant vegetation. They are designed to reduce 

stormwater runoff velocity and improve stormwater quality (USEPA 1999, Davis 

2012). Swale systems may include bioswales, grassed swales, or filter strips, and 

may also vary from grassed channels to heavily-vegetated swales with underdrains 
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and/or additional storage. Swales can be categorized as dry or wet swales, 

depending on whether perpetual water is present in the swale. In both forms, 

vegetation that slows runoff velocities are used, thereby promoting water quality 

functions through settling and surface adsorption rather than infiltration 

(Ahiablame et al. 2012).  

 

 

Figure 2.7: Bioswale schematic and example (Source: 2011 Harris County LID Design 
Criteria) 
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Furthermore, although swales are generally used to replace or supplement 

traditional curbs and gutters for stormwater conveyance in urban settings, they can 

also be used for erosion control in agricultural environments (Davis et al. 2012). The 

Center for Watershed Protection (CWP) (2008) conducted a literature review of 

swale performance and reported runoff reduction that ranges from 40 to 60 

percent. In some cases however, swales are actually found to increase runoff. In one 

study, Deletic and Fletcher (2006) found deposition of sediments within the channel 

that caused soil clogging. This condition resulted in a decrease in infiltration rates, 

in swales, especially at the upstream location of the swale treatment reach where 

deposition is greatest.  

 

2.3.5. Rainwater Harvesting Systems (cisterns / rain barrels) 

 

Rainwater harvesting (RWH) systems (see Figure 2.8) include rain barrels 

for residentials as well as cisterns for commercial establishments. The main purpose 

of these systems is to capture, collect, and store rainfall for reuse. When designed 

appropriately, rainwater harvesting systems would slow and reduce surface runoff 

and provide a source of water. The collected stormwater from storage tanks may 

have non-potable uses including irrigation, toilet flushing, laundry and various 

household activities, commercial / industrial cooling systems, and other 

construction processes. These systems are particularly popular in arid or semi-arid 

regions, in which they are able to reduce the pressure on traditional water supply 

sources. 
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Figure 2.8: A residential rain barrel in Texas (Source: klru.org) 
 

A RWH system usually includes a rainwater collection area, conveyance 

system, storage tank, treatment system, and redistribution network (USEPA 2000). 

During a storm event, stormwater runoff from the collection area (i.e., rooftop, 

parking lot, landscaped area, and street) is funneled to a collection point (outlet), 

where the conveyance system distributes the water into the storage tank. There are 

many studies that evaluated the performance and sizing of rainwater harvesting 

systems (Chilton et al., 2000). One study indicated that storage tank size greatly 

depends on site-specific variables such as local precipitation patterns and climate, 

the catchment area, and end use water type and demand (Talebi and Pitt, 2012). 

Sizing a cistern / rain barrel is therefore a key factor to maximize stormwater 

collection. The storage tank should have adequate capacity to retain the desired 

water volume for each storm event, resulting in runoff volume reductions at the site. 
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2.4. Hydrologic and Hydraulic Modeling 

 

The large areas and complex networks associated with drainage in a 

watershed make field data collection expensive, labor-intensive, and often 

infeasible. Hydrologic models are necessary to simulate hydrologic processes, such 

as overland runoff generation, infiltration, storage, and flow routing, in a watershed 

for predictive analyses. These models provide valuable insight into the data 

collection, organization, representation, and analysis of actual watersheds. 

Hydrologic models can be split into two categories based on the methodology for 

representing a watershed area: lumped models and distributed models (see Figure 

2.9).  

 

Figure 2.9: Lumped (left) vs distributed (right) model 
 

2.4.1. Lumped vs Distributed Models 

 

Lumped models typically assume that all hydrologic processes that occur 

within the entire watershed could be represented by the processes at its sub-basins. 
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Each sub-basin, regardless of the areal extent, only requires one set of hydrologic 

parameters (Muzik 1996). This approximation allows for analysis with relatively 

limited data measurements. Distributed models, on the other hand, generally 

represent watersheds in a gridded cell format in which individual grid cells 

represent areas as small as a few square feet to a few acres each (Vieux 2004). 

Hydrologic processes are accounted for and runoff is routed between nodes on the 

boundary of each cell.  

Physics-based distributed models utilize the governing equations for 

conservation of mass, momentum, and energy to account for flow across a network 

of finite elements, which is solved for simultaneously at each time step in the 

analysis. Each cell element has a specific set of associated parameters to account for 

friction, flow direction, infiltration or saturation excess, and flow routing, allowing 

for a much higher resolution analysis of watershed response; outputs can be 

generated at any location within the watershed. An additional benefit of distributed 

models is their ability to utilize radar-rainfall inputs. Typical lumped models 

represent storm events using historic data from weighted rain gauges or uniform 

design rainfalls. Each subarea receives a single hyetograph input for the whole 

basin. Distributed models, however, can effectively utilize high resolution data 

gathered by regional radars, such as NEXRAD, which vary incrementally both in 

time and space. Not only is radar a more accurate representation of historic storm 

events and less prone to error than rain gauges, but it can also account for subtle 

rainfall patterns and localized regions of intense rainfall that can significantly affect 

watershed response (Vieux, 2004). 
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Furthermore, the spatial resolution and variability of data allow subtler 

changes in the landscape to be taken into account and evaluated over a large area 

without negatively affecting computing power. Although studies have shown that 

lumped models can accurately represent large watersheds even at a relatively low 

resolution (Bedient, et al., 2003), the spatial variability in parameters associated 

with distributed models becomes necessary when accounting for the hydrologic 

performance of small-scale landscape changes, as is the case for LID features. This 

method is therefore more useful for simulating watershed-scale LID 

implementation. For the purpose of this research, hydrologic analyses of green 

infrastructure were performed using a distributed hydrologic model, Vflo®, which is 

based on the kinematic wave (KW) theory (more details on Vflo® will be discussed 

in Chapter 3). 

 

2.4.2. Kinematic Wave Theory 

 

Hydraulic models typically use the dynamic wave equation, or a simplified 

form of the dynamic wave equation for flood routing in channels as well as overland 

flow routing (see Figure 2.10). Dynamic wave is based on the solution of the 

continuity and momentum equations in unsteady, gradually-varied (non-uniform), 

open channel flows.  The continuity equation was derived from the principle of mass 

conservation, while the momentum equation was derived from Newton’s second 

law as well as the principles of energy and momentum conservation. 

𝜕𝑄

𝜕𝑥
+ 

𝜕𝐴

𝜕𝑡
 = 0      (2.1) 
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𝑔
𝜕𝑦

𝜕𝑥
+ 𝑣 

𝜕𝑣

𝜕𝑥
+

𝜕𝑣

𝜕𝑡
= 𝑔(𝑆0 − 𝑆𝑓)     (2.2) 

Equation (2.1) is the unsteady continuity equation, where Q represents discharge or 

flow, A is the cross-sectional flow area, x is the horizontal distance, and t is time. 

Equation (2.2) describes the one-dimensional form of momentum equation with 

zero lateral inflow, where g is the gravitational acceleration, y is the vertical stream 

depth, v is flow velocity, S0 is channel bed slope, and Sf is the friction slope. 𝑔
𝜕𝑦

𝜕𝑥
 

denotes the pressure force term, 𝑣 
𝜕𝑣

𝜕𝑥
 and 

𝜕𝑣

𝜕𝑡
 are the convective and local 

acceleration (inertia) terms, 𝑔𝑆0 is the gravity force term, and 𝑔𝑆𝑓 is the friction 

force term. Together, equations (1) and (2) are often referred to as the Saint Venant 

equations. 

 The kinematic wave theory was developed by Lighthill and Whitham (1955) 

through observations of flood wave movements in long rivers. This theory was 

originally developed to describe flow in streams and channels. In 1964, Ishihara 

(1964) applied the kinematic wave theory in overland flow scenarios. Later, 

Henderson and Wooding (1964) examined the accumulation and decay of laminar 

and turbulent flows over a sloping plane by neglecting the relative differences 

between the channel slope and the water surface slope. The result of this research 

was then expanded by Wooding (1965) to include both overland and open channel 

scenarios.  

The kinematic wave theory is a simplification of the full dynamic wave 

model, by assuming uniform flow and that the friction slope, Sf, is parallel to the 

channel bed slope, S0. Furthermore, 𝑔
𝜕𝑦

𝜕𝑥
, , 𝑣 

𝜕𝑣

𝜕𝑥
 , and 

𝜕𝑣

𝜕𝑡
 (sometimes called the 
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secondary terms) are assumed to be negligible. The resulting momentum equation 

then becomes: 

𝑆0  = 𝑆𝑓       (2.3) 

     

Figure 2.10: Differences between a dynamic wave (left) and kinematic wave (right) to an 
observer (Source: Bedient et. Al 2012) 

 

There are several limitations with the kinematic wave model. Unlike dynamic 

waves which can propagate in two directions (upstream and downstream), 

kinematic waves can only propagate downstream. This means that kinematic wave 

cannot account for backwater. Additionally, since inertial and pressure forces are 

assumed to be negligible, kinematic waves will not accelerate, disperse, or 

attenuate, and cannot represent pressurized flows. Due to these inherent 

limitations, criteria for determining the applicability of the kinematic wave theory 

were developed. Miller and Cunge (1975) showed that kinematic wave routing is 

applicable only when the Froude number, F, is less than 2. Woolhiser and Liggett 

(1967) formulated the kinematic-flow number, K, to govern the applicability of the 

kinematic wave model in overland flow. When K is large (i.e., greater than 10), the 

kinematic wave theory is said to be applicable. Additionally, the kinematic wave 
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model is usually not applicable when slopes are very mild (flat), and when waves 

only travel for a short duration. 

 Many existing hydrologic and hydraulic models use the kinematic wave 

routing method, including HEC-HMS, SWMM, and Vflo®, due to its versatility in 

solving both overland flow routing and channel flow routing. For kinematic 

overland flow routing, discharge, Q, can be described by the following equation: 

𝑄 =  𝛼𝐴𝑚       (2.4) 

where A is the cross-sectional area and both 𝛼 and m are kinematic wave routing 

coefficients. For kinematic channel routing, channel discharge, Qc, can be 

determined by using the following equations: 

𝜕𝑄𝑐

𝜕𝑥
+ 

𝜕𝐴𝑐

𝜕𝑡
 = 𝑞0      (2.5) 

𝑄𝑐 =  𝛼𝑐𝐴𝑐
𝑚𝑐        (2.6) 

where q0 is the overland inflow per unit length, Ac is the channel cross-sectional 

area, and both 𝛼𝑐 and mc are kinematic wave routing coefficients for the particular 

channels. Since both the dynamic wave and the kinematic wave models involve 

partial differential equations, they cannot be solved analytically except in some 

idealized situations. Therefore, various numerical approaches are used instead. 

These numerical techniques include the finite-difference method, the finite element 

method, or the method of characteristics. The hydrologic model used in this 

research (Vflo®) employs the finite-difference method.  
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2.5. LID Representation in Various Models  

 

There are two broad ways to represent LID practices within hydrologic and 

water quality models. The first is the hydrologic process representation approach, 

which attempts to model processes (e.g.,,, infiltration, sedimentation, adsorption, 

evapotranspiration, settling, and transformation of pollutants) occurring within the 

BMPs or LID practices (Huber et al. 2006). A typical example of process 

representation would consist of modeling infiltration, evapotranspiration, and 

pollutant uptake in a bioretention system. Data availability and processing can, 

however, be an issue for this approach due to the fact that modeling unit processes 

involves extensive computational and data requirements. This approach allows 

detailed modeling suitable for design, construction, and optimization of 

development scenarios. 

The other approach is the LID feature representation approach, which uses 

an aggregation method to represent the entire processes of specific LID practices as 

a whole. This approach measures the effects of the practice on runoff and water 

quality by combining all complex processes that the practice can perform in one 

parameter (e.g.,, representing the effects of rain barrel, bioretention, vegetated roof, 

and porous pavement with curve number values; see Damodaram et al. 2010). The 

drawback for this approach is that the parameter may not accurately quantify the 

performance of the practice of interest (due to simplifying assumptions made 

during the modeling exercise). Usually this approach is utilized to compare 

hydrologic impacts of development scenarios with or without calibration in order to 
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highlight the beneficial uses of BMPs and LID practices for planning and decision 

making (prior to more detailed studies for practical implementation). 

 

2.5.1. Hydrologic process representation models 

 

CASC2D – Cascade 2-Dimensional 

CASC2D (Ogden 1998) was originally developed at Colorado State University 

as a distributed, physically based, continuous, infiltration-excess watershed model 

intended for use where overland flow dominates the hydrology. It uses an array of 

square grid cells to represent a watershed, and accounts for spatial variation for all 

inputs. CASC2D accepts an unlimited number of point rainfall estimates, which can 

be averaged using either Thiessen polygons or inverse-distance squared 

interpolation. Infiltration is calculated by either the Green and Ampt method, or a 

modified approach allowing for redistribution of soil moisture during unsteady 

infiltration. Soil is assumed to be infinitely deep. Overland flow is routed using a 

two-dimensional, finite difference solution to the diffusive wave equation, which 

accounts for backwater and allows flow conveyance on negative slopes. Flow is 

routed to one of the eight adjacent cells. No special consideration is applied to 

impervious surfaces; they must be modeled as cells with zero infiltration and 

reduced roughness and depression storage.  
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EPA-SWMM – Stormwater Management Model 

SWMM (http://www.epa.gov/ednnrmrl/models/swmm) is a hydrologic/ 

hydraulic model that was first developed by EPA to simulate single or continuous 

urban stormwater runoff. SWMM was originally developed by the Environmental 

Protection Agency (EPA) for analysis of combined sewer overflows in urban 

watersheds. SWMM conceptualizes the watershed as a system of overland flow 

planes, channel links, and nodes. It can be run in either continuous or event mode. 

SWMM has a graphic interface that allows users to build up the network system for 

a watershed and define parameters for conduits and catchments.  Proprietary 

versions of the model can be run in a GIS framework. This model is routinely used to 

simulate flows through separate and combined collection systems and to forecast 

the impact of land use, population, infrastructure, and LID impacts on the frequency 

and volume of CSO. The most recent version allows users to explicitly insert various 

types of LID controls into lumped sub-catchments (Damodaram 2010, Lucas and 

Sample 2015). 

 

DR3M – Distributed Routing Rainfall Runoff Model 

The Distributed Routing Rainfall Runoff Model (DR3M) was developed by the 

USGS as a continuous or discrete event reconstruction hydrologic model, intended 

for watersheds up to 10 mi2 in size. It is similar to EPA SWMM in its watershed 

representation and capabilities. DR3M assumes that overland surfaces contribute 

lateral inflow to their channels, unless otherwise specified. DR3M computes rainfall 

excess from input gage data using a modification of the Green-Ampt method that 
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eliminates the requirement of having a single value for infiltration. Precipitation 

that reaches ineffective impervious areas is assumed to be instantaneously 

distributed over the pervious area (without opportunity for infiltration). One-third 

of impervious surface rainfall is added to retention storage until the impervious 

retention storage capacity is filled. The remaining rainfall excess time series is then 

routed using the kinematic wave equations for either laminar or turbulent flow. The 

user can choose one of three solutions to the kinematic wave equation: method of 

characteristics, implicit finite difference, or explicit finite difference (Alley & Smith, 

1982).  

 

KINEROS2 – A Kinematic Runoff and Erosion Model 

KINEROS was developed by the USDA – Agriculture Research Service for the 

calculation of water and sediment runoff from arid and semiarid rural watersheds.  

It is a physics-based, distributed, single-event hydrologic model. KINEROS 

represents the watershed as a system of cascading planes and channels, with 

optional pond (i.e., detention) elements (Woolhiser et al. 1990). Surface runoff is 

computed using an implicit kinematic wave solution, by applying either the Manning 

or Chezy roughness coefficient. Runoff routed from a plane can be input to a channel 

as either upstream or lateral inflow, or inserted in another downstream plane. 

KINEROS uses the kinematic wave formula to compute channel routing, and allows 

for trapezoidal (including triangular and rectangular) as well as compound 

channels. Woolhiser et al. (1990) indicated that KINEROS is highly sensitive to 

rainfall amount, saturated hydraulic conductivity, and mean capillary pressure. 
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MIKE-SHE – Systeme Hydrologique European  

MIKE-SHE was developed by the Danish Hydrologic Institute Water and 

Environment (DHI Water and Environment, 2001).  It is a gridded hydrologic model 

with capabilities similar to CASC2D, with the addition of unsaturated zone and 

groundwater flow capabilities. Precipitation gages are areal-weighted using 

Thiessen polygons. Overland flow is routed using the kinematic wave equation, with 

infiltration computed using the Richards’ equation. Channel flow is routed using 

either the Muskingum method, or the one-dimensional diffusive wave 

approximation to the St. Venant’s equations. Reservoir routing is not simulated in 

this model. MIKE-SHE may be linked to MIKE-11 or MOUSE for analysis of complex 

channel hydraulics. MOUSE has capabilities similar to SWMM for storm network 

routing, and contains modules for urban hydrology, real time control systems, and 

water quality. MIKE-11 provides a quasi-two-dimensional river hydraulics routine 

capable of handling bridges, weirs, and other hydraulic structures.  

 

2.5.2. LID feature representation models 

 

ANSWERS-2000 – Areal Nonpoint Source Watershed Environmental Response 

Simulation 

ANSWERS-2000 was first developed at Purdue University as a distributed 

single-event model, and later modified to allow continuous simulation by Virginia 

Tech. It was intended as a Best Management Practice (BMP) planning model for 47 

rural catchments. ANSWERS represents a watershed using an irregular matrix of 



48 
 

grid cells, each of which distributes runoff to adjacent cells or to its channel. 

ANSWERS calculates the net rainfall that reaches the soil surface by subtracting 

interception storage from the rainfall time series. A modification of the Green and 

Ampt method, which accounts for surface detention and retention storage, is used to 

compute infiltration. Surface runoff is routed using an explicit backwards difference 

solution to the continuity and Manning’s equations under the kinematic wave 

assumptions. Runoff enters channels as lateral inflow from the grid cell containing 

the channel.  Only rectangular channels can be simulated, thereby limiting one’s 

options for other irregularly-shaped channels.  

Each grid cell is treated as an overland flow surface, where inflow is 

equivalent to the sum of the net rainfall and the runon from upstream cells 

(Bouraoui and Dillaha 1996). Flow can be routed to multiple adjacent cells, rather 

than a single orthogonal direction. Since ANSWERS’ was originally developed as an 

agricultural model, impervious surfaces are not represented. It is possible to 

represent impervious surfaces as clay soils, but some infiltration will occur because 

the user is only free to select soil type, not specific infiltration parameters.  

 

SWAT – Soil-Water Assessment Tool  

SWAT was developed to predict the long term impacts of land management 

practices on water, sediment, and agricultural yields in large, complex watersheds 

under varying conditions (Neitsch et al. 2001). As such, it is a continuous, largely 

physically-based process model, yet is spatially lumped. It represents a watershed 

as either a grid or a number of uniform subcatchments draining to a channel and 
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reservoir network. Either NRCS or Green and Ampt methods may be used to 

calculate infiltration, and peak flows are computed with the modified Rational 

method. Channel routing is performed using Manning’s equation or the Muskingum 

methods with bank storage and transmission losses. Sediment, nutrient, and 

pesticide generation/entrainment, routing, and fate can also be simulated.  

 

WinSLAMM – Source Loading and Management Model  

The Source Loading and Management Model (SLAMM) is a planning level tool 

that estimates flow and pollutant discharges from various LID features in each land 

use (Pitt and Voorhees 2002). It applies the Curve Number (CN) method to simulate 

the runoff and its resulting effect at the predetermined outlet. Additionally, 

WinSLAMM’s built in algorithm assigns the most appropriate CNs for specific land 

uses, and then estimates the runoff reduction for each LID feature (Pitt and 

Voorhees 2002).  

To calculate runoff and pollutant loads, an urban watershed is first divided 

into six land use categories, including residential, institutional, commercial, 

industrial, open space, and freeway. Each land use is associated with different 

proportions of source area types, including roofs/sidewalks, pavement, turf, 

landscaping, and other pervious areas. Other inputs include drainage system type 

(e.g., swale, gutter), effective NRCS Hydrologic Soil Group, building density, land use, 

presence of alleys, roof pitch, pavement texture, and traffic density for each source 

area. WinSLAMM then computes runoff volume for each source area using empirical 

non-linear equations.  
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WinSLAMM equations include parameters for the runoff coefficient, 

depression storage, and drainage efficiency factor of each combination of source 

area type and drainage system. WinSLAMM can simulate a variety of scenarios, such 

as wet detention basins, porous pavement, infiltration devices, street cleaning, grass 

swales, roof runoff disconnections, and paved parking/storage area runoff 

disconnections. Despite its features, the model’s approach is mostly empirical, 

making it difficult to apply in larger watersheds or in areas with highly-variable 

landuse patterns, densities, and configurations. Furthermore, since WinSLAMM is 

not actually a hydrologic model, it is unable to calculate specific hydrologic 

processes, such as surface runoff and infiltration. 

 

SUSTAIN – Urban Stormwater Treatment and Analysis Integration Model 

The EPA System for Urban Stormwater Treatment and Analysis Integration 

Model (SUSTAIN) is a tool that aids the evaluation and planning of LID features 

based on different land uses. It assesses the cost-benefit ratios of LID for both water 

quality improvement and runoff reduction.  It implements the Green and Ampt 

method to estimate infiltration, and uses EPA Stormwater Management Model 

(SWMM) to simulate surface hydrology and pipe flow.  Runoff from different LID 

features are routed through the collection system based on the catchment and 

drainage system defined in a GIS platform. An optimization model helps users 

achieve targets in an economical LID solution on both volume and pollutant 

reduction aspects (Lai et al. 2007). 
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2.6. Uncertainties in Watershed Scale LID Design and Simulation 

 

The ability for LID features to reduce peak runoff rates and infiltrate rainfall 

may influence overall drainage and stormwater management in urban areas. To 

better understand the degree to which LID features can benefit large scale 

stormwater management, focusing on watershed-scale impacts of LID hydrologic 

performance is necessary. Unfortunately, not many studies have done so. 

Damodaram et al. (2010) found modeled performance of LID practices on a basin 

scale were effective for small events, but less so for flood events (similar to the 

performance of individual facilities). The researchers found that control of larger 

events required inclusion of more traditional, peak-controlling, large centralized 

BMP facilities. Another study by Ackerman and Stein (2008) also found combined 

LIDs were more effective for smaller storms, but also saw LIDs operating in series 

may contribute to performance. Carter and Jackson (2007) found wide distribution 

of green roofs across a basin for volume control likewise would have minimal affect 

for storm events greater than the 2-year, 24-hr event.  

Despite these studies, uncertainties still remain regarding the cumulative 

performance of LID features in large (> 100 km2) watersheds under typical design 

rainfall conditions commonly used for flood control analyses, especially in regions 

with high intensity rainfall such as Houston. These uncertainties can generally be 

categorized into three separate domains: climatic conditions, physical conditions, 

and implementation scale. 

Climatic uncertainty is largely associated with precipitation rate and 

magnitude, and the meteorological drivers of evapotranspiration. These conditions 
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are inherently and historically variable, but can be expected to vary due to climate 

change.  Precipitation, as the source of stormwater, is a key factor due to its uneven 

distribution in both temporal and spatial scales. This factor becomes even more 

important in larger watersheds. Although both Houston and parts of the U.S. 

Northeast share a similar rainfall distribution pattern, SCS Type III (SCS 1986), 

partial-duration rainfall depths (e.g., 3-hr, 6-hr, 12-hr) differ significantly in 

intensity and magnitude. Understanding LID features when implemented in a high 

intensity rainfall region such as Houston, could potentially enable reducing or 

delaying stormwater runoff during severe storms to the same degree as has been 

reported in other regions of the U.S. 

Next, physical uncertainties refer to the topographical characteristics of a 

particular LID site, such as its size and dimensions, its drainage area, slopes, 

elevations, and its underlying soil properties and geology. Because of the 

heterogeneity of these conditions from site to site, a particular LID facility type 

might perform differently from another LID site that implements the same LID 

feature, even within one watershed or city. On the other hand, at one particular site, 

the level of stormwater management achieved will differ based on the LID feature 

type. For example, a green roof will retain a different quantity of stormwater than a 

ground level rain garden that is hydraulically connected to the same roof. 

Beside rainfall and physical characteristics, the scale (resolution) to which 

LID features are simulated also poses a significant challenge in understanding the 

watershed-scale impacts of LID.  Ahiablame et al. (2012) emphasize research is 

needed to identify the spatial and temporal performance characteristics of “scaled 
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up” application of LID to a basin scale. Although many studies have evaluated runoff 

from developed watersheds under various degrees of LID implementation, the 

scope of their interests is usually limited to the extents of residential blocks or 

subdivisions (< 1 km2) (Hood et al. 2007). Bedan and Clausen (2009) conducted a 

paired watershed study comparing quality and quantity of residential stormwater 

from a control, traditional, and LID watershed, but did not identify basin scale or 

ecological outcomes in the watershed. Other researchers found that the 

conventional methodologies of modeling small-scale LID features have a limitation 

on size of study areas for flood control assessments (Elliott and Trowsdale 2007, 

Gallo et al. 2012).   

Modeling methodologies which can both accommodate the spatial details 

associated with small-scale LID features and the large areal extent associated with 

watershed-scale cumulative hydrologic assessments are needed. The following 

chapter of this thesis presents a new solution to the challenges mentioned 

previously by proposing a sub-grid parameterization method to simulate 

watershed-scale impacts of LID features in a physics-based distributed hydrologic 

model, Vflo® (Vieux, 2004). 
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Chapter 3: Watershed-Scale LID Representation Methodology 

 
As mentioned in the previous chapter, a proper understanding of LID impacts 

at the watershed scale is important for basin-wide flood control planning. This 

chapter discusses the methodology in which two site-scale LID features (i.e., green 

roofs and rain gardens) are simulated at the watershed scale by using high 

resolution spatial datasets and a distributed hydrologic model. Topics presented in 

this chapter include the selected study area (i.e., The Woodlands), data sources and 

hydrologic model used, as well as model development. 

 

3.1. Study Area – The Woodlands 

 

The selected study area for watershed-wide LID analysis is The Woodlands, 

TX., which is located north of Houston within the Spring Creek drainage basin. It has 

a drainage area of approximately 34 mi2 and is drained primarily by Panther 

Branch, which is joined by its tributary, Bear Branch, upstream of Lake Woodlands 

(see Figure 3.1). Panther Branch and Bear Branch are intermittent streams with 

major no-flow periods during the summer months. The watershed has generally 

mild slopes, averaging 2%, and the dominate soil types range from fine sand to 

loam. Spatially distributed USGS land use data reveals that despite development, the 

watershed is comprised of 80% developed open space and mixed forest type and 

20% impervious surfaces. By comparison, a typical urban watershed in the Houston 

area may have upwards of 30% impervious cover (Teague, 2011).  
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Figure 3.1:The Woodlands, TX. 
 

The development plan of The Woodlands is unique because of the extensive 

use of detention and natural drainage, such as riparian buffers and vegetated swales 

for flood control (McHarg, 1975). To assist in the design of the drainage at the 

Woodlands, a study was conducted using HEC-1 hydrologic computer modeling to 

evaluate various development options. The study resulted in an evaluation of the 

drainage design, placement, and sizing of reservoirs to meet the original community 

and hydrologic objectives (Bedient et al., 1985). Throughout the development of The 

Woodlands, pervious surfaces, vegetation, and natural drainage pathways were 

preserved as much as possible, unlike in a typical urban development where 

riparian corridors are replaced with concrete channels. In addition, a number of 

detention ponds and two reservoirs were strategically located to manage runoff on-
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site. This watershed’s particular style of stormwater management plan has the 

advantage of reserving land for flood control before it can be overtaken by 

traditional urban development. In most developed watersheds, remedial measures 

for flood control are often difficult to implement due to land restrictions in 

upstream areas.    

Due to its novel implementation of conservation features throughout the 

watershed, The Woodlands have been very well studied over the years. In 2010, 

Yang and Li examined the unique aspects of the drainage design at The Woodlands, 

providing evidence that the open drainage system mitigated flooding as compared 

to conventional drainage practices. In a follow up study, watershed streamflow 

modeling was conducted to assess five hypothetical land use scenarios (Yang and Li, 

2011). In a recent study, Doubleday et al. (2013) used a distributed hydrologic 

model, Vflo® to simulate large-scale conservation features such as riparian corridors 

and conserved forested areas. The study showed that these features were able to 

retain predevelopment hydrologic responses at near the watershed outlet even for a 

large 100-yr storm.   

 

3.2. Geographic Information System (GIS) Applications in Hydrology 

 

Geographic Information System (GIS) is a computer-based technology that 

has been used in a variety of applications, such as earth science, transportation, 

census, health care, as well as hydrology. Due to technological advances in in 

computing power over the last two decades, new applications and capabilities of GIS 
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were discovered. In hydrology, GIS played an increasingly important role because of 

its ability to link huge amounts of datasets to specific locations in space. This allows 

for the collection, construction, storage, analysis, and display of digital spatial data. 

Spatial data in GIS can generally be categorized into two types: raster and vector 

data. Raster data represents space or surfaces with a number of grid cells, with each 

cell potentially having its own set of attributes or properties describing that 

particular space. Vector data, meanwhile, describe two-dimensional features using 

points, lines, and polygons. Examples of raster datasets include digital elevation 

model (DEM) and radar rainfall data, while vector datasets may include census 

tracts, and street/ highway data. Most existing hydrologic models use both raster 

and vector datasets. 

One of the most widely used GIS software is ArcGIS, which was released by 

the Environmental Systems Research Institute (ESRI) in 2002. ArcGIS was 

developed from earlier products, namely ArcInfo and ArcView, which were released 

by ESRI in 1981.  ArcGIS has been used in a wide variety of applications and 

industries, including land administration, public works, architecture, urban 

planning, and hydrology. For the purposes of this research, ArcGIS 10.1 (ESRI 2012) 

was used to preprocess spatially-varied data to be input into the hydrologic model, 

Vflo®. The following section will discuss the various data sources and their 

associated parameter estimation processes. 
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3.3. Data Sources 

 

Various data sources used in this research are described in the following 

sections, including rainfall, elevation, landuse, and soils. Most of these data required 

preprocessing in ArcGIS before they could be incorporated in the hydrologic models 

of the watersheds.  

 

Precipitation 

Historical precipitation data for this research were obtained from available 

rain gages (i.e., USGS) as well as NEXRAD radar (provided by VAI). A discussion on 

NEXRAD radar rainfall and radar bias correction are presented in Appendix A.1. 

 
Synthetic Design Storms 

 Besides radar rainfall and rain gage data, this research also applied multiple 

synthetic SCS III design storms established by the Soil and Conservation Service (see 

Figure 3.2). SCS rainfall uses dimensionless rainfall temporal patterns (i.e. type 

curves) to describe rainfall distribution patterns in 4 different regions in the US. The 

SCS type curves are based on cumulative mass rainfall fraction for a 24-hr duration. 

In SCS Type III, 50% of the cumulative rainfall, regardless of return frequency, 

occurs at hour 12. Correspondingly, peak rainfall intensity also occurs at hour 12. 

The SCS Type III rainfall is applied to simulate the hydrologic responses of The 

Woodlands in depicting a hypothetical highly urbanized scenario and multiple LID 

retrofit scenarios. Three different rainfall magnitudes were applied: 1.5 inches 

(small rainfall), 4 inches (moderate rainfall), and 7 inches (large rainfall).  
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Figure 3.2: SCS rainfall distribution for the US and Houston, TX 
 

Digital elevation data  

  Elevation data for The Woodlands was obtained from the United States 

Geological Survey (USGS) National Map Server. The digital elevation model (DEM) 

originated from the National Elevation Dataset with a 5 meter resolution. The DEM 
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was resampled to 30 meter resolution (see Figure 3.3) to match the resolution from 

other spatial data, such as LULC and soils dataset. 

 

Figure 3.3: 30 meter resolution DEM for The Woodlands 
 

Land use/ land cover (LULC)  

  Land use/ land cover patterns present in a watershed are important in 

hydrologic studies because they influence various processes such as surface runoff 

and evapotranspiration (Bedient et al. 2012). A number of agencies compiled LULC 

data for various watersheds, including the National Oceanic and Atmospheric 

Agency (NOAA) and the National Land Cover Database (NLCD) from USGS. Land 

cover data with a 30 meter resolution for The Woodlands were obtained from the 

USGS National Land Cover Database (see Figure 3.4). Using published values as 

references (Engman 1986, Vieux 2004, and Kalyanapu et al. 2010), land cover data 

is associated with hydraulic roughness values.  Impervious values are also derived 

from the land cover dataset. Raster files containing the different parameter values 
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were generated in ArcGIS, the results of which were then exported to Vflo® in ASCII 

format (see Table 3.1). 

  

Figure 3.4: LULC data for The Woodlands (USGS NLCD) 

 

Landuse Roughness (n) Imperviousness 

Open water 0.015 1 

Open developed space 0.15 0.15 

Low development 0.15 0.2 

Med. Development 0.10 0.4 

High development 0.05 0.85 

Barren land 0.15 0.05 

Deciduous forest 0.45 0 

Evergreen forest 0.45 0 

Mixed forest 0.40 0 

Shrub 0.40 0 

Grasslands 0.40 0 

Pasture/ hay 0.35 0 

Crop 0.35 0 

Woody wetland 0.35 0 

Emergent wetland 0.16 0 

 
Table 3.1: Manning’s roughness and imperviousness for overland cells 
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Soils data 

  Soils data for the studied watershed were obtained from the National 

Resource Conservation Service (NRCS) Soil Data Mart (soildatamart.nrcs.usda.gov). 

After the soils data was processed in ArcGIS, infiltration parameters were 

determined based on published values in the literature. The values for hydraulic 

conductivity and wetting front capillary pressure were obtained from Rawls, 

Brakensiek, and Miller (1983). Effective porosity and initial saturation values were 

obtained from Rawls, Brakensiek, and Saxton (1982). Table 3.2 lists the infiltration 

parameters used for The Woodlands: 

 

Soil Class Effective Porosity Wetting Front (in) Hydraulic 
Conductivity (in/hr) 

Fine sand 0.409 2.181 2.907 

Loamy fine sand 0.407 3.374 0.803 

Silt loam 0.486 6.567 0.256 

Loam 0.434 3.500 0.134 

Clay loam 0.309 8.220 0.039 

Clay 0.386 12.453 0.012 

 
Table 3.2: Green and Ampt infiltration parameters 

 

Parcel data 

  Identifying different categories of structures within the various development 

landuse classifications such as residential, commercial, and public landuse requires 

the use of available parcel data. In this research, the 2014 tax parcel data were 

obtained from the Montgomery County Texas GIS (gis.mctx.org). 
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3.4. Hydrologic Model: Vflo® 

 

To understand the hydrologic performances of both conventional flood 

control measures and green infrastructure, the distributed hydrologic model Vflo® 

was used to simulate both watersheds under various development scenarios and 

rainfall conditions. Vflo® was developed by Vieux (1988) to solve equations of mass 

and momentum for rainfall-runoff scenarios by using a finite element approach. It 

was then expanded to include an inter-connected gridded network that represents 

both overland and channel flow in a watershed domain (Vieux et al., 1990, Vieux and 

Gauer, 1994). The Vflo® watershed domain consists of a grid system that contains 

overland and channel cells in which each cell is connected by a flow direction arrow. 

There are eight possible inflow directions for each cell that can be calculated from 

elevation data. Cell properties, such as elevation, land cover, and soils data, are 

processed spatially in GIS and imported into Vflo® (see Figure 3.5). Using this 

information, Vflo® calculated the conservation of mass and momentum equations to 

simulate the rainfall-runoff process of each grid cell. 

Vflo® uses the Galerkin formulation (Vieux 2001) to solve the kinematic 

wave equation by simplifying 2D-domains to 1-D elements, thereby allowing the 

solution of a single chain of linear elements. Spatially variable parameters such as 

slope, infiltration and hydraulic roughness are only represented in the direction of 

flow but not transversally because they are not represented in the continuity 

equation.  This solution is consistent with how GIS represents flow direction using 

grid cells since only one gradient, 
𝜕𝑄

𝜕𝑥
, needs to be computed. 
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Figure 3.5: Vflo® domain overview 
 

Infiltration in Vflo® is determined using The Green and Ampt Equation. The 

parameters for the equation are derived from the physical properties of the soil. The 

equation is shown below:  

𝑓 = 𝐾𝑠 (1 −
𝜑𝑀𝑑

𝐹
)        (3.1) 

where 𝐾𝑠 is the saturated hydraulic conductivity, 𝜑 is the capillary suction head, 𝑀𝑑 

is the moisture deficit, and F is the cumulative infiltration depth. The Green and 

Ampt parameters were determined from the soil properties and their 

corresponding values as defined by Rawls et al. (1983). The input parameters of 

individual cell or groups of cells can be modified by using the calibration factor 

scale.  
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 Excess runoff is calculated for each cell and is routed as runoff through 

the flow direction grid into an adjacent cell where the process is repeated. The 

model computes runoff by assuming the kinematic wave analogy (KWA). The KWA 

routing method was used in this study because it has been used successfully in 

previous studies of the Greater Houston Region. The KWA method routes overland 

flow and channel flow in one dimension as shown in the equation below: 

𝜕ℎ

𝜕𝑡
+

𝜕(𝑢ℎ)

𝜕𝑥
= 𝑖 − 𝑓          (3.2) 

where h is flow depth, u is velocity, i is rainfall rate, and f is the infiltration rate 

(Vieux, 2004). For overland flow, flow rate is determined by using Manning’s 

equation under the assumption of uniform flow, and is derived from equation (2.4). 

The equation is shown below: 

𝑞 =
𝑘

𝑛𝑜
𝑦5/3𝑆0

1/2     (3.3) 

where k is a dimensionless constant (k = 1.49 for U.S. units and 1 for S.I. units), no is 

the dimensionless Manning’s roughness coefficient for overland flow, and S0 is the 

bed slope. The roughness coefficients are derived empirically, with shallow overland 

flow typically having larger n values compared to channel flow. 

For channel flow, channel cells are able to route flow by using either Jones 

equation or Modified Puls routing. Jones method employs modification of a looped 

rating curve and accounts for inertial effects in mild-slope channels during the rising 

and falling limbs of the hydrograph. The Modified Puls routing method in Vflo® 

utilizes the Manning’s equation for open channel flow, as described by the following: 

𝑄 =
𝑘

𝑛𝑐
𝐴𝑅2/3𝑆𝑓

1/2     (3.4) 
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where nc denotes channel roughness, R is the hydraulic radius (cross sectional 

area/wetted perimeter), A is the cross sectional area of flow, and Sf is the friction 

slope (equivalent to channel slope under uniform flow conditions). The Modified 

Puls routing method (see Appendix A.2) was chosen for this study since it is known 

to represent storage in mild-sloped channels more accurately compared to the Jones 

routing method (Vieux 2004). Modified-Puls account for channel storage volume by 

routing flow from one channel cell to the next using the stage-volume and stage-

discharge relationships defined by rating curves or cross-sections that represent the 

channel. The outflow hydrograph from one grid cell becomes the inflow hydrograph 

in the next channel cell downstream. Modified Puls has the effect of delaying and 

attenuating the hydrograph peak, depending on channel storage volume. 

 

3.5. Baseline Model Development and Calibration 

 

In a recent study of The Woodlands, Doubleday et al. (2013) assessed the 

hydrologic performances at the catchment outlet for three different development 

scenarios: an “undeveloped” scenario that represented pre-development conditions, 

a “developed” scenario that represented The Woodlands current conservative 

development strategies, and a hypothetical “highly urbanized” scenario in which the 

watershed had been developed in a traditional manner. In this highly urbanized 

scenario, existing natural drainage features from the “developed” scenario were 

replaced with concrete-lined channels (Manning’s n value of 0.015), high density 

development (Manning’s n value of 0.024) and increased impervious covers (27%).  
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Details of the original setup and calibration for the three different scenario 

models are discussed in Doubleday et al. (2013). Two of those three models are 

applied in this research: the “developed” scenario model and the “highly urbanized” 

model. In this study, the “highly urbanized” model (hereafter referred as the 

“baseline” scenario) represents the fully developed conditions for the watershed. 

This baseline Woodlands model is then retrofitted with green roofs and rain 

gardens (and a combination of the two) throughout the watershed.  

Next, the “developed” scenario by Doubleday et al. is reapplied with slight 

modifications in this research to represent The Woodlands’ conservation efforts 

(hereafter referred as the “conservation” scenario in this study). Average 

imperviousness and overland roughness under this scenario is 19% and 0.19, 

respectively. These conservation efforts consist of large scale features such as 

riparian buffers and grass swales. The conservation scenario is notably different 

from the various retrofit LID scenarios.  The conservation scenario integrates the 

mentioned large scale features in the early stages of the watershed’s development, 

while the retrofit LID scenarios implement site-scale features (i.e., green roofs and 

rain gardens) after the watershed has been fully developed. The hydrologic 

performances of these scenarios are assessed against baseline conditions.  

The conservation scenario is calibrated to two different rainfall events (see 

Figure 3.6): Hurricane Ike (September 13-14, 2008) Storm (13.8 in.) and April 2009 

Storm (4.9 in.). Table 3.3 below shows the calibration results of the conservation 

model against a selected observed streamflow gauge data. 
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Figure 3.6: Conservation model calibration results for Hurricane Ike and April 2009 
storms (adapted from Doubleday et al. 2013) 

 

 

 Hurricane Ike April 2009 

Peak flow diff. -2.5% 16.5% 

Volume diff. 6.4% 11.4% 

Peak timing diff. 1.83 hrs -3.5 hrs 

Nash-Sutcliffe efficiency (NSE) 0.89 0.82 

 
Table 3.3: Calibration performances of the conservation model 

 

3.6. Watershed-Scale LID Representation: Sub-grid Parameterization 

Approach 

 

As mentioned previously, the baseline model of The Woodlands is amended 

to include landuse changes associated with watershed-wide LID implementation 

scenarios. To maintain consistency with existing models, a cell resolution of 200 ft is 

used in this study.  Although the selected resolution is larger than typical individual 

LID features (usually in the order of 10 – 100 m2), the selected resolution is found to 

be the most stable after various experimentation. A sub-grid parameterization 
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approach (see Figure 3.7 for research workflow) was devised to mimic the 

hydrologic response of individual LID features within the cell while maintaining the 

model resolution at 200 ft. This approach calculates new parameter values based on 

the landuse composition of each cell. It consists of an area-weighted procedure for 

green roofs and a modified infiltration method for rain gardens.  

 

 

Figure 3.7: Watershed-scale LID Implementation Workflow 
 

 

Conceptually, the sub-grid parameterization method is similar to the popular 

SCS Curve Number (CN) method (see Appendix A.3 for more details), in the sense 

that both are used to calculate runoff based on landuse configurations. The 

proposed sub-grid parameterization method is superior to the CN method however, 
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since it accounts for the empirical variability of both soil characteristics and 

infiltration parameters while CN values are theoretically based on soil types. 

Additionally, CN values for LID can vary greatly depending on the type of features 

and the locations they are implemented (e.g. rain gardens: 35-55, porous pavement: 

40-70, grass swales: 50-70, green roofs: 60-85). These uncertainties make it difficult 

to properly model LID features and simulate their hydrologic performances.  

 

3.6.1. Modeling green roofs  

 

Parameter Value 

Contributing Drainage Area 0 ft2 

Public Roof Surface Area 6,500 ft2 

Commercial Roof Surface Area 3,500 ft2 

Pervious Surface Roughness 0.4 

Depth of Soil Media 4 in 

Hydraulic Conductivity 1.18 in/hr. 

Wetting Front Suction Head 2.4 in 

Effective Porosity 0.437 

 
Table 3.4: Green roof design parameters for The Woodlands 

 
 

Green roofs are among the first and most widely adopted LID features to be 

retrofitted into existing urban spaces in the Houston area (H-GAC 2015). In addition 

to providing water management benefits, green roofs became popular in Houston 

early-on for their ability to improve insulation and reduce energy costs (Kohler, 

2004; Carter and Keeler, 2008; Webb, 2012). Despite the prevalence of green roofs 

in the region, no standardized design parameters for green roof in Houston were 

readily available. For this study, assumptions were made based on the general 
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characteristics of green roofs to determine the various surface and infiltration 

parameters as listed in Table 3.4. Soil media was assumed to be a sandy loam. 

Likewise, surface roughness was set at 0.4 based on the published overland flow 

roughness value associated with light underbrush (McCuen, 2005). For this study, 

green roofs are modeled on all commercial and public (i.e., governmental, medical, 

and educational) cells in Vflo®. The new parameter value x for each 200 ft cell can 

then be calculated by using the following equation: 

𝐹𝑜𝑟 𝑥𝑜 < 𝑥𝐿𝐼𝐷 ,     𝑥 =
(𝐴𝑐𝑒𝑙𝑙 − 𝐴𝐿𝐼𝐷)𝑥𝑜 + 𝐴𝐿𝐼𝐷𝑥𝐿𝐼𝐷

𝐴𝑐𝑒𝑙𝑙
; 

                  𝐹𝑜𝑟 𝑥𝑜 ≥ 𝑥𝐿𝐼𝐷 ,      𝑥 =  𝑥𝑜 ;                                              (3.5)   

where Acell is total cell area, ALID is total surface area of LID features within a cell, xo is 

the initial cell parameter value, and xLID is the parameter value for an individual LID 

feature. Cells with initial values higher than the associated LID parameter (or lower 

for imperviousness) were unmodified to prevent error associated with 

unintentional decrease in hydrologic performance. This formulation was used to 

recalculate overland roughness, total imperviousness, and the Green and Ampt 

infiltration parameters: hydraulic conductivity, wetting front suction head, effective 

porosity, and soil depth for each LID cell. Surface storage was modeled as pure 

abstraction, the value of which was calculated based on the ratio of green roof area 

to the total cell area. Figure 3.8 shows the sub-grid parameterization approach of 

representing green roofs. 
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Figure 3.8: Schematic of green roof representation 
 

3.6.2. Modeling rain gardens  

 

Rain gardens are simulated on all residential cells in Vflo®. Excluding empty 

lots, residential areas represent a total of 31% in The Woodlands, the largest of any 

single land use category in the watershed. Each rain garden is assumed to occupy 

200 ft2, with each residential cell containing two rain gardens. Surface roughness 

was adjusted using Equation 3.5. Infiltration parameters, however, were adjusted 

differently compared to the modeling process of green roofs. While precipitation is 

the only source of infiltration loss (storage) in green roofs, rain gardens have two 

sources of infiltration storage: precipitation and runoff from directly connected 

impervious areas (DCIAs). Directing flow from impervious areas onto rain gardens 

allows for a direct reduction in runoff and corresponding storage volume. Unlike 

certain hydrologic models such as EPA-SWMM, Vflo® does not have the capability to 

simulate storage from DCIAs. Consequently, overland runoff from upstream cells 

would not be stored in the rain garden cells. To address this problem, two 

approaches were considered: 

Commercial 
/ public roof 

LID 
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1. The rating curve method 

In this method, a subsection of the Vflo® model was reproduced in EPA-SWMM. 

Storage-discharge relationships (rating curves) were then developed by 

conducting multiple simulations in EPA-SWMM, the results of which were 

imported into the 200-ft resolution Vflo® model. The residential cells are now 

modeled as reservoirs instead of overland cells in Vflo® due to the rating curves. 

Although this method should theoretically address the storage issue mentioned 

previously, it is limited in its application, since the storage-discharge 

relationships would change based on the density and placement of the rain 

gardens in EPA-SWMM. The limitations of the rating curve method prompted the 

consideration of a different approach to model rain gardens. 

 

2. The modified infiltration method 

Parameter Value 

Drainage area 1 acre  

Surface area 200 ft2 

Pervious surface roughness 0.4 

Depth of soil media 1.5 ft 

Hydraulic conductivity 1.18 in/hr 

Wetting front suction head 2.4 in 

Effective porosity 0.437 

 
Table 3.5: Rain garden design parameters for The Woodlands 

 
A highly publicized LID demonstration project had been recently completed by 

the City of Houston in the Cottage Grove residential neighborhood. The project 

consists of eight infiltration-based rain garden features, each draining roughly 1 

acre of land, located along two blocks of a residential street. Because of the 
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project’s location, approval, and local government-driven initiative, its design 

parameters (soil depth, hydraulic conductivity, wetting front suction head, and 

effective porosity) were used as a basis for this study’s rain garden conceptual 

model as listed in Table 3.5. Since the computational framework of Vflo® only 

accounts for a single source of infiltration loss, i.e., from rainfall, a modified 

infiltration method was devised to account for the infiltration loss from DCIAs in 

addition to that from precipitation (see Figure 3.9).  

 

 

Figure 3.9: Schematic of rain garden modified infiltration method 
 

In this method, rain gardens are treated as a “disconnection” of total impervious 

surface, thus allowing a portion of the impervious area within a cell to be 

converted to pervious (i.e., infiltrating) area. Since Vflo® is incapable of 

calculating the storage from the DCIA cells directly, it was assumed that these 

impervious cells would have the same parameter value as the rain garden cells, 

ALID, to account for the runoff storage.  

pervious 

impervious 
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Thus for rain garden (residential) cells, the mathematical determination of 

amended infiltration parameters, x, (hydraulic conductivity, wetting front 

suction head, effective porosity, and soil depth) based on both the initial 

parameter, x0, and the initial degree of imperviousness, p0, is: 

𝐹𝑜𝑟 𝑥0 < 𝑥𝐿𝐼𝐷 , 𝑥 = (1 −
𝐴𝐿𝐼𝐷

𝐴𝑐𝑒𝑙𝑙
− 𝐶𝑝0) 𝑥0 + 𝐶𝑝0𝑥𝐿𝐼𝐷 +

𝐴𝐿𝐼𝐷

𝐴𝑐𝑒𝑙𝑙
𝑥𝐿𝐼𝐷; 

                 𝐹𝑜𝑟 𝑥0 ≥ 𝑥𝐿𝐼𝐷 ,         𝑥 =  𝑥0;                                                                 (3.6) 

and further simplified to Equation 3.7: 

𝐹𝑜𝑟 𝑥0 < 𝑥𝐿𝐼𝐷 , 𝑥 = (1 −
𝐴𝐿𝐼𝐷

𝐴𝑐𝑒𝑙𝑙
− 𝐶𝑝0) 𝑥0 +  (𝐶𝑝0 +  

𝐴𝐿𝐼𝐷

𝐴𝑐𝑒𝑙𝑙
) 𝑥𝐿𝐼𝐷; 

       𝐹𝑜𝑟 𝑥0 ≥ 𝑥𝐿𝐼𝐷 ,          𝑥 =  𝑥0;                                                   (3.7) 

where C is a “connection factor” representing the fraction of impervious area in a 

cell disconnected by, or draining to, LID features. For this analysis, C is uniformly 

set to 0.5 in all rain garden cells based on an assumption that LID features would 

disconnect and drain half of existing impervious surfaces within each residential 

cell. This modified infiltration method was developed via a collaboration with 

Christina Hughes (2015) as well as Dr. Baxter Vieux (2014), the author of the 

distributed hydrologic model, Vflo® and is a variation of Equation (3.5). This 

methodology is an attempt to account for some sub-cell routing and storage for a 

more accurate representation of changes in infiltration associated with rain 

garden retrofits.  
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Although the application of the sub-grid parameterization approach is only 

demonstrated in modeling green roofs and rain gardens in this thesis, it can be 

applied to other LID features as well. Bioswales, infiltration strips, tree planter 

boxes, and porous pavements could be modeled based on the modified infiltration 

method similar to rain gardens, while rain water harvesting systems could be 

modeled based on a simple alteration of the area-weighted approach for green 

roofs. 
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Chapter 4: Hydrologic Performance of Green Infrastructure (LID 

Features) on the Watershed-Scale 

 

Throughout this chapter, the hydrologic performances of LID features will be 

evaluated based on their percent reductions in peak flows and runoff volumes 

against the baseline (fully developed) conditions unless indicated otherwise. Two 

different LID retrofit scenarios of full-scale rain garden and green roof 

implementations (see Figure 4.1) as well as a combined LID scenario (i.e., green roof 

+ rain garden) were simulated in The Woodlands Vflo® model to evaluate their 

hydrologic impacts at the watershed outlet.  

 

Figure 4.1: Representation of green roofs and rain gardens at The Woodlands 

 

Rain garden 

Green roof 
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4.1. LID Performances under Varying Rainfall Conditions 

 

4.1.1. Varying rainfall magnitude 

 

Firstly, LID performances are evaluated under varying rainfall magnitudes. 

Using the Vflo® SCS Rainfall Distribution module, three spatially-uniform Type III 

distributions design rainfalls with different magnitudes are simulated: 1.5 in., 4 in., 

and 7 in. These storms represent small, moderate (roughly equivalent to a 2-yr 

return period rainfall), and large (roughly equivalent to a 10-yr return period 

rainfall) storm conditions that are common in the Greater Houston Region. Table 4.1 

lists the modeled peak discharges and runoff volumes for the different scenarios 

under various magnitudes of 24-hr duration rainfall conditions at the watershed 

outlet (see Figure 4.2). The results in this particular section have been submitted for 

peer review (Juan et al. 2016). 

 

Scenario 
Peak flow (cfs) Runoff volume depth (in.) 

 1.5 in.  4 in.  7 in. 1.5 in.  4 in.  7 in. 

Fully developed 
(Baseline) 

706 2,366 18,367 0.28 0.77 2.75 

Green Roof 685 2,318 18,000 0.28 0.77 2.75 

Rain Garden 530 2,011 16,714 0.25 0.72 2.72 

GR + RG 482 1,829 16,696 0.24 0.72 2.72 

Conservation* 249 1,270 7,568 0.21 0.65 2.42 

 
Table 4.1: Peak flow and runoff volumes of different scenarios for 24-hr duration rainfall 

at The Woodlands (*Note: Conservation scenario refers to “developed” condition and 
fully developed scenario refers to “highly urbanized” condition in Doubleday et al. (2013) 
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Figure 4.2: Vflo® model of The Woodlands 

 

Peak flow and runoff volume reductions for the different scenarios are 

calculated against the baseline (fully developed) conditions. Results show that LID 

performance, in terms of peak flow and volume reduction at the watershed outlet 

increases as the storm magnitude decreases. For the 24-hr duration storms, results 

show an average of 16% peak reduction and 6% volume reduction for rain gardens, 

and an average of 2% peak reduction and almost no volume reduction for green 

roofs (see Figures 4.3a and 4.3b). Unsurprisingly, the combined LID (green roof + 

rain garden) scenario performed better than either of the individual LID feature 

implementation, with an average peak reduction of 21 % and runoff volume 

reduction of 7 %.  

Outlet 
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The retrofit LID features’ performances are also compared to the previously 

published large-scale conservation LID performances by Doubleday et al. (2013). 

The purpose for this comparison was to assess whether retrofitted site-scale LID 

features could match the performance of the large-scale conservation features that 

were implemented early in the watershed’s development. The conservation 

scenarios are able to achieve an average peak reduction and runoff volume 

reduction of 57% and 17% respectively. These results indicate that although the 

site-scale retrofit LID scenarios are able to mitigate the hydrologic impacts of the 

fully developed scenario, they do not come close to matching the hydrologic 

responses of the conservation scenario. 

   

Figure 4.3: Percent reductions of (a) peak flow and (b) runoff volume of 24-hr duration 
storms for The Woodlands 
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4.1.2. Varying rainfall duration (average intensity) 

 

In addition to varying magnitudes, storms with various durations (i.e., 3, 6, 

12, and 24 hrs) are also simulated.  LID performances have been observed to 

decrease with decreasing rainfall duration (increasing average intensity). Figures 

4.4a and 4.4b show percent reductions of peak flow and runoff volume of a 1.5 in. 

rainfall under different durations (i.e., 3, 6, 12, and 24 hrs).  

  

Figure 4.4: Percent reductions of (a) peak flow and (b) runoff volume of 1.5 in. storms for 
The Woodlands 

 

Results for other simulated storm durations (i.e., 3, 6, and 12-hrs) are presented in 

Appendix B.1 and B.2. For this particular rainfall magnitude, green roofs averaged 

approximately 2.3 % peak flow reduction and 0.8 % volume reduction; rain gardens 

averaged 16 % peak reduction and 9% volume reduction; while the combined green 

roof and rain garden scenario averaged 20% peak reduction and 10% volume 
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reduction. Once again, the retrofit LID scenarios are unable to match the 

conservation scenario performances, with an average of 44 % peak reduction and 

20 % volume reduction. 

For all rainfall events, the temporal distribution of rainfall (SCS Type III) and 

theoretical infiltration rates remain constant. As the magnitude of rainfall increases, 

the difference between rainfall intensity and infiltration rate (which produces 

runoff) increases, as does the duration over which rainfall intensity exceeds 

infiltration rate. Consequently, the proportion of runoff infiltrated by LID features 

decreases with increasing rainfall intensity. This phenomenon is usually called the 

“wash-out” effect due to LID features being overwhelmed by large volumes of water 

associated with extreme storm events. This effect explains the performance 

decrease of infiltration-based LID features from increased rainfall magnitude and 

intensity. 

No significant delay in peak timing is observed at the watershed outlet for 

any of the storms. This indicates that peak flow reduction is dominated by volume 

reduction from infiltration rather than flow attenuation. When analyzed 

individually, widespread residential rain garden implementation has a more 

significant impact on both peak and volume of discharge than green roof 

implementation in commercial and public establishments. Despite the smaller size 

of rain gardens, this result is reasonable given the greater total area associated with 

residential land use (approx. 40 %) than commercial and public land use (approx. 8 

%) in The Woodlands.  



83 
 

4.1.3. Varying rainfall distribution pattern 

 

To better understand the effects of rainfall distribution patterns on LID 

performance, four types of rainfall distribution under two rainfall durations: 6 hrs 

and 24 hrs, were analyzed. These rainfall distributions are: SCS III distribution, 

forward-skewed, backward-skewed, and uniformly-distributed. The SCS type III 

distribution rainfall used in this analysis are the same ones that had been used 

previously.  

The backward-skewed distributions have the maximum rainfall intensities 

occurring at Hour 16 for the 24-hr storm and at Hour 4 for the 6-hr storm. 

Conversely, the forward-skewed distributions have the maximum rainfall intensities 

occurring at Hour 8 for the 24-hr storm and at Hour 2 for the 6-hr storm. The 

uniform distribution rainfall, as it name implies, applies the same rainfall intensity 

across the entire duration of rainfall.  Figures 4.5a and 4.5b show the incremental 

rainfall hyetographs for a 7 in. rainfall under various 24-hr and 6-hr duration 

rainfall patterns. In this analysis, only the LID retrofit scenarios (i.e., green roofs, 

rain gardens, and combined) are evaluated. 
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Figure 4.5: Rainfall distributions of 7 in., (a) 24-hr storms and (b) 6-hr storms 
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Figures 4.6a and 4.6b show LID performances under various rainfall 

distributions, albeit having the same rainfall magnitude and duration (7 in., 24-hr). 

Of the three rainfall distribution patterns with the same maximum rainfall intensity 

(i.e., SCS Type III, backward-skewed, and forward-skewed), the backward-skewed 

rainfall distribution pattern performed the worst, with an average peak reduction of 

4.1% and volume reduction of 0.3%. Conversely, the forward-skewed rainfall 

distribution pattern performed the best among the three, with an average peak 

reduction of 8.5% and volume reduction of 0.8%. This discrepancy in performance 

is likely due to the previously mentioned washout effect.  In the forward-skewed 

scenario, the most intense portion of rainfall occurred the earliest, during which the 

LID features are still relatively unsaturated. Therefore, a substantial portion of the 

high intensity rainfall is able to infiltrate through the LID features, resulting in 

significant peak and volume reduction.  In the opposite sense, the backward-skewed 

scenario has its most intense rainfall occurring the latest, during which the LID 

features have been more or less fully saturated. Hence, only a small portion of high 

intensity rainfall volume was able to infiltrate through the LID features. 

Comparing all four rainfall distribution patterns, the uniformly-distributed 

scenario performed the best, achieving an average peak reduction of 11% and 

volume reduction of 0.8%. This result is to be expected, since the maximum rainfall 

intensity for the uniformly-distributed scenario is much lower compared to the 

other three rainfall patterns. 
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Figure 4.6: Percent reductions of (a) peak flow and (b) runoff volume of 7 in., 24-hr 
storms under various rainfall distribution patterns for The Woodlands 
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Next, Figures 4.7a and 4.7b show LID performances under the four rainfall 

distributions for a 7 in., 6-hr duration rainfall.  Similar to previous results, among 

the three rainfall distribution patterns with the same maximum rainfall intensity, 

the backward-skewed rainfall scenario performed the worst, with an average peak 

reduction of 2.8%. Both the SCS type III and the forward-skewed distributions 

performed similarly, achieving peak reductions of 4.8% and 4.6%, respectively.  

Interestingly, for the 7 in. 6-hr storm, the uniformly-distributed scenario 

performed the worst among all four rainfall patterns, with an average peak 

reduction of 2.8%. This result is a direct opposite from what was observed for the 7 

in., 24-hr storm. A possible explanation for this finding might be that the high 

average rainfall intensity (i.e., 1.17 in/hr) under a relatively short duration of 

rainfall (6 hrs) overwhelms the watershed’s capability to hinder flow. In contrast, 

the substantially lower average rainfall intensity of the 24-hr storm (0.29 in/hr) 

allows the watershed to convey flow properly, thus resulting in better peak and 

volume reduction performances. Comparing between the two rainfall durations, 

regardless of rainfall distribution patterns, LID performances with regards to 

volume reduction were negligible with average reductions of 0.8% and 0.3% for the 

24-hr and 6-hr storms respectively.  
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Figure 4.7: Percent reductions of (a) peak flow and (b) runoff volume of 7 in., 6-hr storms 
under various rainfall distribution patterns for The Woodlands 
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4.2 Effects of LID Implementation Location 

 

To assess the effects of LID feature placement on the watershed’s hydrologic 

response, the watershed is divided into two sub-areas: upstream and downstream 

(see Figure 4.8). The upstream and downstream catchments consist of 

approximately 19 mi2 and 15 mi2 of drainage area, respectively. Percentages of LID 

cells to the corresponding catchment drainage areas are shown in Table 5.2. 

 

Figure 4.8: Upstream (left) vs downstream (right) LID feature implementation and 
selected watch points for The Woodlands 

 

LID Implementation 
Upstream 
Catchment 

Downstream 
Catchment 

Residential (rain gardens) 51% 24% 

Commercial + public (green roofs) 4% 16% 

 
Table 4.2: Ratio of LID cells to catchment drainage areas for The Woodlands 

 

The upstream catchment consists of mostly residential landuses, while the 

downstream catchment has a more balanced distribution between residential and 
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commercial + public landuses. LID feature performances are evaluated at Location 1 

and Location 2 (i.e., watershed outlet) for the upstream catchment and only 

Location 2 for the downstream catchment.  

 

4.2.1. Upstream Catchment LID Implementation 

 

LID performances for upstream catchment implementation are shown in 

Figures 4.9 (Location 1) and Figures 4.10 (Location 2). At Location 1, due to the low 

percentages of green roofs (commercial + public) cells relative to the catchment 

drainage area, green roof performances were insignificant. In contrast, rain gardens 

performed admirably, with an average of 20.6% peak reduction and 7.4% volume 

reduction across the three simulated 24-hr storms. It is likely that these results 

were achieved due to the extensive number of rain garden (residential) cells 

available in the upstream catchment. Also, since green roofs have little influence on 

the hydrologic response at Location 1, the performances of the combined LID 

scenario are practically identical to the rain garden scenario performances. 

Similar to Location 1, green roof performances were insignificant at Location 

2. Performances of rain gardens (as well as the combined green roof + rain garden 

scenario) also decrease substantially at Location 2. Upstream implementation of 

rain gardens resulted in an average peak flow reduction of 7.1% and volume 

reduction of 1.4%, both of which are significantly lower than their performances at 

Location 1. This observation demonstrates that the farther away LID is implemented 

the less influence it has on the hydrologic responses at the selected point of interest. 
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Figure 4.9: Percent reductions of (a) peak flow and (b) runoff volume of 24-hr storms for 
upstream LID implementation at Location 1 

 

  

Figure 4.10: Percent reductions of (a) peak flow and (b) runoff volume of 24-hr storms 
for upstream LID implementation at Location 2 
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4.2.2. Downstream Catchment LID Implementation 

 

LID performances for downstream catchment implementation are shown in 

Figures 4.11 for the watershed outlet (Location 2). At this location, rain gardens and 

the combined green roof + rain garden scenarios performed relatively well, with 

average peak reductions of 11% and 14%, and volume reductions of 3.5% and 3.8%. 

Green roofs are once again the least successful, with an average peak reduction of 

1.9% and volume reduction of 0.5%.  

  

Figure 4.11: Percent reductions of (a) peak flow and (b) runoff volume of 24-hr storms 
for downstream LID implementation at Location 2 

 

Comparing LID performances between upstream and downstream catchment 

implementations at the same watch point location (i.e., Location 2), results show 
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reduction. As was inferred earlier, this is most likely due to the proximity of LID 
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implementation to the point of interest. This finding is significant, especially when 

one compare the upstream vs downstream implementations of rain gardens 

(Figures 4.10 and 4.11). Despite having significantly less rain garden to drainage 

area ratio at the downstream catchment (24% vs 55% for the upstream catchment), 

downstream implementation of rain gardens still performed better in reducing peak 

flows and runoff volume at Location 2.  

It is also important to note that the downstream LID implementation 

performances match closely with the watershed-wide LID implementation 

performances discussed in the previous section (Figures 4.3a and 4.3b). Although 

the downstream implementation scenario only has approximately 25% of the 

number of rain gardens in the watershed-wide implementation scenario, it has 69% 

and 56% of the peak flow and volume reduction performances. These results 

therefore reinforce the idea that the number of implemented LID features is less 

important than its implementation location.  

 

4.3. Effects of LID Feature Size  

 

Previous sections have discussed the hydrologic performances of LID 

features under various rainfall conditions and feature placement locations. 

However, those results are based on particular (reference) sizes of LID features: 

10,000 ft2 for green roofs and 400 ft2 (two 200 ft2 rain gardens per residential cell). 

This section therefore discusses the hydrologic responses at the watershed outlet 

under varying LID feature sizes. Figures 4.12a and 4.12b show the peak flow and 
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runoff volume responses of varying LID feature sizes at the watershed outlet for the 

1.5 in., 24-hr rainfall. Peak flow and volume ratios for the 4 in. and 7 in., 24-hr 

storms are documented in Appendix A.1. 

  

Figure 4.12: (a) Peak flow ratios and (b) runoff volume ratios of 1.5 in.24-hr storm under 
variable LID feature sizes 

 

Qi/Qr denotes the peak flow ratio from a specific LID feature size (Qi) to the 
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represent runoff volume ratios and LID feature size ratios. Results from Figure 4.12 
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peak and volume ratios of 0.71 and 0.89, and conversely decreasing the size to a 

quarter of its original size resulted in a peak and volume ratios of 1.22 and 1.1. On 
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watershed having more rain gardens than green roofs. Therefore, alterations in 

feature size for rain gardens would produce a larger effect at the watershed outlet. 

The same trend that is shown in Figures 4.12 are also evident in the results for the 

higher magnitude storms (i.e., 4 in. and 7 in.), presented in Appendix B.3.  

 

4.4. Sensitivity Analysis of LID Feature Design Parameters 

 

The simulated hydrologic performance of LID features in this study is largely 

based upon the individual LID feature design parameters used in the models, such 

as overland roughness of pervious surface, soil depth, hydraulic conductivity, 

effective porosity, and wetting front suction head. Because of this, a sensitivity 

analysis is necessary in order to understand how modifications of these parameters 

would affect the hydrologic response at the watershed outlet.  

In the previous section, varying the sizes of LID features inevitably affect 

various final design parameters of LID cells, due to the sub-grid parameterization 

formulas discussed in Chapter 3. However, all of the initial LID design parameters 

remain constant.  The sensitivity analysis presented in this section alters the initial 

LID design parameters, while keeping the sizes of LID features constant. Similar to 

the previous section, LID performances are expressed in terms of peak and volume 

ratios. Xi/Xr represents the ratio of varying LID parameters (Xi) to each 

corresponding reference LID design parameter (Xr). 
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Figure 4.13: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume 
ratios of green roofs for 7 in.24-hr storm 
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Figure 4.14: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume 
ratios of rain gardens for 7 in.24-hr storm 
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Figures 4.13 and 4.14 show the sensitivity analyses of green roofs and rain 

gardens for the 7 in. 24-hr rainfall. Sensitivity analyses for the 1.5 in. and 4 in. 

storms are presented in Appendix B.4. In the sensitivity analyses for green roofs, 

peak flow and volume performances exhibit similar trends. Changes in peak flows 

and volumes are dominated by hydraulic conductivity and soil depth, although the 

resulting peak flows and volumes never exceed ±10% of the reference peak flows 

and runoff volumes.  

For rain gardens, peak flow performances are driven by overland roughness, 

hydraulic conductivity, and soil depth. In particular, doubling the overland 

roughness values caused the reference peak flow to decrease by 23%. Conversely, 

halving the overland roughness values increase peak flow by 18%. Although 

roughness values have significant impact on peak flows, they have almost no 

influence on runoff volume performance. Two other parameters however: hydraulic 

conductivity and soil depth, affect peak flow and volume performances of rain 

gardens. Interestingly, these two parameters are most sensitive for parameter ratios 

(Xi/Xr) between 0.25 and 1, and become less sensitive as Xi/Xr ratios are increased. 

Between green roofs and rain gardens, rain gardens are more sensitive in 

both peak flow and volume performances to changes in various LID design 

parameters. This is likely due to the watershed having substantially more rain 

garden cells than commercial/ public cells. Overall, hydraulic conductivity and soil 

depth appear to be the two most sensitive parameters that influence peak flow and 

volume performances (and roughness for rain garden). It is therefore important to 

determine the appropriate values for these two parameters to simulate the 
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hydrologic processes of LID features because they could significantly alter model 

results.  

 

4.5. Summary 

 

Throughout this scenario-based analysis of LID feature performance, one 

major assumption is the association of LID feature with a specific land use practice. 

The assumption of 100% implementation of LID retrofits within each land use area 

(residential, commercial, and public) is not exactly feasible (or realistic) due to 

various factors such as political, social and public acceptance, physical/ spatial 

limitations, and the financial cost associated with construction and upkeep. Despite 

these challenges, the 100% implementation assumption is still valuable since it 

informs various stakeholders (e.g., developers, policy makers, floodplain managers) 

what the maximum peak and volume reductions were possible at the watershed 

outlet.  

On another note, a limitation of the applied sub-grid parameterization 

methodology to model LID features lies in its inability to represent hydrologic 

routing within individual grid cells. Consequently, although storage in LID features 

within individual LID cells can be accounted for, the model could not model changes 

in peak timing. As evidenced, no significant peak timing changes were observed in 

any of the simulated LID scenarios. To address this issue, one option might be to 

divide the watershed into multiple sub-basins, and develop separate hydrologic 

models with higher resolution grid cells for each sub-basin to minimize the effects of 
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over-simplifying the hydrologic routing within a grid cell. Nevertheless, the 

proposed sub-grid parameterization methodology allows one to quickly assess the 

performance of LID features at the watershed-scale regardless of catchment size. 

This feat would be important for floodplain managers and various stakeholders in 

planning watershed-wide flood management and development strategies.  

In summary, the results show that hydrologic impacts differ between full-

scale implementations of rain gardens and green roofs in the Woodlands, with rain 

gardens being more effective in both peak flow and runoff volume reduction 

compared to green roofs. Specifically, results from Section 4.1 show that infiltration-

based site-scale LID features generally show decreasing flood reduction benefits as 

the magnitude and frequency of precipitation increases. Also, depending on when 

the most intense portion of the rainfall occur, the hydrologic performance of LID 

features can vary significantly. Additionally, the location for LID implementation is 

important, more so than the number of implemented features. This is evident in the 

results presented in Section 4.2, in which downstream catchment implementation 

performs better in peak and volume reduction despite having fewer number of rain 

gardens. Sections 4.3 and 4.4 illustrate the effects of varying LID feature size and 

other design parameters on LID hydrologic performance. Results show that rain 

gardens are more sensitive to changes in both feature size and design parameters, 

since the watershed has more implemented rain gardens than green roofs. 

The hydrologic performances of both green roofs and rain gardens presented 

in this chapter indicate that they are unlikely to provide sufficient catchment-wide 

flood protection for storms larger than a 10-yr return period in the Greater Houston 
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Region. However, rain gardens are shown to be able to provide significant flood 

reduction benefits for smaller, more frequent storms (e.g., 2-yr return period 

rainfall). While the use of site-scale LID features as the primary means for 

watershed-wide stormwater management in the Greater Houston Region is not 

recommended, LID could very well supplement the use of other flood measures, 

such as detention ponds and channel improvements. The next chapter discusses the 

hydrodynamic performance and flood impacts of gray infrastructure as a 

watershed-wide flood control strategy for another Houston watershed, Brays 

Bayou.    
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Chapter 5: Hydrologic/ Hydraulic Performances of Gray 

Infrastructure at Brays Bayou Watershed – Part I 
 

The hydrologic/ hydraulic performances of gray infrastructure at Brays 

Bayou watershed are discussed in the form of two application studies with 

contrasting implementation scale. Chapter 5 presents a hindcast analysis and flood 

impact study of Project Brays, a basin-wide, $550 million federal-funded flood 

reduction project, in the context of the 2015 Memorial Day Storm in Brays Bayou 

watershed. Chapter 6 then discusses the hydraulic performances and floodplain 

analysis from a local drainage improvement project for the Harris Gully catchment, 

which is a sub-watershed of Brays Bayou. By comparing the results from these two 

studies, this research hopes to gain a clearer understanding of gray infrastructure 

performances for flood reduction and stormwater management in Houston’s urban 

watersheds. 

 

2015 Memorial Day Storm Flood Impacts for Changing Watershed Conditions 

in Brays Bayou, Houston, TX (adapted from Bass et al. 2016) 

 

Abstract: This study performs a hindcast analysis of the 2015 Memorial Day storm 

for Brays Bayou in Harris County, Texas. This watershed received 27.84 cm (10.96 

in.) of rainfall in a 12-hr period, causing severe flood damage to 1,185 residential 

properties. By validating hydrologic (HEC-HMS) and 1-D unsteady hydraulic (HEC-

RAS) models representative of watershed conditions at the time of the storm, this 
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study provides a clearer spatial perspective and understanding of the flows and 

stages, floodplain extents and depths, and residential damages that occurred. In 

addition, Project Brays, one of the largest urban watershed-scale flood reduction 

projects in the nation, was nearly halfway complete at the time of the 2015 

Memorial Day storm. Subsequently, this study evaluates and compares the flood 

response to this storm for different watershed conditions representing Pre-Project 

(2001), May 2015 conditions (current), and Post-Project conditions (2021 at the 

earliest). This study demonstrates the flood reductions that were provided by 

Project Brays at the time of the storm, and highlights the flood impacts that would 

have occurred even if the project had been finalized prior to the storm. 

 

5.1. Introduction 

 

On Memorial Day, 2015 a substantial amount of rain fell across Harris 

County, TX. Brays Bayou, located in southwest Harris County, was the hardest hit, 

receiving as much as 27.84 cm (10.96 in.) in only 12 hours (equivalent to 100-yr 

rainfall). Despite decades of implementing various flood reduction projects in the 

watershed, record flood levels were observed along Brays Bayou and 1,185 

residential properties experienced damage throughout the watershed, making up 

nearly half of the total residential damage claims experienced across Harris County 

during the event.  

When the 2015 Memorial Day storm occurred, Project Brays, one of the 

nation’s most expansive watershed-scale riverine flood reduction projects, was 
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roughly halfway complete (HCFCD and USACE 2015a). Owing to fully developed 

conditions in the Brays Bayou watershed, this flood reduction project led by the 

Harris County Flood Control District (HCFCD) and the U.S. Army Corps of Engineers 

(USACE) must avoid impacts or increases in flooding to any portion of the 

watershed throughout its construction. For this reason, the project unequally 

distributes flood reduction benefits throughout Brays Bayou over the projects 20+ 

years of implementation (HCFCD and USACE 2015a).  

This study evaluates in detail the hydrology / hydraulics, floodplain 

conditions, and residential / commercial damages that occurred along Brays Bayou 

during the 2015 Memorial Day storm. The Hydrologic Engineering Center’s (HEC) 

Hydrologic Modeling System (HMS) and 1-D unsteady River Analysis System (RAS) 

were used to simulate flood conditions in Brays Bayou at the time of the storm, May 

2015. In addition to understanding the storms actual flood impacts via hindcast 

analysis, models representing Pre-Project Brays (2001) and Post-Project Brays (at 

the earliest 2021) were utilized to evaluate changes in the flood response for this 

event under watershed conditions representative of past, current, and future 

conditions during the 20+ year implementation of Project Brays. The changing 

hydrologic and hydraulic dynamics under these three watershed conditions were 

evaluated in detail to demonstrate the spatial distribution of flood reduction 

benefits along Brays Bayou and to inform floodplain managers, emergency 

personnel, and communities living in the watershed of their time-variable flood 

vulnerability. 
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History of Flooding at Brays Bayou Watershed and Project Brays 

The Brays Bayou watershed has an area of 128 mi2, a population of more 

than 722,716 people, and is 95% developed (see Figure 5.1 for LULC of Brays 

Bayou), making it one of the most urbanized watersheds in Harris County, Texas 

(HCFCD 2013, HCFCD 2015a). The main channel, Brays Bayou, is approximately 31 

miles long, and major tributaries include Keegans Bayou and Willow Waterhole 

Bayou. Despite decades of flood reduction projects Brays Bayou is prone to flooding 

due to its flat slopes, impermeable land surface and clay soils, and the explosive 

rainfall that characterizes the region (See Appendix C.1 for 10-yr and 100-yr 

floodplains of Brays Bayou).  

 

 

 

Figure 5.1: Brays Bayou landuse (2011 NLCD) 

 

Brays Bayou has a history of flooding due to the watersheds characteristics, 

meteorology of the region, and rapid urban development after 1950. These factors 

led the USACE to implement a federal flood control project that was completed in 
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1968 (HCFCD and USACE 2015b). This project involved 25.4 miles of channel 

improvements along Brays Bayou that included widening and deepening of the 

channel. In addition, 22 km of the channel was lined with concrete from 9.5 km 

upstream of Bray’s outlet to US-59. The purpose of this project was to provide 

enough capacity within the channel banks to handle flows based on full 

development of the watershed at the time. The HCFCD and USACE considered that 

upon completion of this project future development would not require additional 

mitigation. However, following several flood events, including a September 1983 

storm, during which over 1,000 homes flooded adjacent to the middle reach of Brays 

Bayou, it became clear that the bayou did not have sufficient capacity (HCFCD and 

USACE 2015b).  

Thus, a regional flood control plan was developed and adopted in 1988 for 

the Brays Bayou watershed, including channel improvements, regional detention 

ponds and a diversion project. The HCFCD began implementing this regional plan by 

purchasing and excavating some of the regional detention sites. However, there was 

significant opposition to a proposed element of this project that diverted water to 

another watershed. The HCFCD then initiated a study for updating the regional plan 

in 1990, and completed it in 1994, which led to a revision of the federal project to 

eliminate the diversion element and instead provide for additional channel 

improvements and detention sites. This revised federal flood control project came 

to be known as Project Brays, a $550 million project that was approved for the 

upper reach of Brays Bayou in 2000, and for the middle and lower reaches in 2010 

(HCFCD and USACE 2015b). 
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Project Brays completed and proposed work as of May 2015 is shown in Fig. 

5.2. At the time of the 2015 Memorial Day storm, two detention basins had been 

constructed and one detention basin was 98% complete along the upper reach of 

Brays Bayou. These three detention basins make up the initial Project Brays flood 

reduction plans that were approved for the upper reach of Brays in 2000. The three 

basins cover an area of 2.43 km2 (0.94 mi2) and can hold up to 10.98 million cubic 

meters (8.9 billion ac.-ft.) of stormwater (HCFCD and USACE 2015a). As flood levels 

increase a large amount of stormwater flows into the detention basins, which is 

later released back into Brays Bayou as the bayou’s water levels decrease.  

 

Figure 5.2: Project Brays Completion Status as of May 2015 (www.HCFCD.org) 

 

In 2010, the HCFCD and USACE reached an agreement to begin construction 

on the middle and lower reach of Brays Bayou. Middle/lower reach flood reduction 

projects include (1) the construction of a 1.02 km2 (0.39 mi2) detention basin that 

will hold 2.31 million m3 (1873 ac.-ft.) of stormwater along the upstream portion of 

Willow Waterhole, which is a tributary of Brays Bayou, (2) 28.2 km of channel 

http://www.hcfcd.org/
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deepening and widening from the outlet of Brays Bayou to 5 km upstream of I-610 

to increase channel capacity, and (3) the replacement of 12 bridges and elevating of 

18 bridges from the outlet of Brays Bayou up to 5 km upstream of I-610 to reduce 

backwater effects (HCFCD and USACE 2015a).  

The detention basin in the upstream portion of Willow Waterhole was 60% 

complete at the time of the 2015 Memorial Day event. 51% of the widening and 

deepening of the 28.2 km of Brays Bayou were completed at the time of the 2015 

Memorial Day event. The partially completed sections include discontinuous 

channel modifications from the outlet of Brays Bayou to 14.4 km upstream. Ten of 

the total 30 bridges to be improved were under construction or had already been 

modified at the time of the 2015 Memorial Day event. Seven of these 10 bridges are 

located downstream of I-610. HCFCD and the USACE predict that all components of 

Project Brays will be completed by 2021 at the earliest (HCFCD and USACE 2015a).  

 

2015 Memorial Day Storm 

Texas received a statewide average of 19.2 cm (7.56 in.) in May 2015, 

resulting in the wettest month on record for Texas (NOAA 2015a). Across the Harris 

County area, from the evening of May 25th, 2015 through the morning of May 26th, 

2015, a jet stream positioned directly over central and east Texas lifted warm and 

moist air to generate severe thunderstorms. The uplift of existing warm air in the 

atmosphere was only expected to result in 2.5 to 7.6 cm (0.98 to 3.0 in.) of rainfall 

during the event, according to quantitative precipitation forecasts (QPFs) directly 
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before the event. However, moisture from the Gulf of Mexico persistently flowed 

into the Houston area resulting in a continuous battery of thunderstorms that 

lingered over the Houston area, with the most intense rainfall pouring directly over 

the upstream, or western portion, of Brays Bayou.  

The widespread, high intensity rainfall across the Houston area and the 

already saturated soil from previous rainfall, resulted in severe overbank flooding 

along Houston’s major bayous such as Brays as well as some street flooding (HCFCD 

and USACE 2015a). In Houston alone, an estimated 2,589 residential properties 

experienced significant damage and 7 people were killed (Fernandez and Perez-

Pena 2015). Three of the fatalities occurred in Brays Bayou and of the 2,589 homes 

flooded, 1,185 were in the Brays Bayou watershed. The greatest concentration of 

damages occurred along the middle reach of Brays Bayou (751 properties), 

particularly in the Meyerland neighborhood (540 properties) which is located along 

a 1.5 km stretch directly upstream of I-610 (City of Houston Emergency Information 

2015). The extent of damages in the Brays Bayou watershed is demonstrated in 

Figures. 5.3 and 5.4.  
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Figure 5.3: Photos of flooding along Brays Bayou (adapted from HCFCD and Houston 
Chronicle 2015). 

 
 

 

Figure 5.4: Reported residential damages during the 2015 Memorial Day storm in Brays 
Bayou watershed. Circled areas represent clusters of high residential damage. 

 

Figure 5.5 shows the distribution of the rainfall across Brays Bayou 

watershed, during which a total of 27.84 cm (10.96 in.) fell over a 12-hr duration at 

point locations between the middle and upper reach of the watershed (roughly 

equivalent to a 100-yr return period rainfall). The average rainfall of 21.51 cm (8.47 

in) experienced in the watershed upstream of I-610 was significantly greater than 

S. Gessner - Bissonnet S. Rice 
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that experienced anywhere else in Harris County, which received an average of 

13.46 cm (5.3 in) during the 12-hour period of most intense rainfall (Lindner 2015).  

 

Figure 5.5: Maximum 12-hour rainfall during the 2015 Memorial Day event based on 
Thiessen Polygon method of HCFCD rain-gauges in Harris County (May 25th 06:00 p.m. 

to May 26th 06:00 a.m.). Brays Bayou watershed is outlined. 
 

Table 5.1 shows the severity of overbank flooding along Brays Bayou and its 

tributaries during the 2015 Memorial Day event. Six of the 11 stage gauges along 

Brays Bayou broke previous water surface elevation records dating as far back as 

1954 (Gauges 2, 5, 6, 7, 8, and 9). During a previous record rainfall event, Tropical 

Storm Allison (2001), the majority of flooded homes were in the lower reach of 

Brays Bayou where nearly 38 cm (14.96 in.) fell in three hours over the downstream 

section the watershed (Bedient et al 2003). Unlike Tropical Storm Allison, most of 
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the flooded homes during the 2015 Memorial Day event were located in the middle 

reach of Brays Bayou, particularly just upstream of I-610. 

Gauge ID Location 
Top of 

bank (m) 
2015 Memorial Day 

Max. Stage (m) 

1 SH-6 24.29 23.59 

2 Belle Park Dr. 22.43 20.42 

3 Bellaire Blvd. 22.31 20.30 

4 Beltway 8 19.57 19.75 

5 S. Gessner Road 18.71 18.81 

6 S. Rice Ave. 15.62 16.12 

7 Stella Link Rd. 15.00 14.72 

8 S. Main St. 13.75 13.08 

9 S. McGregor Way 11.80 11.58 

10 MLK Blvd. 10.04 8.97 

11 Lawndale St. 3.17 5.61 

 
Table 5.1: 2015 Memorial Day maximum stage 

 

5.2. Methodology 

 

5.2.1. Varying Watershed Conditions 

 

In 2001, the aftermath of Tropical Storm Allison (June 5-9, 2001), led to 

numerous flood risk assessments, floodplain analyses, and flood mitigation studies 

in Harris County. This initiative is known as the Tropical Storm Allison Recovery 

Project (TSARP). A major outcome of TSARP was the development of updated 

hydrologic (HMS) and hydraulic (RAS) models utilizing LiDAR and extensive surveys 

of all the watersheds within Harris County (FEMA and HCFCD 2002, Bedient et al. 

2003, Fang et al. 2014). The HMS and RAS models used to represent Pre-Project 

Brays (2001) in this study were developed as a part of the TSARP. These TSARP 
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model’s represent Brays Bayou conditions prior to the commencement of Project 

Brays, and were well-calibrated against various events occurring prior to 2002 

(HCFCD and FEMA 2002).   

The Post-Project Brays HMS and RAS model’s represent the 2021 projected 

land use conditions of Brays Bayou with all of Project Bray’s flood reduction 

components (e.g., detention basins, channel improvements, and bridge 

modifications) included. These models were developed in 2010 by the Harris 

County Flood Control District (HCFCD) to represent all completed components of 

Project Brays.  

Flood Control Element 

Pre-Project 
Brays 

May 2015 
Conditions 

Post-
Project 
Brays 

HMS RAS HMS RAS HMS RAS 

Upper Reach (west of US-59) 

     Detention basins No No Yes Yes Yes Yes 

Middle Reach (between US-59 and I-610) 

     Willow Waterhole Detention basin No No Yes Yes Yes Yes 

     Bridge modifications - No - No - Yes 

     Channel improvements No No No No Yes Yes 

Lower Reach (east of I-610)  

     Bridge modifications - No - No - Yes 

     Channel improvements No No No No Yes Yes 

 
Table 5.2: Model setup (HEC-HMS and HEC-RAS) for 3 different watershed conditions 

 

Finally, the May 2015 model was developed to best represent the actual land 

use conditions of the Brays Bayou watershed during the 2015 Memorial Day storm. 

This model combines elements from both the Pre-Project and Post-Project Brays 

models to approximate May 2015 conditions (reference Table 5.2 for details on each 
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watershed model). The May 2015 model includes three detention basins along the 

upper reach of Brays Bayou (west of US-59) and a detention basin along Willow 

Waterhole, a tributary that merges with Brays Bayou downstream of I-610. 

Although bridge and channel improvements existed along the lower reach of Brays 

Bayou (downstream of I-610), a number of these projects were either still in 

construction or had not yet been built at the time of the 2015 Memorial Day storm. 

Therefore, to avoid uncertainties in the hydraulic analyses along the lower reach of 

Brays Bayou, bridge and channel modifications along this portion of Brays Bayou 

were excluded from the May 2015 model.  

 

5.2.2. Hydrologic and Hydraulic Modeling 

 

In this study, HEC-HMS Version 3.5 and 1-D unsteady HEC-RAS (Version 4.1) 

models (HEC 2010a, HEC 2010b) were developed to represent May 2015 conditions 

(current) in the Brays Bayou watershed. After validating and evaluating the storm’s 

impacts under May 2015 watershed conditions (current), Pre-Project (2001) and 

Post-Project Brays (at the earliest 2021) watershed conditions were developed to 

evaluate their respective flood responses to the 2015 Memorial Day storm.  

 

Hydrologic Model: HEC-HMS 

The Hydrologic Modeling System (HEC-HMS) is designed to simulate the 

complete hydrologic processes of various watershed systems. The software allows 

hydrologic analysis procedures such as infiltration, rainfall-runoff transformations, 



115 
 

and hydrologic routing (see Figure 5.6 for basin model of Brays Bayou watershed) of 

the software. In this study, Green and Ampt infiltration, Clark UH transformation 

(see Appendix C.2 for a details on Clark UH), and Modified Puls routing are used. 

Simulation results are stored in a data management system called HEC-DSS (Data 

Storage System) and can be used in conjunction with HEC-RAS or other software / 

studies of water availability, urban drainage, flow forecasting, future urbanization 

impact, flood damage reduction, floodplain regulation, and systems operation.  

 

Figure 5.6: HEC-HMS basin model representing Brays Bayou watershed 
 

 

Level II NEXRAD radar rainfall data in 5-minute intervals, 1 x 1 km spatial 

resolution, and calibrated by 20 local gauges was utilized for the 2015 Memorial Day 

storm. This radar-rainfall data was averaged across each subbasin and served as 

input for HEC-HMS to simulate the hydrologic response of Brays Bayou for the three 

different watershed conditions. Storage-discharge information for reaches was 

based on routing results from HEC-RAS. Resulting hydrographs from HEC-HMS for 



116 
 

each scenario were exported to corresponding cross-sections (i.e., river stations) in 

HEC-RAS and specified as subbasin runoff or tributary inflows. 

 

Hydraulic Model:  HEC-RAS 

Among the many currently available hydraulic models, one of the most 

widely used in the U.S. is the River Analysis System (HEC-RAS). HEC-RAS is a 

hydraulic model that has the capability to compute water surface profiles for steady, 

gradually varied flow in natural or manmade channels based on one-dimensional 

energy equation. The main purpose of this program is to calculate water surface 

elevations at channel cross sections of interest for any given flow rate (see Figure 

5.7 for HEC-RAS cross-section model of Brays Bayou). HEC-RAS has also been used 

in a wide range of applications, such as floodplain assessment, flood insurance 

studies, and dam breach analysis.  

 

Figure 5.7: HEC-RAS geometric cross section model representing Brays Bayou 
 

Brays Bayou watershed has been well studied for the last two decades (Vieux 

and Bedient, 1998; Bedient et al. 2000; Vieux and Bedient, 2004; Fang et al. 2008; 

Fang et al. 2011; Bass et al. 2016), resulting in various well-calibrated hydrologic 
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and hydraulic models. In this study, the unsteady flow option is chosen to simulate 

flow dynamics of Brays Bayou. Only the main channel of Brays Bayou was included 

in the analysis. For the unsteady HEC-RAS analysis, the continuity and fully dynamic 

momentum equations were employed. The most downstream section of the HEC-

RAS model was defined as Gauge 11 (reference Fig. 5.8) in order to utilize this 

gauge’s stage as a downstream boundary condition. A computational time-step of 1 

minute was employed to ensure simulation stability based on the courant condition 

for the given cross-section spacing used in the RAS geometry (HEC 2010b).    

 

 

Figure 5.8: Relative location and a Digital Elevation Model (DEM) of Brays Bayou 
watershed with available streamflow and stage gauges. 

 

The unsteady flow solution from HEC-RAS is achieved by simultaneous 

solution of both the continuity equation and momentum equation for each cross-

section at each time interval (USACE, 2010b). The continuity equation is based on 1-

D mass conservation shown in Equation 4.1: 

𝜌
𝜕𝐴𝑡

𝜕𝑡
∆𝑥 =  𝜌 [(𝑄 −  

𝜕𝑄

𝜕𝑥

Δ𝑥

2
) − (𝑄 +  

𝜕𝑄

𝜕𝑥

Δ𝑥

2
) + 𝑞𝑙∆𝑥]   (4.1) 
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where ρ is fluid density, t is time, At is flow cross-sectional area at time t, x is length 

along the channel centerline, Q is flow rate through the cross-section, and ql is the 

unit lateral inflow into the channel segment Δx. With the assumption that fluid 

density is constant, the continuity equation is simplified by dividing each side by ρΔx 

to: 

𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
− 𝑞𝑙 = 0     (4.2) 

The conservation of momentum equation is an expression of Newton’s 2nd 

law of motion. In this equation, the momentum flux entering the channel segment 

plus the sum of all external forces (i.e.,, pressure, gravitational, and frictional) is 

equivalent to the rate of accumulation of momentum, which is zero. The 

conservation of momentum equation is as follows: 

𝜌∆𝑥
𝜕𝑄

𝜕𝑡
+ 𝜌

𝜕𝑄𝑉

𝜕𝑥
∆𝑥 + 𝜌𝑔𝐴

𝜕ℎ

𝜕𝑥
∆𝑥 + 𝜌𝑔𝐴

𝜕𝑧0

𝜕𝑥
∆𝑥 + 𝜌𝑔𝐴𝑆𝑓∆𝑥 = 0  (4.3) 

where V is velocity, g is gravitational acceleration, zo is the channel flowline 

elevation, and Sf is the slope of the hydraulic grade line (frictional slope). The water 

surface elevation z is equal to the channel flowline elevation plus water depth, and 

taking the derivative with respect to x resulted in Equation 4.4. 

𝜕𝑧

𝜕𝑥
=

𝜕ℎ

𝜕𝑥
+

𝜕𝑧0

𝜕𝑥
      (4.4) 

Substituting Equation 4.4 into Equation 4.3 and dividing by ρ Δx yields Equation 4.5. 

𝜕𝑄

𝜕𝑡
+

𝜕𝑄𝑉

𝜕𝑥
+ 𝑔𝐴 (

𝜕𝑧

𝜕𝑥
+ 𝑆𝑓) = 0     (4.5) 
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The final solution of flow (Q) and flow depth (h) are calculated for each section at 

each time step with a simultaneous implicit finite difference numerical scheme. 

Additional details on the derivation of the equations and application of the numeric 

solution can be found in the HEC-RAS technical reference manual (HEC 2010c). 

 

5.2.3. Flood Damage Analyses 

 

Maximum water surface elevation profiles computed in the unsteady 

hydraulic analyses were exported to ArcGIS. By using a floodplain analysis plug-in 

tool, HEC-GeoRAS (HEC 2013), floodplain maps for the three watershed conditions 

were generated. Flood damages during the 2015 Memorial Day storm were assessed 

and validated by determining the number of residential properties within the 

modeled May 2015 conditions floodplain where actual flood damages occurred. This 

residential damage data corresponds to reported emergency calls made during the 

storm that were then validated with surveys performed by the City of Houston in 

the surrounding areas where damages were reported.  Additionally, potential flood 

damages across all three watershed conditions were evaluated by calculating the 

number of total residential parcels (HCAD 2015) within the respective floodplain of 

each watershed condition. 
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5.3. Results and Discussion 

 

5.3.1. 2015 Memorial Day Storm Hindcast Analysis 

 

To evaluate the hydrologic and hydraulic performance of Brays Bayou during 

the 2015 Memorial Day storm, HEC-HMS and HEC-RAS models that best reflect the 

conditions of the watershed at the time of the storm (May 2015 conditions) were 

developed. Simulated flow and stage hydrographs were compared to observed 

streamflow and stage data along Brays Bayou (reference Fig. 5.9a for workflow). 

 

 

a. 2015 Memorial Day Storm Hindcast Analysis 

HEC-HMS and unsteady 
HEC-RAS for May 2015 

conditions 

Validate model results 
with observed streamflow 

and stage gauge data 

Generate May 2015 
conditions floodplain in 

ArcGIS 

Validate floodplain with 
reported residential 
damages (Houston 

Chronicle 2015) 

Hydrologic and Hydraulic 
Analyses 

Floodplain and Damage 
Analyses 

2015 Memorial Day 
calibrated radar rainfall 
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Figure 5.9: Research workflow of (a) 2015 Memorial Day storm hindcast analysis and (b) 
comparison of three flood control scenarios. 

 

The focus of this study is the middle reach section of Brays, in particular the 

Meyerland area immediately upstream of I-610, where the worst flooding occurred 

in Harris County in terms of property damage during the 2015 Memorial Day storm. 

Consequently, among all available gauges, the gauges of greatest interest were 

Gauge 5 for flow and stage comparisons and Gauge 6 for stage comparisons only.   

 
 

Hindcast Analysis: Hydrologic Performance 

Modeled streamflow for the 2015 Memorial Day storm were plotted against 

observed flow data at all measured streamflow locations available along Brays 

Bayou (see Fig. 5.10): from upstream to downstream Gauges 2, 5, 8, and 10. Table 

b. Comparison of Flood Control Scenarios 

HEC-HMS and unsteady 
HEC-RAS of: 

 
 Pre-Project Brays 

(2005 conditions) 
 May 2015 conditions 
 Post-Project Brays 

(projected 2021 
conditions) 

Generate floodplain maps 
for all scenarios in ArcGIS 

Determine flood damage 
of each scenario using 
residential parcel data 

(HCAD 2015)  

Hydrologic and Hydraulic 
Analyses 

Floodplain and Damage 
Analyses 

Compare peak flows, 
runoff volumes, and max. 

stages 
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5.3 demonstrates the differences between the modeled performance and observed 

streamflow at these four gauge locations with respect to peak flows, peak timing, 

and runoff volume. With the exception of the most upstream gauge (Gauge 2) the 

modeled hydrographs agree well with observed data. The simulated hydrographs at 

Gauges 5, 8, and 10 have on average slightly lower peak flows (~ 3%), longer times 

to peak (~55 minutes), and lower runoff volumes (~21%) compared to observed 

data.  

The differences between modeled and observed flows at Gauge 2, on the 

other hand, are more substantial. Modeled results at this particular location had 

significantly lower peak flow (~32%), earlier peak timing (~1.67 hrs.), and lower 

runoff volume (~48%) compared to observed data. One possible explanation for the 

discrepancies is that the amount of detention provided by one or more of Project 

Brays’ detention basins at the watershed’s upper reach might have been 

overestimated. Inaccuracies in storage-elevation-discharge data could have led to 

the differences between the May 2015 streamflow simulation and the observed flow 

data. More careful examination of the upstream detention basins would be needed 

to address this issue. Nevertheless, the contributing drainage area to Gauge 2 is 

relatively minor when compared to the total watershed area, as is indicated by the 

low flow values. As such, Gauge 2’s impacts on subsequent downstream gauges 

were insubstantial during the 2015 Memorial Day storm. This assumption was 

validated by inputting observed flows for Gauge 2 into HMS, and noticing negligible 

changes to the modeled flow response at downstream gauges.  
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Gauge ID Peak Flow Difference (%) Volume Difference (%) Timing Difference 

  2* -32.05 -48.01 - 1 hr. 40 min. 

5 -0.94 -23.07 + 30 min. 

8 -1.35 -14.51 +30 min. 

10 -6.51 -25.67 +1 hr. 45 min. 

 
Table 5.3: Observed streamflow compared to modeled results for May 2015 conditions. 

Negative and positive values represent modeled values respectively lower and higher 
than observed. *Gauge 2 flows had negligible impacts on downstream gauges. 

 

 

Figure 5.10: Modeled versus observed streamflow for 2015 Memorial Day storm. 
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Hindcast Analysis: Hydraulic Performance 

The hydraulic response of Brays Bayou during the 2015 Memorial Day storm 

was evaluated by performing unsteady hydraulic analysis in HEC-RAS. Simulated 

stage hydrographs were then compared to observed data at 10 locations that 

recorded stage information along Brays Bayou (Table 5.4). Figure 5.11 shows stage 

hydrograph comparison between modeled May 2015 conditions and observed data 

at five selected locations. The modeled results matched observed data for all stage 

10 gauges very well, achieving an absolute average difference of 0.13 m in maximum 

stage elevations. Additionally, modeled results captured overbank flooding along 

Brays Bayou only at those locations where overbank flooding was actually observed 

(Gauges 4, 5, and 6). Among the five stage gauges presented in Fig. 8, S. Gessner 

(Gauge 5) and S. Rice Ave. (Gauge 6) are most notable, not only because of their 

close proximity to Meyerland, which experienced the greatest damage during the 

2015 Memorial day storm, but also because they recorded water reaching and 

overtopping Brays Bayou’s channel banks.  

 

Gauge ID 
May 2015 Modeled 

Max Stage (m) 
Observed May 2015 

Max Stage (m) 
Difference (m) 

1 23.31 23.31 0.00 

2 21.48 20.42 1.06 

3 21.32 20.30 1.02 

4 20.29 19.75 0.54 

5 18.68 18.78 -0.10 

6 15.86 16.12 -0.27 

7 14.35 14.72 -0.37 

8 12.74 13.02 -0.28 

9 11.05 11.58 -0.53 

10 9.18 8.97 0.21 
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Table 5.4: Observed stages compared to modeled results for May 2015 conditions. 
Negative and positive values represent modeled values respectively lower and higher 

than observed. 
 

 

 

Figure 5.11: Modeled versus observed stage for 2015 Memorial Day storm. 
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Hindcast Analysis: Floodplain and Damage Modeling 

The maximum water surface profile determined from the HEC-RAS analysis 

was then exported to ArcGIS to develop a flood inundation map for the 2015 

Memorial Day storm. The map shows extensive flooding along the middle reach 

(between US-59 and I-610) since the heaviest rain fell directly upstream of this area 

and due to insufficient capacity along the middle reach (see Fig. 5.12).  

The extent of modeled inundation was validated against surveyed residential 

properties that experienced damage during the storm. Since the most extensive 

flood damage occurred in the middle reach of the watershed (between US-59 and I-

610), floodplain analysis was focused in this particular section. Along the middle 

reach, 731 residential properties experienced flood damages, accounting for 61.7% 

of the total number of structures where flooding was reported/surveyed in the 

Brays Bayou watershed. The Meyerland community directly upstream of I-610 

accounted for 540 of the 731 damaged properties along the middle reach of Brays 

Bayou. 

The modeled May 2015 conditions floodplain captured 609 of the 731 houses 

(83%) along the middle reach where flooding was reported/surveyed. For those 

properties outside the modeled floodplain, their flood damage may have been 

caused by localized street flooding due to insufficient drainage capacity or debris 

obstruction of the area’s storm sewer networks (HCFCD and USACE 2015a). 

Overbank flooding from Brays Bayou’s tributaries and minor drainage channels, 

which were not included in this study, may have also resulted in additional flooding. 

The modeled floodplain map did not account for these additional, but relatively 
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minor sources of flooding, and only included houses impacted by overbank flooding 

from the main Brays Bayou channel. 

 

 

Figure 5.12: May 2015 modeled floodplain and reported residential flood damage 
focusing on the middle reach of Brays Bayou. 

 

  

Of the residential properties that reported flood damages along Brays 

Bayou’s middle reach 94% were built prior to the implementation of the 1970 FEMA 

flood insurance base flood elevations (BFEs) for this watershed. This indicates that 

the majority of the structures were “grandfathered-in” and thus were not required 

to build to the protective levels that FEMA requires based on their BFEs. This is 

clearly an issue since available floodplain information indicates all the structures 
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that flooded along Brays Bayou during the 2015 Memorial Day storm were within 

the 100-yr floodplain. 

 

5.3.2. Comparison of Different Watershed Conditions 

 

Different Watershed Conditions: Hydrologic Performance  

The hydrologic and hydraulic response of Brays Bayou for the 2015 

Memorial Day storm were computed for all three watershed conditions (Pre-Project 

Brays, May 2015 conditions, and Post-Project Brays). Flow hydrographs were 

compared at the same four streamflow gauge locations described earlier (see Fig. 

5.13). Comparison of the hydrologic response of the three watershed conditions 

reveals that for the two upstream gauges (Gauges 2 and 5), the May 2015 model has 

hydrologic responses that are nearly identical to those of the Post-Project Brays 

model, in both peak flows and shape of the hydrographs. In contrast, for the two 

downstream gauges (Gauges 8 and 10), the May 2015 hydrographs more closely 

resemble those of the Pre-Project Brays model. Table 5.5 provides a detailed 

comparison of peak discharges, times to peak, and runoff volumes for the 3 

watershed conditions.  
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Figure 5.13: Selected flow hydrographs for 3 flood control scenarios. 
 

Gauge ID 

Peak flow difference (%) Peak timing difference Volume difference (%) 

May2015 
Conditions 

Post-
Project 
Brays 

May2015 
Conditions 

Post-Project 
Brays 

May2015 
Conditions 

Post-
Project 
Brays 

2 -68.67 -73.04 -1 hr. 40 min. -1 hr. 30 min. -26.16 -26.16 

5 -19.48 -22.74 -5 min. No change -6.79 -6.92 

8 -1.55 18.50 -1 hr. 55 min. -1 hr. 55 min. -3.77 -3.77 

10 -0.65 17.02 -20 min. -55 min. -3.37 -3.37 

 
Table 5.5: Hydrologic comparisons for 3 watershed conditions. Negative and positive 
values represent model values respectively lower and higher than Pre-Project Brays 

values. 
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The May 2015 model includes the three detention basins located in the upper 

reach of the watershed, which were completed at the time of the storm and were 

thus able to reduce flooding (peak flow and runoff volume) in the corresponding 

upper reach areas. As a result the May 2015 model has hydrologic responses that 

are nearly identical to those of the Post-Project Brays model for the upstream 

gauges (Gauges 2 and 5). However, the effectiveness of the upstream detention 

basins decreases significantly towards the middle and lower reach of the watershed. 

The reduction in the upstream detention’s influence on downstream areas is 

indicated by a decreasing trend in runoff volume differences between the Pre-

Project Brays model and the May 2015 model as one moves farther downstream. As 

a result, the May 2015 model’s hydrologic response at the downstream gauges 

(Gauges 8 and 10) more closely reflect the Pre-Project’s flow regime. A study 

conducted by Fang et al. (2010) at a different watershed in the Greater Houston 

Region, Little Cypress Creek, also corroborates these results. Fang et al. (2010) used 

a distributed hydrologic model to compare the effectiveness of detention basins in 

providing flood storage when placed in different portions of a watershed, and found 

that upstream detention basins posed negligible impacts on the downstream 

channel response. 

The runoff volumes between the May 2015 model and the Post-Project Brays 

model are identical at all streamflow gauges, but exhibit significant differences in 

hydrograph shape and peak flow at the two downstream gauges (Gauges 8 and 10). 

Whereas the flood reduction components implemented in the upper reach by May 

2015 included detention basins, the future middle and lower reach flood reduction 
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components consist mostly of bridge modifications and channel improvements. 

These bridge and channel improvement components, rather than providing 

additional flood storage / detention, were designed to improve channel flow and 

conveyance. This is evident in the hydrologic responses of Gauges 8 and 10, in which 

the Post-Project Brays hydrographs show narrower hydrographs, but higher peaks 

compared to the other two watershed conditions (reference Fig. 5.13). The shorter 

periods of high flow, but identical runoff volumes, indicate that water is conveyed 

more quickly and efficiently downstream due to middle and lower reach 

improvements. 

 

Different Watershed Conditions: Hydraulic Performance 

Hydraulic performances of Brays Bayou for the three watershed conditions 

were also evaluated. Stage hydrographs for selected gauge locations were compared 

(see Fig. 5.14), and the maximum stage along with their differences for the ten 

available gauges along Brays Bayou are listed in Table 5.6. While the hydrologic 

results demonstrated increases in peak flow for Post-Project Brays in the lower 

reach of Brays Bayou, the hydraulic response shows that Post-Project Brays results 

in the lowest stage of the 3 watershed conditions along the entirety of Brays Bayou. 

Although conveyance improvements along the middle and lower reach will lead to 

increases in peak flow along the lower reach, the deepening and widening of the 

channel ensures reductions in stage.  
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Figure 5.14: Selected stage hydrographs for 3 flood control scenarios. 
 

Comparing the maximum stage of the three conditions against the top of 

bank (TOB) elevations shows the Pre-Project Brays model overtopping its channel 

banks at four out of ten locations (Gauges 1, 4, 5, and 6), three for the May 2015 

model (Gauges 4, 5, and 6), and two for the Post-Project Brays model (Gauges 4 and 

6). On average, the May 2015 and Post-Project Brays models provide maximum 

stage reductions of 0.33 m (1.08 ft.) and 0.53 m (1.74 ft.), respectively, from the Pre-
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Project Brays model. More specifically, for the May 2015 condition, the upper reach 

section was the biggest beneficiary of maximum stage reductions (~0.56 m), most 

likely due to the additional storage provided by the completed detention basins. 

 

Gauge 
ID 

Pre-Project 
Brays 

May 2015 Conditions Post-Project Brays 

Max stage (m) Max stage (m) Difference (m) Max stage (m) Difference (m) 

1 24.53 23.31 -1.22 23.31 -1.22 

2 21.96 21.48 -0.48 21.48 -0.48 

3 21.40 21.32 -0.08 21.32 -0.08 

4 20.76 20.29 -0.47 20.26 -0.50 

5 18.91 18.68 -0.23 18.26 -0.65 

6 15.99 15.86 -0.14 15.65 -0.34 

7 14.47 14.35 -0.12 14.21 -0.27 

8 12.89 12.74 -0.15 12.66 -0.23 

9 11.32 11.05 -0.27 10.72 -0.60 

10 9.34 9.18 -0.16 8.41 -0.93 

 
Table 5.6: Hydraulic comparisons for 3 different watershed conditions. Negative values 

represent model values lower than Pre-Project Brays. Highlighted values in blue indicate 
water overtopping channel banks. 

 

The middle and lower reaches, however, only received ~0.19 m and ~0.18 m 

respectively during the May 2015 storm based on the authors’ modeled results. In 

contrast, the Post-Project Brays modeled results show that all three sections would 

see similar maximum stage reductions: ~0.57 m for the upper reach, ~0.50 m for 

the middle reach, and ~0.51 m for the lower reach. The authors would like to note 

that these flood reductions are based on best-available information for projected 

conditions and thus the flood reductions could vary depending on actually 

implemented conditions as Project Brays is completed.  
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Different Watershed Conditions: Floodplain and Damage Modeling 

The extent of flooding for the 2015 Memorial Day storm for all three 

watershed conditions was evaluated with flooding maps (see Figure 5.15). The May 

2015 and Post-Project Brays models were able to reduce inundation along Brays 

Bayou by approximately 11 km2 (34%) and 19 km2 (57%), respectively, from the 

Pre-Project Brays model (33 km2). To assess potential flood damages due to the 

different watershed conditions, this study calculated the number of total residential 

parcels (HCAD 2015) in each scenario’s floodplain extent. The number of residential 

properties within the modeled floodplains were reduced by 1,305 (45%) for the 

May 2015 condition and by 2,406 (83%) for the Post-Project Brays condition as 

compared to the Pre-Project Brays model (2,886 houses). The floodplain areas and 

the number of residential parcels within the floodplain associated with each 

watershed condition are listed in Table 5.7.  

 

Figure 5.15: Floodplain extents for 3 flood control scenarios. 
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Flood Control Scenario 
Total floodplain 

area (km2) 

Middle reach 
floodplain 
area (km2) 

Total parcels 
within 

floodplain 

Middle reach 
parcels within 

floodplain 

Pre-Project Brays 33.15 14.57 2,886 2,005 

May 2015 Conditions 21.90 9.83 1,581 1,090 

Post-Project Brays 14.35 4.58 480 325 

 
Table 5.7: Floodplain extent and total residential parcels within respective floodplains for 

3 watershed conditions (for the 2015 Memorial Day storm). 
 

Additionally, using the residential dataset of reported/surveyed houses that 

experienced damage along Brays Bayou, the authors estimated the reduction in 

property damage between the May 2015 condition and the Post-Project Brays 

condition. This analysis concluded that of the 609 reported houses that were 

captured by the May 2015 modeled floodplain, 184 (~30%) would have been 

removed from the floodplain had Project Brays been completed prior to the 2015 

Memorial Day storm. These results imply that while Project Brays will mitigate 

overbank flooding damage, a significant number of houses along the middle reach of 

Brays Bayou will still be at risk of flooding when the project is completed if a similar 

storm occurs in the future.  

 

5.4. Summary 

 

In this study, a hindcast analysis was performed of the 2015 Memorial Day 

flood event for Brays Bayou watershed. Nearly 1/4 of the total residences that 

reported flooding throughout Harris County occurred in the middle reach along 

Brays Bayou primarily due to overtopping of the bayou. By validating hydrologic 
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and hydraulic models representative of watershed conditions at the time of the 

storm, this study provides a clearer understanding of the flow and stage dynamics 

as well as residential damages that occurred from the storm. Such information is 

useful not only to the communities that experienced property damages during this 

event, such as the Meyerland area, but also to developers, floodplain managers, and 

governmental entities that have a vested interest in the region.   

In addition to simulating and validating the 2015 Memorial Day flood event 

as it occurred, flood damage assessment was also conducted in the context of 

changing watershed conditions due to Project Brays. The hydrodynamic evaluations 

for Pre-Project (2001), May 2015 conditions (current), and Post-Project Brays 

(~2021) highlighted the expected changes in flood response for different portions of 

the watershed over the 20+ years construction of Project Brays. This information 

demonstrates how the implementation of Project Brays in its current state managed 

to reduce the number of impacted properties during the 2015 Memorial Day storm 

compared to Pre-Project conditions. Results also indicate that if Project Brays had 

been completed prior to the 2015 Memorial Day storm, the flood damages caused by 

the same storm, both in extent of flooding and number of impacted residences, 

would have been reduced even further throughout the watershed. However, even 

assuming 100% completion, the various flood reduction components of Project 

Brays would have still been unable to entirely eliminate all flooding issues, 

particularly along the middle reach of the watershed.  
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Due to the limitations from Project Brays’ watershed-scale flood reduction 

benefits, options to further reduce flooding along Brays Bayou include diverting a 

portion of channel flow to a downstream detention basin, improving the local 

drainage network, or providing buffers on both sides of the channel to reduce 

overbank flooding. Individual home owners may also opt to raise slab heights to 

meet or exceed base flood elevation (BFE) requirements and/or install flood 

barriers to further protect their property from flooding. The effectiveness of these 

additional flood reduction measures would need to be addressed in future research. 
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Chapter 6: Hydrologic/ Hydraulic Performances of Gray 

Infrastructure at Brays Bayou Watershed – Part II 
 

The previous chapter discusses the hydrology / hydraulics and flood damage 

of an ongoing large-scale, flood reduction project (i.e., Project Brays), in the context 

of the 2015 Memorial Day Storm under changing watershed conditions. This 

chapter, meanwhile, presents a floodplain assessment of the hydrologic/ hydraulic 

performances and flood impacts of a local drainage improvement project that has 

been implemented in a sub-watershed of Brays Bayou, the Harris Gully watershed. 

The contrasting scale of application and design objectives between these two 

studies provides valuable insights regarding gray infrastructure performance in 

urban watersheds representative of the region. 

 

Floodplain Evaluation for the Texas Medical Center Area and Stormwater 

System Update for Harris Gully (2015) 

 

6.1. Introduction: Harris Gully Watershed 

 

The Harris Gully watershed covers a drainage area of approximately 4.5 mi2, 

consisting mostly of fully-developed residential and light commercial land use. 

Important infrastructures in the watershed include Rice University, the Texas 

Medical Center and Hermann Park. The Harris Gully watershed is contained within 

the larger Brays Bayou catchment area. The main drainage channel of this 
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subwatershed is Harris Gully, which consists of a twin 15 by 15 ft box culvert that 

runs through Rice and the TMC before draining into Brays Bayou (see Figure 6.1). 

 

 

Figure 6.1: Harris Gully at Rice Blvd. 
 

In the past, there had been a number of severe storms that impacted the 

Harris Gully watershed, the most notable being Tropical Storm Allison which 

occurred in 2001. TS Allison caused severe flooding problems throughout the entire 

watershed due to backwater effects from Brays Bayou, especially at the downstream 

portion, where Rice University and the Texas Medical Center are located (see Figure 

6.2). After TS Allison, based on the recommendations of the Tropical Storm Allison 

Recovery Project (TSARP), numerous flood control alternatives were considered for 

Harris Gully watershed, including relief storm sewer networks, detention and/or 

retention basins, pump stations, and flood gates/ barriers (Bedient et al. 2007). As 

part of this concerted effort, a number of drainage improvements were 

implemented to disperse portions of the flow away from the main channel. These 

three storm relief improvements were implemented at Kirby Dr., Cambridge Dr., 

and Hermann Dr. (see Figure 6.2).  
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Figure 6.2: Maximum flood levels in Harris Gully during TS Allison and implemented drainage 
improvements (depicted in green). 
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This study evaluates recent floodplain changes within the Harris Gully/ 

Texas Medical Center (TMC) area by accounting for updated land use information, 

improved drainage systems, and Brays Bayou channel improvements. For this 

purpose, the Brays Bayou hydrologic/hydraulic models obtained from the HCFCD 

Model and Map Management (M3) System (http://www.m3models.org/#/Map) 

were used along with high resolution GIS and LiDAR data. To analyze the effects of 

the drainage improvement at Harris Gully watershed, three rainfall scenarios were 

simulated: the 10-year, 100-year, and TS Allison (2001). 

 

6.2. Drainage Improvements 

 

The hydrologic/ hydraulic models used in this study are HEC-HMS and HEC-

RAS. Figure 6.3 show the HEC-HMS basin model and HEC-RAS cross-section 

geometric model representing Harris Gully. The drainage network currently in place 

at the Harris Gully was built based on TSARP’s recommendation. An earlier study of 

Harris Gully was conducted to update the effective FEMA 100-yr floodplain based on 

the drainage improvements implemented at Kirby Dr. (Torres et al. 2014). The other 

two drainage improvements at Cambridge Dr. and Hermann Dr. however, were not 

accounted for in the study. To reflect this drainage condition, the existing hydraulic 

(HEC-RAS) model is updated with new pipe information obtained from the City of 

Houston Geographic Information and Management System (www.gims.-

houstontx.gov/). The updated storm sewer pipes include a 144 in. diameter round 

http://www.m3models.org/#/Map
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pipe that connects to a twin 96 in. box culvert at Cambridge Dr., and a 144 in. by 120 

in. box culvert and a 84 in. diameter round pipe at Hermann Dr.  

 

 

Figure 6.3: HEC-HMS basin model (top) and HEC-RAS cross section model (bottom) of Harris Gully 
watershed. 



143 
 

Due to the lack of pipe survey data and construction blueprints, a few 

assumptions and simplifications were made during the process of updating the 

existing hydraulic model. These assumptions were: (1) the updated HEC-RAS model 

assumed a constant mild pipe invert slope of 0.1% for both Cambridge St. and 

Hermann Dr. to prevent any instabilities and/ or hydraulic jumps during simulation 

runs; (2) the downstream boundary conditions for both channels were set to normal 

depth; and (3) The box culvert and round pipes at Hermann Dr. are modeled as a 

single 170 in. by 120 in. box culvert. 

 

6.3. Hydrology/ Hydraulics  

 

Drainage Scenarios 

To assess the hydrodynamic performance and flood impacts of the three 

drainage improvements, pre- and post- drainage conditions of the Harris Gully 

watershed are simulated and compared. The following describes the hydrologic and 

hydraulic models used to simulate the two drainage scenarios.  

Pre-drainage Improvements 

1. Hydrologic Model 

The pre-drainage improvement hydrologic model was developed by Dodson and 

Associates, Inc. in 2007. At the time, this model did not account for the drainage 

improvements at Kirby, Cambridge, and Hermann. Although the drainage area of 

Harris Gully watershed is only approximately 5 square miles (16 subbasins), the 

model used in this study covers the entire Brays Bayou watershed, which has a 
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drainage area of approximately 128 square miles (76 subbasins). This model 

also applies the Green and Ampt method for infiltration loss, the Clark Unit 

Hydrograph transform method, and the Modified Puls method for channel 

routing. The peak discharges that are simulated from this model are input into 

the pre-drainage improvement hydraulic model.    

2. Hydraulic Model  

The hydraulic model of Harris Gully watershed is represented by seven reaches 

(channels) and their respective cross-sections. These include two reaches for 

Harris Gully (118 cross-sections), three for Main St. (27 cross-sections), one for 

Cambridge St. (26 cross-sections), and the other for Hermann Dr. (20 cross-

sections). This particular hydraulic model reflects the drainage condition of 

Harris Gully watershed prior to any drainage improvement. Peak discharges 

from the pre-drainage improvement hydrologic model under different rainfall 

scenarios are input into selected cross sections the hydraulic model. By using 

steady-state HEC-RAS to simulate water surface elevations across all cross-

sections in the model, the results are then used to generate pre-drainage 

improvement floodplain maps. 

Post-drainage Improvements 

1. Hydrologic Model 

The post-drainage improvement hydrologic model has similar model properties 

and characteristics when compared to the pre-drainage improvement model 

with one notable exception. In this particular model, a portion of rainfall runoff 

is diverted away from the watershed’s main drainage channel, Harris Gully to 
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reflect the storm sewer improvements along Kirby Dr. Since the storm sewer 

improvements along Cambridge St. and Hermann Dr. can only be represented 

hydraulically, this model is used to simulate post-drainage improvement flow 

rates for the Harris Gully watershed. The peak discharges that resulted from 

these simulations are then input into the post-drainage improvement hydraulic 

model. 

2. Hydraulic Model  

The post-drainage improvement hydraulic model has the same number of 

reaches and cross-sections as its pre-drainage counterpart. The improved 

drainage systems as of 2013, including the new storm sewer network along 

Cambridge St. and Hermann Dr. are simulated in this hydraulic model. The 

resulting water surface elevations from this model are used to generate post-

drainage improvement floodplain maps. 

 

Rainfall Scenarios 

Design Storms 

Two SCS type III distribution rainfalls are simulated in this study: a 10-yr 24 

hr (7.6 in) storm and a 100-yr 24 hr (13.2 in). Precipitation is applied uniformly for 

all sub-basins in HEC-HMS. Resulting peak flows at selected junctions are then 

exported into their corresponding cross-sections in HEC-RAS for hydraulic analyses. 
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Tropical Storm Allison 

Tropical Storm Allison (June 5-9, 2001) was recorded as one of the most 

devastating storm in US history, causing an estimated property damage of $5 billion 

in Harris County alone (HCFCD 2002). During a 12-hr period between Friday 

evening (June 8) and Saturday morning (June 9), the Harris Gully watershed 

received more than 12 inches of rainfall. According to TSARP (HCFCD 2002), 

damage incurred by the Texas Medical Center included temporary closure of four 

hospitals due to flooding and impaired electric service equipment, loss of invaluable 

medical research data, and disruption of medical services due to the closure of a 

trauma center.  

 

Figure 6.4: Subcatchment-averaged radar rainfall data during a 12-hr period for TS Allison 

 

To determine whether the recent drainage improvements have any impact 

on the flooding extents caused by this storm, TS Allison is simulated in this study. In 



147 
 

order to do so, 15-min interval calibrated radar rainfall (NEXRAD) data is input in 

each subcatchment in the hydrologic models to obtain an accurate representation of 

the storm event (see Figure 6.4). The output of the hydrologic models was then 

input into their respective pre and post-drainage improvement hydraulic models for 

analysis and comparison. 

 

6.4. Floodplain Analyses 

 

Cambridge St. and Hermann Dr. 

Hydraulic analyses of pre- and post-drainage improvement conditions in 

Harris Gully watershed are performed in HEC-RAS using 1-D steady-state 

simulations. The resulting water surface profiles for both Cambridge St. and 

Hermann Dr. are presented in Figures 6.5. Prior to any drainage improvements, the 

water surface levels for all three rainfall scenarios (10-yr, 100-yr, and TS Allison) 

are above natural ground surface. The water surface elevations at the most 

downstream end (Brays Bayou confluence) and the most upstream end (near Main 

St.) for both Cambridge St and Hermann Dr. are listed in the Tables 6.1 and 6.2. 

After the drainage improvements, the calculated water surface elevations for 

all three rainfall scenarios fell well below the natural ground surface. This means 

that the surface runoff that was present prior to the drainage improvements is now 

contained within the updated storm sewer pipes. These results are evident by 

comparing the pre- and post-drainage improvement floodplain maps of the 100-yr 

storm, shown in Figure 6.6. Floodplain maps for the other rainfall scenarios are 
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shown in Appendix D. As shown by these maps, the post-drainage scenarios 

practically eliminated all surface ponding that was previously present at Cambridge 

St. and Hermann Dr.  
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Figure 6.5: Water Surface Profiles along (a) Cambridge St. and (b) Hermann Dr. 
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Location 
10-Year 100-Year TS Allison 

Pre Post Pre Post Pre Post 

Downstream 39.67 23.98 40.12 27.72 40.73 24.66 

Upstream 43.65 26.67 44.48 30.26 45.46 26.35 
 

Table 6.1: Pre- and post-drainage improvements water surface elevations in ft for Cambridge St. 

 

Location 
10-Year 100-Year TS Allison 

Pre Post Pre Post Pre Post 

Downstream 37.51 23.16 38.71 25.41 37.61 24.29 

Upstream 43.94 25.80 44.63 28.20 44.58 27.50 

 
Table 6.2: Pre- and post-drainage improvements water surface elevations in ft for Hermann Dr. 

 

Flood reduction at Main St., on the other hand, is negligible compared to both 

Cambridge St. and Hermann Dr. The existing storm sewer network along Main St. 

has a much higher runoff volume to contain when compared to the other two 

locations (approximately 1,000 cfs at Main St. vs 400 cfs at Hermann Dr. for the 100-

yr storm). Furthermore, Main St.’s storm sewer network only comprises of a single 

114 in. diameter round pipe, which has a relatively smaller capacity than the pipes 

at Cambridge St. or Hermann Dr. These conditions might explain the inundation 

occurring at Main St. in all post-drainage improvement scenarios. While it is 

unfortunate that surface ponding is still present at Main St., it is clear that the 

inclusion of drainage improvements along Cambridge St. and Hermann Dr. help 

reduce the floodplain extent significantly. 
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Figure 6.6: 100-yr floodplains for pre-drainage (top) and post-drainage (bottom) improvements. 
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6.5. Summary 

 

This study used HEC-HMS and HEC-RAS to simulate the hydrologic and 

hydraulic responses of the Harris Gully watershed before and after storm sewer 

improvements are implemented along Kirby Dr., Cambridge St., and Hermann Dr. 

Three rainfall scenarios are simulated, including the 10-year and 100-year SCS III 

design storms, as well as TS Allison (2001). Post-drainage hydraulics show 

significant water surface reduction along Cambridge St. and Hermann Dr. The 

reduction in water levels can mainly be attributed to the role of the updated storm 

sewers in capturing the rainfall runoff that has previously caused surface ponding at 

these locations. As a result, the overall floodplain extents of Harris Gully watershed 

have been reduced substantially, which in turn should also mean a decrease in 

flooding risk for the Texas Medical Center.   

In summary, results from the two gray infrastructure studies presented in 

Chapters 5 and 6 reveal varying degrees of flood reduction benefits due to the 

difference in application scales as well as design objectives. Whereas Project Brays 

is a massive flood control project that aims to eliminate or significantly reduce 

overbank flooding for the entire watershed, the Harris Gully drainage 

improvement’s main objective is to protect the Texas Medical Center from flooding 

due to backwater effects of Brays Bayou. Of the two application studies, the Harris 

Gully drainage improvement project is more successful in terms of meeting its goal 

of flood protection for the impacted area. The implementation of new culverts at 

Kirby, Cambridge, and Hermann, is shown to successfully remove most of the TMC 
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area from the 100-yr floodplain. Additionally, Rice is also shown to benefit from this 

project, with significant portions of its area being removed from the floodplain.  

On the other hand, even though Project Brays is shown to significantly 

reduce the extent of overbank flooding and the number of impacted residences 

compared to Pre-Project Brays condition in light of the 2015 Memorial Day Storm, 

the middle reach portion of Brays Bayou watershed remains extremely vulnerable 

to flooding from similar storms in the future. This implication holds true even 

assuming 100% completion of Project Brays (~2021 condition). These results 

indicate that achieving complete protection from riverine flooding by adopting a 

watershed-wide flood control strategy is not technically feasible or economically 

viable due to the scope and complexity of the problem. Additional local flood 

mitigation efforts such as storm sewer network improvement, local detention or 

flow bypass, and flood proofing might be necessary to further reduce flooding at the 

most flood-prone areas within the watershed. 
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Chapter 7: Conclusions  
 

This research aims to understand the hydrodynamic performances of both 

green and gray infrastructures in urban watersheds for the Greater Houston Region. 

This goal is accomplished by modeling and evaluating the hydrologic performances 

of selected LID features in The Woodlands, and simulating the hydrology/ 

hydraulics of structural flood control measures in Brays Bayou and Harris Gully. The 

research objectives as listed in Chapter 1 and their conclusions are presented in the 

following:  

 

Objective 1:  Understand the hydrologic characteristics of urban watersheds in the 
Greater Houston Region, contrasting between a conservatively developed watershed 
(The Woodlands) and a conventionally developed watershed (Brays Bayou).   
 

Prior to evaluating green and gray infrastructure performances, the first step 

in this research is to understand the overall characteristics of watersheds in the 

Greater Houston Region. Urban watersheds in the region have generally flat 

topography, soil type unconducive for infiltration, and high imperviousness due to 

urbanization. Additionally, the region is often hit by intense bouts of thunderstorms 

and flash floods. To understand how these characteristics affect the region, the 

hydrodynamic performance of two urban watersheds: The Woodlands and Brays 

Bayou, under their current development conditions are evaluated.  

The Woodlands is considered as the paradigm for proper watershed 

planning and development to withstand adverse impacts caused by urbanization, 

due to its unique conservation strategy in incorporating riparian buffers, natural 
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drainage, and vegetative swales early in the watershed’s development. It also 

preserves land with high soil permeability as open space and instead uses land with 

low soil permeability for residential and commercial development (Yang and Li 

2011). Because of this strategy, it is able to minimize the impacts of development, 

resulting in a mere 20% increase in peak flow for a 100-yr storm compared to its 

predevelopment (circa 1970s) conditions, as shown in a study conducted by 

Doubleday et al. (2013). 

In contrast to The Woodlands, Brays Bayou watershed has continued to 

urbanize since the 1960s. With over 90% of the watershed becoming developed by 

1993 (Bedient et al. 2003), peak flows from urban runoff has increased threefold 

compared to its predevelopment condition. Meanwhile, the capacity of the 

watershed’s main drainage channel, Brays Bayou, fail to keep up with the 

watershed’s explosive growth. Originally designed to contain runoff from a 100-year 

rainfall, Brays Bayou will now reach its full capacity from a mere 5-10-year storm 

(Bedient et al. 2012). In fact, initial hydrologic/ hydraulic and floodplain analyses of 

Brays Bayou watershed show that a large portion of the watershed is within the 

100-yr floodplain (see Appendix C.1). Since the watershed is intensely developed 

(see Figure 5.1), it is marked by high imperviousness and poor infiltration. This 

condition results in increased peak flow and runoff volume that overwhelms the 

flow and conveyance capacity of Brays Bayou.  

 

Objective 2: Propose a methodology to model site-scale LID features at the 
watershed-scale using a fully-distributed hydrologic model. 
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 A review of various hydrologic and hydraulic models as well as published LID 

studies presented in Chapter 2 reveal that most currently available models capable 

of simulating site-scale LID features are typically applied to small-scale study areas, 

providing limited insight at the watershed-scale. To bridge this knowledge gap, this 

thesis proposes a methodology to model two site-scale LID features: green roofs and 

rain gardens at the watershed scale. Chapter 3 details a sub-grid parameterization 

method to simulate two site-scale LID features in a distributed hydrologic model, 

Vflo® for The Woodlands. This new method allows one to quickly assess the 

performance of LID features at the watershed-scale regardless of catchment size.  

The method comprises of an area-weighted approach for green roofs and a 

modified infiltration approach for rain gardens. The modified infiltration approach 

for rain gardens is necessary since Vflo® currently does not have the capability to 

account for storage from directly connected impervious areas (DCIAs) within a 

single grid cell. This issue is not a problem for green roofs, since their only source of 

storage comes from precipitation. Rain gardens however, have two sources of 

storage that need to be considered: precipitation and runoff from DCIAs. The 

modified infiltration method accounts for sub-cell storage for a more accurate 

representation of changes in infiltration associated with site-scale LID features. 

Although the sub-grid parameterization approach has only been demonstrated in 

the modeling of green roofs and rain gardens in this thesis, it can easily be applied to 

other LID features as well. Bioswales, infiltration strips, planter boxes, and porous 

pavements could be modeled based on the modified infiltration method similar to 
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rain gardens, while rain water harvesting systems could be modeled based on a 

simple alteration of the area-weighted approach for green roofs. 

Despite having the limitation of being unable to account for hydrologic 

routing within individual LID cells, the proposed sub-grid parameterization 

methodology is still superior to another popular approach, the SCS Curve Number 

(CN). Since CNs are theoretically-based, the assigned values to associated LID 

features and their resulting hydrologic responses are difficult to validate (e.g., 

Coffman 2000; Damodaram et al. 2010). On the other hand, the proposed method is 

mostly empirically-based, taking into account the variability in soil types and 

landuse characteristics pertaining specifically to the watershed of interest. 

Consequently, their hydrologic responses would be a better representation of actual 

and/or desired watershed conditions. 

 

Objective 3: Evaluate the effectiveness and limitations of using green infrastructure 
as a catchment-wide flood control alternative in Houston by analyzing the hydrologic 
performances of green roofs and rain gardens at The Woodlands. 
 

To achieve this objective, the hydrologic performances of green roof and rain 

gardens under multiple rainfall scenarios (varying magnitude, duration, and rainfall 

distribution), feature placement locations, and varying feature design parameters 

are evaluated for The Woodlands. Results presented in Chapter 4 indicate that 

rainfall is the driving force behind green infrastructure performance in Houston, 

with LID generally showing decreasing flood reduction benefits as the magnitude 

and frequency of precipitation increases. The combined green roof and rain garden 

scenario manages to achieve average peak and volume reductions of 21% and 10% 
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for the 1.5 in. storms, but only 7% and <1% for the 7 in. storms. The hydrologic 

impacts also differ between full-scale implementations of rain gardens and green 

roofs in the Woodlands, with rain gardens being more effective in both peak flow 

and runoff volume reduction compared to green roofs (approx. 16% peak reduction 

and 6 % volume reduction for rain gardens versus 2% peak reduction and 1% 

volume reduction for the 24-hr duration storms).  

Given these results, retrofit or site-scale green infrastructure such as green 

roofs and rain gardens are unlikely to provide sufficient catchment-wide (i.e. 

riverine) flood protection for storms larger than a 10-yr return period (e.g., a 7 in. 3-

hr or a 7 in. 6-hr storm) in the Greater Houston Region. However, site-scale LID 

features, especially rain gardens, are shown to be able to provide significant flood 

reduction benefits for smaller, less intense storms. While the use of site-scale LID 

features as the primary flood control measure is insufficient for watershed-wide 

flood protection, LID could very well supplement the use of other flood control 

strategies, such as detention ponds and channel improvements. Moreover, the water 

quality and aesthetic benefits associated with LID features may add an additional 

incentive for implementation beyond stormwater management. Therefore, LID’s 

potential ability to improve water quality could still serve as an additional incentive 

in considering the various stormwater management options for watersheds in the 

Greater Houston Region. 

 

Objective 4: Evaluate the effectiveness and limitations of using gray infrastructure as 
a flood control strategy to address catchment-wide flooding in Houston by analyzing 
the hydrologic/ hydraulic performances and associated flood impacts of Project Brays 
and Harris Gully drainage improvements at Brays Bayou watershed.  
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Finally, this research also evaluates the effectiveness of using gray 

infrastructure as a flood control strategy in Houston. For this purpose, the 

hydrodynamic performances of gray infrastructure at two different scales of 

implementation are simulated: a catchment-wide flood reduction project at Brays 

Bayou and a local drainage improvement at Harris Gully. In Chapter 5, a hindcast 

analysis of the 2015 Memorial Day Flood for Brays Bayou watershed is presented. 

The storm dropped approximately 11 inches of rain in a period of 12 hours, causing 

damages in more than 1,100 residential properties throughout the watershed.  

This study also analyzes the hydrodynamic performances of Brays Bayou 

under changing watershed conditions with respect to a $550 million federal flood 

reduction project, Project Brays: Pre-Project (2001), May 2015 conditions (current), 

and Post-Project Brays (~2021). The three different scenarios highlight the changes 

expected in the flood response of the watershed over the 20+ years construction of 

Project Brays. Results show that the implementation of Project Brays in its current 

state manage to reduce the number of impacted properties during the 2015 

Memorial Day storm by 45% throughout the watershed compared to Pre-Project 

conditions. However, even assuming 100% completion, the various flood reduction 

components of Project Brays would have still been unable to entirely eliminate all 

flooding issues, particularly along the middle reach of the watershed.  

Chapter 6 then discusses the hydrologic / hydraulic performances and flood 

impacts of Harris Gully watershed before and after local storm sewer improvements 

were implemented at Kirby Dr., Cambridge St., and Hermann Dr. Post-drainage 
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hydraulics show significant water surface reduction along Cambridge St. and 

Hermann Dr. due to the storm sewers capability in capturing and containing surface 

runoff. As a result, the overall floodplain extents of Harris Gully watershed, 

especially at the Texas Medical Center and Rice University have been reduced 

substantially.  

Comparison of the results from the two gray infrastructure studies reveal 

dissimilar degrees of flood reduction benefits due to the difference in application 

scales and design objectives. Whereas Project Brays is meant to protect the entire 

Brays Bayou watershed from overbank flooding up to a 100-yr storm, the Harris 

Gully drainage improvement project aimed to protect the Texas Medical Center and 

its vicinity from flooding due to tailwater effects of Brays Bayou up to a 500-yr 

storm. The results from the Project Brays study indicate that even by implementing 

a watershed-wide flood control strategy, achieving complete flood protection is 

extremely difficult due to the scope and complexity of the problem. In contrast, not 

only does the Harris Gully project successfully protect the intended area (i.e., TMC), 

it also extends flood reduction benefits to Rice University as well. In this regard, the 

Harris Gully drainage improvement project is clearly more successful in meeting its 

flood protection goal.  

 

Final Words 

This research successfully evaluates green and gray infrastructure 

hydrodynamic performances for two urban watersheds in the Greater Houston 
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Region. The outcomes of this research provide valuable insights regarding the 

potential effectiveness and limitation in using either approach as a basin-wide flood 

control strategy. As evidenced by the results presented throughout this thesis, 

neither of these approaches alone is sufficient to address the flooding issue that 

plagues urban watersheds in the region. LID features are shown to be effective only 

in smaller, less intense storms, while Project Brays, one of the most expensive 

ongoing flood control project in the nation, is unable to entirely eliminate the 

watershed’s overbank flooding problem. This suggests that a more holistic approach 

to flood control might be necessary for successful catchment-wide flood protection.  

For fully developed watersheds such as Brays Bayou, further flood reduction 

may require politically and logistically-challenging options such as diverting a 

portion of channel flow to less flood-prone locations, providing buffers or levees to 

reduce overbank flooding, and/or replacing flood-vulnerable properties with 

natural detention basins. If property buyout is not an option, individual home 

owners may also opt to raise slab heights to exceed base flood elevation 

requirements and/or install flood barriers to protect their property from flood 

damages. For watersheds that are becoming increasingly urban but are not yet fully 

developed, The Woodlands style of conservation development should be adopted if 

possible. As demonstrated in various studies, The Woodland’s unique style of 

incorporating both large-scale green infrastructure features and conventional 

structural solutions, as well as careful development planning and practice are able 

to address the various challenges for flood control and successfully impede the 

adverse impacts of urbanization. 
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Appendix A 

Appendix A.1: NEXRAD Data in Hydrologic Modeling 

 
High-definition weather radar provides real-time rainfall tracking up to 230 

km away from its installation location. The advantages of this instrument prompted 

its use for large and small-basin flood warning systems as well as water resources 

management (James, Robinson, and Bell 1993; Krajewski and Smith 2002; Vieux, 

Park, and Kang 2009; Villarini et al. 2010). This radar is known as NEXRAD, which 

stands for next-generation radar (see Figure A.1). It is technically known as WSR-

88D, which operates in the 10-cm wavelength (S-band), and has the capability to 

record reflectivity, radial Doppler velocity, and the broad spectrum width of 

reflected signals.  

 

Figure A.1: NEXRAD radar at Norman, Oklahoma (Source: Bedient et al. 2012) 
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 Radar Reflectivity - Rainfall          

There are currently approximately 160 WSR-88D radars installed 

throughout United States. NEXRAD operates by transmitting microwave pulses to 

the target and then detects the returned pulse, also known as the radar reflectivity. 

Several factors affect radar rainfall detection: atmospheric conditions between 

radar and target rainfall, distance from radar to the target, and characteristics of 

both the radar and the target (Bedient, Huber, and Vieux 2008). Radar reflectivity 

data is collected at 1 km in range from the radar station and at 1 degree radial 

resolution, therefore producing a radial coordinate system of reflectivities for each 

tilt angle. 

The reflectivity data can be obtained through volume scans of the entire 

watershed, which includes sweeps for increasing antenna` elevation angles, usually 

occurring every 5-15 minutes. A specific reflectivity-rainfall (Z-R) relationship can 

then be determined by using two different approaches: drop size distribution (DSD) 

and the optimization approach. According to Bedient, Huber, and Vieux (2008), the 

standard Z-R relationship used at the time of deployment of WSR-88D was: 

Z =  300 𝑅1.4       (A.1) 

where Z indicates radar reflectivity and R denotes rainfall. The Houston-Galveston 

NWS Forecast Office, however, viewed that the standard Z-R relationship did not 

accurately reflect the warm tropical drop distributions caused by underestimation 

of rainfall totals in that particular region. Therefore, the following tropical Z-R 

relationship was established: 

Z =  200 𝑅1.2       (A.2) 
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According to Krajewski and Smith (2002), the DSD method derived Z-R 

relationships from raindrop size distribution that are usually observed at the 

surface representing a sample volume of 1m3. Via statistical methods, Z-R relations 

can be determined and selected for a given major rainfall event. Problems 

associated with the DSD approach include reliance of said parameters on statistical 

methods, sample size of the data used, and instruments used to collect the data. 

Since instrumental errors were generally disregarded in this approach, difficulties 

such as bias and nonlinear transformation of radar-reflectivity measurements may 

arise. For the optimization approach, radar reflectivity measured in the atmosphere 

is related to surface observations of rainfall rate (i.e., from rain gauges). This 

approach tends to reduce errors that may be caused by sampling properties that 

relate surface radar reflectivity to atmospheric radar reflectivity.  

 

Radar Bias Corrections 

 Krajewski and Smith (2002) define bias as the “systematic departure from 

the true, unknown rainfall.” Since bias is an inevitable result of radar reflectivity 

conversion to rainfall, they emphasized the importance of identifying and 

quantifying bias to understand the error structure of radar-rainfall estimates. For 

this purpose, Bedient et al (2000) calculated bias by the following relationship: 

𝐵𝑖𝑎𝑠 =  
𝑅𝑎𝑑𝑎𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡−𝐺𝑎𝑢𝑔𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝐺𝑎𝑢𝑔𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
     (A.3) 

A negative bias means that the radar under-predicted the rainfall values and a 

positive bias indicates over-prediction of precipitation amount. Bias can be caused 
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by various factors, including miscalibration of radar, overshooting of cloud systems, 

improper applications of Z-R relationships, and subcloud evaporation of raindrops. 

Therefore, calibrating radar rainfall data with rain gauge data is imperative to 

minimize systematic errors in rainfall data collections by radar and to improve 

accuracies of the hydrologic models used.  

The attempts to correct systematic errors in radar began with the work of 

Wilson and Brandes (1979), in which they proposed the following two methods: 

ratio of the means and mean of the ratios in numerous gauge recordings. Stemming 

from their work, other scholars were able to use various methods to further reduce 

errors from radar rainfall. For example, Seo and Breidenbach (2002) were able to 

conduct real-time correction of non-uniform radar rainfall bias using rain gauge 

measurements. In another study, Ciach et al. (2000) showed that reducing 

conditional bias resulted in improved radar rainfall accuracies. Due to the advances 

in radar technologies, results achieved in other studies (Brandes, Vivekanandan, and 

Wilson 1999; Vivekanandan, Yates, and Brandes 1999; Krajewski, Villarini, and 

Smith 2010) have generally shown significant improvements of radar rainfall 

estimates. In light of this, bias-corrected radar rainfall data used in this thesis were 

acquired from Vieux and Associates, Inc. based in Oklahoma. 
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Appendix A.2: Modified Puls Routing 

 

Modified-Puls routing, also known as the storage-indication method, 

incorporates stage-volume and stage-discharge relationships in the continuity 

equation to calculate outflow: 

1

2
(𝐼1 + 𝐼2) −

1

2
(𝑂1 + 𝑂2) =

𝑆2−𝑆1

∆𝑡
      (A.4) 

Rearranged to: 

(
𝐼1+𝐼2

2
) + (

𝑆1

∆𝑡
−  

𝑂1

2
) = (

𝑆2

∆𝑡
+

𝑂2

2
)      (A.5) 

where O1 and O2, S1 and S2, and I1 and I2 are outflow, storage, and inflow at time 

steps 1 and 2; and Δt is the time step (Bedient, 2012). The stage-volume and stage-

discharge relationships used in this routing method are only a function of outflows. 

In Vflo®, each channel cell is treated as a reservoir, with the outflow hydrograph 

from one grid cell becoming the inflow hydrograph in the next downstream channel 

cell. Modified Puls has the effect of delaying and attenuating the hydrograph peak, 

depending on channel storage volume. 

  



A-6 
 

Appendix A.3: SCS Curve Number (CN) Method 

 

The Soil Conservation Service Curve Number (SCS CN) method, developed by 

the USDA in 1954, is one of the most popular methods for calculating the volume of 

surface runoff for a given rainfall event from small watersheds (SCS 1986). The 

calculated runoff depth is a function of precipitation and the curve number (CN). 

The equations are: 

𝑄 =  
(𝑃−0.2𝑆)2

𝑃+0.8𝑆
      (A.6) 

𝑆 =  
1000

𝐶𝑁
− 10     (A.7) 

where P is the precipitation depth (in.), Q is the runoff depth (in.), and S is the 

potential maximum retention (in.). CN ranges between 40 and 100, and represents 

landuse, soil’s permeability, and antecedent water content of the soil. A value of 100 

indicates a completely impervious surface where all rainfall becomes surface runoff. 

Paved surfaces are typically assigned a CN value of 98. The ability of soils to 

infiltrate water is characterized by hydrologic soil classes A, B, C, and D, in which 

Class A soils are the most permeable and D the least. The CN for a given sub-basin is 

the area-weighted sum of the CN for individual combinations of soil types and land 

covers.  
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Appendix B 

Appendix B.1: Peak and Volume Reduction of LID Features under Varying 

Duration Rainfalls 

 

 

 

Figures B.1: Percent reductions of (a) peak flow and (b) runoff volume of 3-hr duration storms for 
The Woodlands 
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Figures B.2: Percent reductions of (a) peak flow and (b) runoff volume of 6-hr duration storms for 
The Woodlands 
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Figures B.3: Percent reductions of (a) peak flow and (b) runoff volume of 12-hr duration storms 
for The Woodlands 
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Figures B.4: Percent reductions of (a) peak flow and (b) runoff volume of 24-hr duration storms 
for The Woodlands 

0%

10%

20%

30%

40%

50%

60%

70%

Small (1.5 in.) Moderate (4 in.) Large (7 in.)

a. Peak reduction (%) for 24-hr Storms 

Green roof Rain garden GR + RG Conservation

0%

5%

10%

15%

20%

25%

30%

Small (1.5 in.) Moderate (4 in.) Large (7 in.)

b. Volume reduction (%) for 24-hr Storms 

Green roof Rain garden GR + RG Conservation



B-5 
 

Appendix B.2: Peak Flow, Volume, and Percent Reduction Performances of LID 

Features under Varying Duration Rainfalls 

 

Tables B.1 – B.4: Peak flow and runoff volumes and their reduction percentages of different 
scenarios for various duration rainfall at The Woodlands (*Note: Conservation scenario 

refers to “developed” condition and fully developed scenario refers to “highly urbanized” 
condition in Doubleday et al. (2013)) 

Table B.1. 3-hr Rainfall 

Scenario 
Peak flow (cfs) Runoff volume depth (in.) 

 1.5 in.  4 in.  7 in. 1.5 in.  4 in.  7 in. 

Fully developed 
(Baseline) 

1,399 5,541 39,766 0.33 1.05 3.51 

N/A N/A N/A N/A N/A N/A 

Green Roof 
1,383 5,507 39,607 0.33 1.05 3.51 

1.1% 0.6% 0.4% 0.1% 0.0% 0.0% 

Rain Garden 
1,297 5,158 38,374 0.31 1.01 3.50 

7.3% 6.9% 3.5% 5.2% 3.5% 0.3% 

Combined LID 
(GR+RG) 

1,277 5,168 38,411 0.31 1.01 3.50 

8.7% 6.7% 3.4% 5.2% 3.5% 0.2% 

Conservation* 
1,122 4,355 32,574 0.28 0.94 3.32 

19.8% 21.4% 18.1% 14.0% 10.1% 5.5% 

 

Table B.2. 6-hr Rainfall 

Scenario 
Peak flow (cfs) Runoff volume depth (in.) 

 1.5 in.  4 in.  7 in. 1.5 in.  4 in.  7 in. 

Fully developed 
(Baseline) 

1,045 4,627 33,253 0.28 0.96 3.18 

N/A N/A N/A N/A N/A N/A 

Green Roof 
1,022 4,576 32,914 0.28 0.96 3.18 

2.2% 1.1% 1.0% 0.6% 0.0% 0.0% 

Rain Garden 
919 4,196 30,959 0.26 0.91 3.16 

12.1% 9.3% 6.9% 7.4% 5.2% 0.7% 

Combined LID 
(GR+RG) 

885 4,190 31,062 0.26 0.91 3.16 

15.3% 9.4% 6.6% 7.1% 5.0% 0.6% 

Conservation* 
644 3,470 25,756 0.23 0.83 2.86 

38.4% 25.0% 22.5% 17.9% 13.4% 10.1% 
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Table B.3. 12-hr Rainfall 

Scenario 
Peak flow (cfs) Runoff volume depth (in.) 

 1.5 in.  4 in.  7 in. 1.5 in.  4 in.  7 in. 

Fully developed 
(Baseline) 

876 3,693 25,592 0.28 0.87 2.93 

N/A N/A N/A N/A N/A N/A 

Green Roof 
852 3,624 25,111 0.28 0.87 2.93 

2.8% 1.9% 1.9% 1.0% 0.0% 0.0% 

Rain Garden 
690 3,210 23,596 0.25 0.82 2.90 

21.3% 13.1% 7.8% 10.8% 5.5% 1.1% 

Combined LID 
(GR+RG) 

645 3,201 23,608 0.25 0.82 2.9 

26.4% 13.3% 7.8% 11.8% 5.5% 1.1% 

Conservation* 
425 2,184 16,525 0.22 0.72 2.67 

51.5% 40.9% 35.4% 21.4% 16.8% 8.9% 

 

Table B.4. 24-hr Rainfall 

Scenario 
Peak flow (cfs) Runoff volume depth (in.) 

 1.5 in.  4 in.  7 in. 1.5 in.  4 in.  7 in. 

Fully developed 
(Baseline) 

706 2,366 18,367 0.28 0.77 2.75 

N/A N/A N/A N/A N/A N/A 

Green Roof 
685 2,318 18,000 0.28 0.77 2.75 

3.0% 2.0% 2.0% 1.4% 0.0% 0.0% 

Rain Garden 
530 2,011 16,714 0.25 0.72 2.72 

25.0% 15.0% 9.0% 11.6% 5.8% 1.0% 

Combined LID 
(GR+RG) 

482 1,829 16,696 0.24 0.72 2.72 

31.7% 22.7% 9.1% 14.3% 6.2% 1.0% 

Conservation* 
249 1,270 7,568 0.21 0.65 2.42 

64.7% 46.3% 58.8% 24.6% 15.3% 11.9% 
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Appendix B.3: Peak and Volume Ratios of LID Features under Varying Feature 

Sizes  

 

 

 

Figures B.5: (a) Peak flow ratios and (b) runoff volume ratios of 1.5 in.24-hr storm under variable 
LID feature sizes 
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Figures B.6: (a) Peak flow ratios and (b) runoff volume ratios of 4 in.24-hr storm under variable 
LID feature sizes 
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Figures B.7: (a) Peak flow ratios and (b) runoff volume ratios of 7 in.24-hr storm under variable 
LID feature sizes 
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Appendix B.4: Sensitivity Analyses of LID Feature Design Parameters  

 

 

Figures B.8: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
green roofs for 1.5 in.24-hr storm 
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Figures B.9: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
green roofs for 4 in.24-hr storm 
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Figures B.10: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
green roofs for 7 in.24-hr storm 
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Figures B.11: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
rain gardens for 1.5 in.24-hr storm 
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Figures B.12: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
rain gardens for 4 in.24-hr storm 
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Figures B.13: Sensitivity analyses showing (a) peak flow ratios and (b) runoff volume ratios of 
rain gardens for 7 in.24-hr storm 
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Appendix C 
 

Appendix C.1: Brays Bayou Floodplain Maps 

 

 

Figure C.1: Brays Bayou TSARP 10-yr floodplain. 

 

 

Figure C.2: Brays Bayou TSARP 100-yr floodplain. 
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Appendix C.2: Clark Unit Hydrograph 

 

The Clark (1945) UH is based on the landuse of a watershed and is modeled 

as a linear channel in series with a linear reservoir to account for translation and 

attenuation (Bedient et al. 2012). The two main parameters of the Clark unit 

hydrograph are the time of concentration Tc and the storage coefficient R, which is 

the slope of the storage–outflow curve for the linear reservoir. Tc and R values can 

usually be obtained from observed hydrographs for gaged basins:  

The Clark unit hydrograph technique is the basis for the Harris County 

watershed-wide hydrologic methodology (HCFCD Hydrology and Hydraulics 

Guidance Manual). Tc is defined as the time that elapses between the centroid of 

rainfall excess to the point of inflections on the receding limb of the unit 

hydrograph. In common usage, Tc is considered to be the time required for rainfall 

excess to travel from the farthest point of the watershed to the outlet. The larger the 

Tc, the more lagging (i.e., delay in time) occurs for the peak of the runoff 

hydrograph, and some attenuation results from this lagging effect. The storage 

coefficient, R is a measurement of the resident time or temporary storage of rainfall 

excess in a subbasin before draining to the outlet. The larger the value of R, the 

greater the attenuation is expected in the runoff hydrograph.  

A 1984 Harris County Flood Hazard Study uses one equation that computes 

Tc directly and another that computes the sum of Tc + R. The storage coefficient R is 

simply the difference between the two computed values (see Figure C.3).  
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Figure C.3: Tc and R equations for Harris County, TX (HCFCD Hydrology and Hydraulics Guidance 
Manual, 2009) 
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Appendix D  

Appendix D.1: Harris Gully 10-Yr Floodplains  

 

 

Figure D.1: 10-yr floodplains for pre-drainage (top) and post-drainage (bottom) improvements. 
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Appendix D.2: Harris Gully TS Allison Floodplains  

 

 

Figure D.1: TS Allison floodplains for pre-drainage (top) and post-drainage (bottom) 
improvements. 

 


