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ABSTRACT 

Developing a Radar-based Flood Alert System for Sugar Land, Texas 

by 

Andrew Juan 

This thesis presents a framework for a radar-based flood alert system (FAS) for 

the Oyster Creek Watershed to aid the City of Sugar Land in flood forecasting. The 

motivation for using this particular system stems from a radar's ability to provide flood 

warning lead-time when calibrated with available gauge information. This study follows 

a typical workflow in analyzing watersheds, which involves converting excess rainfall to 

runoff, then converting the resulting flow rates to polygons that show water levels. 

This thesis also introduces the Flood Warning Indicator (FWI) as a component of 

Sugar Land's FAS. FWI only uses radar rainfall to portray potential flooding problems 

within the watershed through GIS mapping, which is helpful when gauge information is 

unavailable. Having a significant role in the communication of flood information, FWI 

may be applied in other areas that lack the resources to build extensive gauge networks 

for flood monitoring and radar calibration. 
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Chapter 1: Introduction 

1.1. Motivation and Study Area 

Flooding occurrences and their devastating effects have become increasingly 

common in the United States over the last few decades. Floods are considered as the most 

damaging natural hazard in the United States (Pielke Jr., Downton et al. 2002). The table 

below shows the top ten U.S. flood disasters from early 1990s to 2004. 

Event Date Paid Losses (in millions) 

T5 Allison Jun-01 $1,095 

Hurricane Ivan 5ep-04 $648 

Louisiana flood May-95 $584 

Hurricane Isabel 5ep-03 $449 
Hurricane Floyd Sep-99 $439 
Hurricane Opal Oct-95 $400 
Nor'easter Dec-92 $342 
Midwest floods Jun-93 $271 
Texas flood Oct-94 $217 
Hurricane Fran 5ep-96 $214 

Table 1.1: 10 us. flood disasters (adaptedfrom wwwfema.gov) 

Recorded by the National Oceanic and Atmospheric Association (NOAA) as the 

worst urban flood in U.S. history, Tropical Storm Allison brought widespread flooding to 

Houston and its surrounding areas. After Allison occurred in 2001, the region completely 

overhauled its flood control schemes. This major overhaul resulted in the Tropical Storm 

Allison Recovery Project (TSARP), a joint flood recovery project between the Harris 

County Flood Control District (HCFCD) and the Federal Emergency Management 

Association (FEMA). One of the goals of TSARP is to increase public awareness 

regarding the dangers and risks of flooding. As a result of TSARP, many cities 

surrounding Houston have realized the importance of implementing flood mitigation 



strategies in their own communities. Such city is Sugar Land, a vibrant city located 

approximately 20 miles southwest of downtown Houston. 

Figure 1.1: Oyster Creek Watershed and Sugar Land, TX 
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This thesis focuses on the establishment of a reliable flood warning system for the 

Oyster Creek Watershed in Fort Bend County, Texas to aid the City of Sugar Land in 

flood forecasting and management. Sugar Land is one of the fastest-growing cities in 

Texas, having grown nearly 160 percent from 24,529 in 1990 to 63,328 in 2000. The U.S. 

Census Bureau estimated that the city's population was 84,511 in January 2010. The 

above figure shows the Oyster Creek Watershed, a major drainage area that covers 

approximately 46 square miles with 33 sub-basins. It is a complex watershed, due to the 

presence of numerous flood control structures, such as dams and diversions. The main 



channel, Oyster Creek, runs southeast through Sugar Land and discharges to the Brazos 

River. 

Topographically, the Oyster Creek Watershed sits on a relatively flat region. 
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Ground slopes throughout the watershed are generally less than 10 feet per mile. Clay 

and silt-loam soil dominate the soil type of the watershed, resulting in low permeability 

and high runoff potential. Land uses encompass single-family residential, commercial, 

and industrial establishments, mostly concentrated in the center portion of the watershed. 

A few hydrologic and hydraulic studies over the past three decades on Oyster 

Creek have been conducted. The earliest study was the Flood Insurance Study conducted 

in 1977, which was updated in 2001. Other studies included the Missouri City Master 

Drainage Plan and its update (1987 and 2001), the Implementation Program and Impact 

Fee for Upper Oyster Creek Watershed (1989, 1992), and the most recent flood insurance 

study, the DFIRM update (2006), conducted by Michael Baker Jr., Carter Burgess, CDM, 

and Moffatt Nichols. The results of these studies served as a framework to update 

existing datasets and models. This update was necessary, since previous studies were 

calibrated with design storms, while the updated models have been calibrated to actual 

storm events in addition to design storms. 

Currently, the city's flood monitoring system includes fifteen operational gauges 

that relay precipitation information (see Fig.l.2) to emergency personnel. Although the 

gauge network is useful for general hydrologic and hydraulic analyses, it is insufficient to 

provide any lead time for flood warning - as is true for most flood warning systems that 

solely rely on gauges. To address this limitation, a radar-based flood alert system was 

proposed in 2009 for the City of Sugar Land. According to Bedient et al. (2003), the main 
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advantage of using a radar-based flood alert system over traditional gauge-based systems 

is the increased lead time for flood warning. Depending on the size of the watershed, 

rainfall amount, and channel characteristics, radar can often provide up to three hours of 

flood warning lead time. Precipitation data obtained from radar are generally more 

accurate than those recorded by rain gauges, due to radar having denser spatial and 

temporal coverage. When radar rainfall is calibrated with available rain gauges to correct 

any systematic or instrumentation bias, it can provide accurate real-time rainfall estimates 

for use in hydrologic models. 

Figure 1.2: Sugar Land's Rain Gauge Locations 

A hydrologic model that accurately depicts the drainage and characteristics of the 

watershed is an important prerequisite for a reliable radar-based flood warning system. 

The hydrologic models used in this research are HEC-l and HEC-HMS. The hydrologic 

inputs include calibrated radar rainfall information delivered by Vieux and Associates, 
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Inc. based in Oklahoma as well as local precipitation and stream gauges data obtained 

from the city of Sugar Land. Hydrographs that are produced from the hydrologic models 

were then imported into a hydraulic model, HEC-RAS, to generate water surface profiles 

of various cross sections along the channel. This particularly useful feature ofHEC-RAS 

may be converted to floodplain maps in ArcGIS, which illustrate real time visualizations 

of the flooding extents in the watershed during a storm event. The floodplain maps, along 

with the created hydrologic outputs would then be communicated to emergency 

personnel to plan for any necessary actions. 

As part of Sugar Land's flood alert system, the Flood Warning Indicator (FWI) is 

also presented. Unlike a typical radar-based flood warning system, the FWI mainly 

utilizes radar rainfall to show potential flooding problems within the watershed through 

GIS mapping. This technique is especially useful when data from gauges are unavailable. 

Although it does not provide detailed information regarding the extents of flooding at 

specific locations throughout the watershed, it holds a significant role in the 

communication of flood information for the City of Sugar Land. This unique capability of 

FWI may potentially be applied in other areas that lack the resources to build extensive 

gauge networks for flood monitoring and radar calibration. 

1.2. Research Objectives 

The research objectives ofthis thesis are outlined as follows: 

1. Develop an accurate hydrologic model of the Upper Oyster Creek Watershed. 

• Compare existing models with historical design storms . 

• Calibrate models with actual storms by utilizing radar rainfall estimates . 



2. Evaluate the overall flooding vulnerability of the watershed and assess the 

effectiveness of structural flood control options. 

6 

3. Develop a framework for an operational radar-based flood alert system for the City of 

Sugar Land. 

4. Develop and implement the radar-based Flood Warning Indicator (FWI) as a flood 

control option for areas that lack sufficient gauge networks. 



Chapter 2: Literature Review 

2.1. Floodplain and the Need for Flood Control 

Flood is defined by the U.S. Executive Office of the President (USEOP, 1994) as 

"a general and temporary condition of partial or complete inundation of normally dry 

land areas from the overflow of river and/or tidal waters and/or the unusual accumulation 

of waters from any source that may be associated with undesirable effects to life and 

property." According to the Federal Emergency Management Agency (FEMA), flood is 

one of the most dangerous and common natural disasters in the United States (FEMA 

2006a). In 2005, the National Climatic Data Center stated that hurricanes and flood

related disasters account for most of the natural disasters occurring between 1980 and 

2005 that resulted in damages exceeding one billion dollars. The majority of these 

disasters occurred in highly urbanized and coastal floodplains, and therefore increased the 

overall flooding damages (Correia et al. 1999). 

1-------- 100 YEAR FLOODPLAIN --------to>l 

~- FLOOD FRINGE - -1---- FLOODWAY - ---t---

STREAM CHANNEL 

Fig. 2. 1. Schematic of a IOO-year floodplain (Source: www.dnr.ne.gov) 
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According to Bedient, Huber, and Vieux (2008), a floodplain is defined as low

land surfaces that connect to a water body (i.e. rivers and lakes) that are prone to 

flooding. Floodplains are often categorized based on various flood return periods. A 100-

year floodplain, shown in Figure 2.1, means that the area would be inundated by a 100-

year flood, also known as a 1 % annual exceedance probability flood. History shows that 

many civilizations have prospered in areas close in proximity with water bodies. From 

the ancient Egypt civilization that originated over 5,000 years ago to the present, 

communities have chosen to live near rivers, lakes, or at coastal regions due to the need 

of water to support life. Due to explosive population growths in the past century, 

increasingly more people have migrated from rural to urban areas. Unfortunately, many 

of these urban areas are located in floodplains where they are most susceptible to 

flooding damages. 

2.2. Flood control methods 

To reduce potential flooding damages, it is imperative that floodplain 

characteristics be well understood. Recognizing the importance of having sufficient 

floodplain data to minimize associated flood losses, FEMA and the U.S. Army Corps of 

Engineers (USACE) have identified and delineated most major channels and floodplains 

in the United States through the National Flood Insurance Program (NFIP). Building on 

their work, other studies such as TSARP (2006) were able to collect more region-specific 

floodplain information, which resulted in the formulation of various flood control 

strategies. There are a number of approaches that one may choose for flood control: 

structural, nonstructural, or a combination of both. Structural methods may include 
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detention ponds, channel modifications, or diversions; while nonstructural methods may 

consist of flood insurance policies, home buyouts, or flood warning systems. 

2.2.1. Structural Methods 

Structural flood control strategies are usually applied to a watershed or a 

catchment. A watershed is an area where all its water drains into a single outlet (Bedient, 

Huber, and Vieux 2008). These flood control strategies may include detention ponds, 

channel modifications, and diversion channels. 

• Detention ponds: Detention ponds are used to hold runoff for a short period before 

releasing the water back into the main channel. Since detention ponds (especially 

small ones) 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 other structural 

options due to aesthetic considerations and minimal environmental impacts. 

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

watershed to protect the areas downstream. 

• Channelization: Channel modifications are used to improve the conveyance of a 

channel. This can be done by modifying channel slope, depth, width, or roughness. 

The goal of channel modification is to increase hydraulic efficiency, which increases 

channel velocity, resulting in reduced flood stage or water elevation during a storm 

event. A downside to the improved conveyance, however, is the increased possibility 

of flooding at the downstream portion of the channel. Therefore, it is imperative that 

modifications to the channel be done properly. Also, though channel modifications 

have been widely used in meandering streams of the South and Southeastern coastal 
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plains, one needs to carefully assess the potential environmental impacts caused by 

those modifications, such as the possibility of increased erosion of stream banks and 

the increased downstream deposition of silt and sedimentation. 

Diversions: 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. 

2.2.2. Nonstructural Methods 

Nonstructural approaches were often overlooked in past flood control projects. 

However, disasters such as the Midwest floods in 1993 and Hurricane Katrina in 2005 

have shown that pure structural methods are insufficient to provide protection from flood 

damage. After Katrina, the USACE established the National Flood Risk Management 

Program (NFRMP) to coordinate flood management efforts both internally and externally 

with other agencies. One ofNFRMP's goals is to promote nonstructural approaches for 

flood control (USACE 2010). The purpose of non structural approaches is to carefully 

manage flood prone areas such as those that lie within the floodplain to minimize overall 

damage. This approach differs from structural methods in that it does not attempt to alter 
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outflows and/or flow directions. Examples of nonstructural methods include flood 

insurance programs, buyouts of flood prone properties, and flood warning systems. 

• 

• 

• 

Flood insurance programs: The most prominent flood insurance program in the U.S. 

is the National Flood Insurance Program (NFIP). This program aims to protect 

property owners from flooding losses in participating flood prone areas, while at the 

same time reduce post-disaster government's assistance. The program was a result of 

the National Flood Insurance Act of 1968, as a response to prevent future losses such 

as those experienced by Florida and Louisiana due to Hurricane Betsey in 1965. 

Voluntary property buyouts: Buyouts of flood prone properties, as the name implies, 

attempts to reduce flood damage by removing any houses or other types of property 

in locations that are most susceptible to flooding. This option may be selected when 

structural alternatives such as channelization or building detention ponds are 

considered not to be cost effective. 

Flood alert systems: Various forms of flood alert systems have been used in the 

United States after World War II to reduce flood damages in susceptible areas 

(Bedient, Huber, and Vieux 2008), from conventional tables that showed water 

elevations linked to precipitation amounts to sophisticated models that had the 

capabilities to predict the likelihood of flooding. Conventional flood alert systems 

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

stream elevation data. Newer flood alert systems (e.g. a radar-based flood alert 

system that will be discussed in the next section) often utilize high definition weather 

radar to collect rainfall information in addition to those recorded by the gauge 

network. 
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2.3. Radar-based Flood Alert System 

Hoblit et al. (1999) stressed the importance of having a reliable flood warn ing 

system, especially in urban areas, which are usually more vulnerable compared to rural 

regions since they have denser populations and have limited spaces for flood control 

structures. In recent years, increasing usage of radar-based flood warning systems was 

observed. As mentioned in the last section, a radar-based flood alert system uses weather 

radar to collect rainfall data calibrated with available gauge recordings. Generally, as 

shown in Figure 2.2, the calibrated radar rainfall data are input and processed in 

hydrologic and hydraulic models which result in floodplain maps that communicate flood 

risk information. This information may then be disseminated to the public or be used for 

other purposes such as evacuation planning and future development designs. 

Flood Prediction Module 

Data Collection 

Calibrated radar rainfall data 

Communication 

ft • . 0 • 

Flood alert levels relayed to 
emergency personnel 

Fig.2.2. Typical workflow of a radar-basedflood alert system 

The major impetus of using a radar-based flood alert system as opposed to a 

conventional gauge-based flood alert system is the increased flood warning lead-time 
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provided by radars. Since the 1970s, the U.S. had been relying on rain and stream gauge 

networks for flood warning systems developed by NWS, called the Automated Local 

Evaluation in Real-Time (ALERT). Bedient et al. (2003) claimed that apart from their 

inferior spatial and temporal coverages, the ALERT systems require huge maintenance 

and operating costs since they rely on widely-spread mechanical instruments. Other 

factors such as debris obstructions or faulty data transmissions may also adversely affect 

the performances of the gauges during a storm event. 

Furthermore, Fang et al. (2008) pointed out that the effects of limited spatial and 

temporal coverages were especially apparent in highly urbanized areas. This sentiment 

was supported by Berne et al. (2004), who analyzed rainfall data collected in Marseille, a 

large city located in the southeast of France. Due to the Mediterranean climate, the city 

often experiences heavy rainfall, especially during the summer. By investigating various 

spatial-temporal scales of urban watersheds and rainfall data collected from gauge 

networks, Berne et al. (2004) were able to determine the gauge densities required for 

effective hydrologic analyses in urban settings. Their results show that urban watersheds 

require an extensive gauge network to fulfill the spatial requirements. For example, 

Marseille requires that every gauge be able to cover a 12 km2 area with a recording time 

interval of 6 minutes. As a comparison, a typical urban watershed has 1 rain gauge that 

covers approximately 100 square miles (~259 km2). Houston fares much better in this 

regard. The Harris County Office of Emergency Management (HCOEM) has a gauge 

density of one gauge for every 16 square miles. However, other urban and suburban areas 

are unlikely to have this level of coverage. This condition leads to the stipulation that 

reliance on gauges alone is both impractical and ineffective. 
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When a rain gauge network is used as the sole method of recording rainfall 

information at a watershed, rainfall amounts are distributed based on rain gauge readings. 

Otherwise, uniform rainfall averaged by all gauges has to be assumed for the entire 

watershed. Although it provides a quick and easy way to input rainfall information in 

hydrologic models, assuming a uniform rainfall over the entire watershed may very likely 

lead to inaccurate hydro graphs responses (Bedient, Huber, and Vieux 2008). 

Studies by Bedient et al. (2003) as well as other scholars (Vieux and Bedient 

2004; Neary, Habib, and Fleming 2004) have proven that the hydrographs' rising limbs 

and peak flows produced from calibrated radar data were more accurate than those 

produced from rain gauges alone when input into hydrologic models. One particular 

study by (Bedient et al. 2003) showed that a radar-based flood alert system is superior to 

stand-alone gauge-based systems. Bedient et al. had developed a flood alert system (F AS) 

to monitor and forecast flooding events for Brays Bayou located in Houston, Texas. They 

used rainfall data collected by radar, which provided real-time precipitation information 

for every 6 square mile grid cells. The original F AS had color-coded alert levels that were 

based on rainfall intensities, duration and peak flows. The resulting F AS allowed for 2-3 

hours of flood warning lead time and also showed that the simulated models had 

hydro graphs that compared well with observed stream flows. 

2.3.1. Radar Rainfall Estimations 

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). The radar mentioned in this context is NEXRAD, which 
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stands for next-generation radar. 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. 

RADAR OP TIONS CENTER 
NORMAN. OKLAHOMA 

Fig.2.3. Completed WSR-88D installations in the contiguous Us. 
(Source: www.roc.noaa.gov) 

There are currently approximately 160 WSR-88D radars installed throughout 

United States (see Fig. 2.3). 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 
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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 Ri.4 (2.1) 

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 (2.2) 

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 
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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. 

2.3.2. 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 (2.3) 

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 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 
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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 for 

two storm events that occurred in April 2009 and May 2010. 

2.4. Hydrologic and Hydraulic Modeling 

Besides having gauge-calibrated radar rainfall data, a successful flood prediction 

system also requires accurate hydrologic and hydraulic models, both of which will be 

discussed in the following sections. 

2.4.1. Hydrologic Models 

Hydrologic models take the characteristics of the watershed and precipitation 

information to simulate their hydrologic responses. Over the years, the use of hydrologic 

models has vastly improved the accuracy and reliability of flood prediction methods. This 

improvement is attributed to the models' capabilities to process the increasing quality and 

quantity of datasets used. 

Hydrologic models are categorized based on how they handle spatial variability. 

These models are lumped, distributed, and semi-distributed models. Lumped parameter 
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models transform uniform rainfall into the watershed and convert it to runoff and stream 

flow, without considering the spatial variability of the model inputs. An example of a 

lumped model is the HEC-l model developed by USACE in the 1960s, which is one of 

the most widely used lumped parameter models for hydrologic prediction and has seen 

extensive uses in Texas for local hydro graphs and peak flows determination. HEC-l 

simulates the runoff response of a river basin to rainfall by representing a watershed as a 

series of inter-connected systems of hydrologic and hydraulic elements. The updated 

version ofHEC-l is HEC-HMS, which was also developed by USACE, released in 1998. 

According to Bedient, Huber, and Vieux (2008), unless extensive spatial and temporal 

watershed information is available, performing hydrologic analysis using a lumped model 

is generally recommended. 

On the other hand, distributed models attempt to account for spatial variability in 

the watershed by assigning specific hydrological parameters at certain points in the basin 

and therefore minimizing the need for data extrapolation between those points. 

Distributed models typically employ mass, momentum, and energy conservation 

equations to simulate the hydrologic processes in numerous small, interconnected grid 

cells. Therefore, distributed models require much more extensive and detailed 

hydrological inputs compared to lumped models. These models have been used in various 

watershed studies (Dutta et aI., 2000, Ogden et aI., 2001, Vieux et aI., 2009, and Sharifet 

aI., 2010). Examples of distributed models include the TOPMODEL developed by Beven 

and Kirkby in 1979, SWAT (Arnold et aI. 1998), and Vflo™ (Vieux and Bedient 2004). 

There has been much debate regarding the efficacy of distributed models over 

their lumped counterparts. Although distributed models are theoretically more accurate 
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since they account for spatial variability, their simulation results often showed no 

significant improvements compared to lumped models. Bates (2004) claimed that 

conventional distributed models had two weaknesses: insufficient amount of distributed 

data to be input into the models and the uncertainties associated with converting the 

parameters designed for point-based scales to grid scales. However, according to Bates, 

recent advances in remote sensing technologies such as Light Detection and Ranging 

(LiDAR) have the ability to alleviate these weaknesses. Using remote sensing 

technologies, Mason et al. (2003) were able to calculate the time and space distributed 

friction coefficients directly from LiDAR to be input into distributed models. According 

to Bates, this achievement would lead to fulfilling grid-scale parameter requirements in 

distributed models as well as to minimizing the needs for model calibration. 

Besides the lumped and the distributed models, another type of hydrologic model 

is the semi-distributed model, which attempts to combine features from both the lumped 

and the distributed model. In essence, semi-distributed models try to account for spatial 

variability in the watershed by partitioning the watershed into smaller sub-basins with 

varying input parameters. Similar to the lumped versus distributed model dilemma, there 

has also been much discussion whether a semi-distributed hydrologic model holds any 

advantage compared to a traditional lumped model. To address this issue, Ajami et al. 

(2004) performed a study on the Illinois River Basin at Watts, Oklahoma. By comparing 

results from a lumped model provided by the National Weather Service (NWS) and 

several semi-distributed models, they found that the semi-distributed models with their 

data averaged over each sub-basin with non-varying model parameters showed improved 

simulation results. 
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Sharing similar sentiments with Ajami et aI., Delrieu et al. (2009) also viewed a 

semi-distributed approach as a good compromise between lumped and distributed model. 

As stated by Ajami et al. (2004), using a distributed model may potentially increase the 

number of model inputs and therefore subsequently increase the uncertainties in their 

results. The problem of over-parameterization are also present in lumped models, since 

the nature of those models allows multiple changes in input parameters to produce 

identical results during model calibration (Freer, Beven, and Ambroise 1996). Regardless 

of the type of models one chooses, Ajami et al. (2004) advised performing the calibration 

procedures with caution to prevent propagating more uncertainties in the process. These 

uncertainties may originate from the NEXRAD rainfall data used, assumptions behind 

routing methods, as well as the estimations of various input parameters; all of which need 

to be addressed to reduce errors in the simulated outputs. 

Agreeing with both Ajami and Delrieu, this thesis uses a semi-distributed 

approach for hydrologic analyses performed on the Oyster Creek Watershed. While the 

use of a semi-distributed model does not eliminate the over-parameterization problems, 

its capabilities in better addressing the heterogeneities of inputs in the watershed without 

requiring extensive amount grid-scale data parameters was the underlying reason for the 

selection. 

2.4.2. Hydraulic Models 

The outputs of hydrologic models result in flow rates and hydro graphs that are 

then processed in hydraulic models. The primary purpose of hydraulic models is to 

convert these flow rates into water surface elevations, which are useful to show the 
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flooding extents at certain locations within the watershed. Most hydraulic models assume 

a gradually varied and steady flow river system, which means that the velocity and depth 

of the river do not change with time. Instead, they vary with slight incremental changes in 

distances. Although this assumption is not thoroughly realistic, it does provide one with 

conservative water level estimates. 

Among the many hydraulic models that adopt the gradually varied and steady 

flow assumption, one of the most prominent models used in the U.S. was the River 

Analysis System (HEC-RAS) released in 1995. Since it is available to the public for free, 

HEC-RAS and its iterations have been widely used in various hydraulic applications 

including floodplain delineation, bridge and levee designs, and flood insurance studies 

(Knebl et al. 2005; Whiteaker et al. 2006). The availability and versatility of HEC-RAS 

are the main reasons it was selected for hydraulic analyses in this thesis; the use of HEC

RAS in this research will be discussed in more detail in Chapter 4. 

2.5. The Role of Geographic Information Systems and Remote Sensing in Hydrology 

One of the major features of hydraulic models is their ability to create floodplain 

polygons from the simulated water surface elevations. The resulting polygons can then be 

used to create floodplain maps that portray flood inundations in the watershed. This 

ability is further enhanced with the advances in Geographic Information System (GIS) 

packages. GIS is an organized amalgam of computer hardware and software, network, 

data, and procedures that have the ability to collect, classify, and process large amounts 

of geospatial information. GIS has been used in a wide range of applications from civil 

and environmental engineering to the social sciences. 
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Over the years, GIS has played an increasingly significant role in hydrology, 

partly due to technological improvements in the power and capabilities of personal 

computers and remote sensing equipment. The applications of GIS in hydrology include 

basin or watershed delineation, runoff computations, hydrologic and hydraulic analyses, 

and floodplain maps creation. Input parameters in hydrologic models such as 

precipitation data, topography, land use, and imperviousness can also be processed and 

enhanced in GIS. 

Besides its data processing prowess, GIS also "provides a framework for 

integrating data from disparate sources," as stated by Gumell and Montgomery (1998). 

This allows the researcher to freely choose whichever hydrologic and/or hydraulic model 

that he or she views as appropriate, since GIS has the potential to serve as a data bridge to 

link data transfer between those models. 

The data structure in GIS is usually split between two categories: vector and 

raster. Vector data are points, lines, or polygons that may represent or connect certain 

features. For instance, points may be associated with rain or stream gauges; lines with 

rivers or streets; and polygons with watersheds or lakes. In contrast, raster data comprise 

rectangular grid cells with each cell containing specific information such as spatial data 

and their associated attributes. Vector data differs from raster data in that multiple 

attributes can be associated with any points, lines, or polygons, while in raster data, only 

a single attribute is associated with each grid cell. Examples of raster data include the 

digital elevation model (DEM) and radar rainfall information. DEM consists of specific 

integers that represent the spatial distribution of elevations. It usually represents the 



average elevation over a specified segment of the landscape. Applications in hydrology 

often combine both vector and raster data. 
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To increase the quality of data collection, various remote sensing techniques (i.e. 

lasers and satellite imageries) have been utilized and improved. Among the results of 

these improvements are more complete and extensive databases of land use and higher 

resolution DEMs. The United States Geological Survey (USGS) has made available 90-

meter resolution DEMs for most areas in the United States. However, 30-meter, and even 

10-meter resolution DEMs have become increasingly common. A raster DEM can be 

used to automatically delineate the watershed boundaries and stream network, draining to 

a selected point or for an entire region. Since many watershed boundaries are delineated 

in GIS using DEM (Ogden et al. 2001), these improvements are most welcomed. 

Fig.2.4. LiDAR operation schematic (adaptedfrom wwwfugroearthdata.com) 

Another application of remote sensing technologies is the use of Light Detection 

and Ranging (LIDAR), as shown in Fig. 2.4. In the U.K., LIDAR with a ~0.3 m spatial 
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resolution has been used to survey the topography (Bates, 2004). In essence, LIDAR 

operates by emitting high frequency lasers (~5-33 KHz) to the surface from an aircraft or 

a helicopter, and recording the travel time for the laser to return to the sensor. When the 

laser hits vegetation, a portion of the laser will be reflected from the canopy while the 

other portion will continue until it reaches the surface before returning to the sensor. The 

difference between the two can then be calculated and the heights of the vegetation be 

determined. This ability is extremely useful to approximate floodplain resistances used in 

distributed hydrologic models. The use of GIS and remote sensing applications in this 

thesis will be discussed and demonstrated further in the next few chapters. 



Chapter 3: Model Development and Calibration 

To address the research objectives presented in Chapter 1, the first step is to have 

an operational hydrologic model of the study area. This chapter discusses the 

development and calibration of the hydrologic model for the Oyster Creek Watershed. 

The general procedures for the hydrologic model development and calibration in this 

thesis are as follows: 

1. Export existing hydrologic model from HEC-HMS 2.2 to HEC-HMS 3.3. 

2. Acquire rainfall data, both theoretical (design storms) and actual (rain gauges, 

NEXRAD). 

3. Convert rainfall to direct runoff using a hydrologic model, HEC-HMS that produces 

hydro graphs of flow versus time. 

4. Compare the resulting flow rates with available stream gauges data. 

5. Calibrate model by adjusting hydrologic parameters to match observed flow rates. 

3.1 Model Setup 

Since existing hydrologic models of the Oyster Creek Watershed were already 

available in HEC-HMS, it was natural to continue using HEC-HMS for this study, albeit 

with a newer version. The HEC-HMS 3.3 model was chosen due to its more intuitive user 

interface as well as better compatibility with the hydraulic model, HEC-RAS. There are 

three distinct model sections for a project in HEC-HMS: the Basin Model, the 

Meteorologic Model, and Control Specifications. The Basin Model stores information 

pertaining to the basin or watershed, such as sub-basin areas, loss parameters, as well as 
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routing and connectivity data. In the Meteorologic Model, one can input precipitation 

data. This precipitation information can be either design storms or actual rainfall events. 

It is important to point out that the software also has the capability to model gridded 

rainfall data, for example radar rainfall that is estimated by NEXRAD. Finally, the 

Control Specifications allow users to input timing information regarding the model, such 

as start time, end time, and time intervals used in simulations. 

Fig.3.I. HEC-HMS 3.3 Basin Model o/Oyster Creek Watershed 

In HEC-HMS, rainfall excess can be converted to surface runoff via a number of 

methods: Clark UH, Snyder, SCS UH, or user-specified UH. Since the software has the 

capability to model gridded rainfall information as mentioned previously, it allows for a 

quasi-distributed linear transformation to calculate runoff at a spatially-distributed 

watershed. A number of flood routing options are also available to users in HEC-HMS: 

the Muskingum method, the lag method, the Modified PuIs method, the kinematic wave 
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method, and the Muskingum-Cunge method. The Muskingum method is used for general 

routing; the lag method is used for routing where no attenuation is necessary; the 

Modified PuIs method allows one to input specific storage-discharge relationships in the 

model; and both the kinematic wave and the Muskingum-Cunge methods allow different 

channel cross-section shapes to be modeled. In this thesis, the Clark UH transform 

method and the Modified PuIs routing method were used. 

After exporting the hydrologic model of Oyster Creek from HMS 2.2 to HMS 3.3, 

the performances of the latter model were tested. Both 10-year and 100-year design 

storms were used to compare the hydrological responses of the two models at several 

junctions along the watershed. The hydro graphs produced by the newer HEC-HMS 3.3 

model compared well with the older HEC-HMS 2.2 model. Posing no significant 

differences between the two models, calibration efforts were continued in HMS 3.3. 

3.2. Model Calibration 

The existing HEC-HMS model was created based on a number of design storms, 

ranging from a 10-year storm to a SOO-year storm. To test the performance of the model, 

actual storm events were needed. In order to achieve this goal, several storm events that 

occurred in Sugar Land and its surrounding vicinity were considered. An important factor 

of consideration was the availability of stream and precipitation gauges information 

during those storm events. Recent events that occurred in 2009 and 2010 were selected to 

be analyzed. From those events, two storms from April 2009 and May 2010 were selected 

for calibration (see Table 3.1). 



Start 

4/27/2009 
5/14/2010 

End 
4/29/2009 
5/15/2010 

Gauges (in) 

2.6 

3.5 

Radar (in) 

2.4 

2.7 

Table 3.1. Analyzed storms f or model calibration 
(Note: Va lues for both gauges and radar are total rainfall averages of the entire watershed) 
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An important source of rainfall data was gauge-calibrated radar rainfall, obtained 

from Vieux and Associates. Although a few events in prior to 2009 were considered, 

based on the poor agreement between information obtained from rain gauges and radar, 

those storms were ultimately not analyzed. Furthermore, the discarded storms were not 

substantial enough to be selected, since the total rainfall during these events did not 

exceed 2 inches, and would therefore not be a good fit for proper calibration. 

Fig. 3.2 NEXRAD rainfall fo r May 14, 2010 

Radar rainfall data were chosen to be input into HEC-HMS 3.3 instead of rain 

gauges information since NEXRAD provided specific rainfall information for each of the 

33 sub-basins in the watershed, whereas rain gauges were only available at a few 
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particular locations and hence the results would not be representative of the entire 

watershed. Another advantage of NEXRAD over rain gauges is that radar rainfall data 

was recorded consistently every 5 minutes. In contrast, rain gauges information was 

generall y not recorded on regular intervals, causing gaps between recorded data points 

over a significant period of time during a storm event. A major disadvantage of rain 

gauges is that they require regular maintenance to ensure that they operate properly. 

Severe weather, vandalism, and other problems may prevent rain gauges from working 

properly. In contrast, radar is less susceptible to these problems. Therefore, the 

availability of radar rainfall data is crucial to perform accurate hydrologic analyses of the 

watershed. After running the hydrologic model with these two storms, the resulting flow 

rates were compared to observed flows from available stream gauges (see figure below). 
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Fig.3.3. Stream gauge locations along Oyster Creek 
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3.2.1. Green and Ampt Infiltration 

One significant factor that affects the accuracy of hydrologic modeling is 

infiltration, because it can influence runoff volume, especially in areas with higher 

conductivity soils. According to Bedient et al. (2008), the Green and Ampt method, 

which originated in 1911, has been widely used due to its ability to forecast "cumulative 

infiltration as a function of time and readily available soil parameters." As evidence, this 

method was used in various Houston watersheds after Tropical Storm Allison in 2001. It 

was also adapted in the Fort Bend County Drainage Criteria Manual, which was the basis 

of existing hydrologic studies performed for Sugar Land. The original Green and Ampt 

equation is as follows: 

(3.1) 

where fis the infiltration rate, F is the cumulative depth of water infiltrated into soil, Ks 

is the saturated hydraulic conductivity, Mdis the moisture deficit, and If1 indicates wetting 

front suction head. 

Since the Green and Ampt infiltration method was used in existing hydrologic 

models, the various parameters that influence the Green and Ampt equation were 

considered for calibration. These parameters are the hydraulic conductivity (Ks), the 

moisture deficit (Md), and the wetting front suction head (tJi). Among the three 

parameters, the hydraulic conductivity is the limiting factor of water transmission rate 

(Bedient et al. 2008). Therefore, various values of hydraulic conductivities were used to 

see their effects on the hydro graphs simulated by the model for a 10-year design storm on 

a particular sub-basin, as shown in the Figure 3.4 below: 
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Fig.3.4. K variations vs. Original HEC-HMS Model 
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The original model has a uniform hydraulic conductivity (K) value of 0.15. When 

the K values were decreased, increasing peak flows as well as overall volume (the area 

under the curves) were observed. Likewise when K values are increased, the peak flows 

as well as the volume decrease. Another observation that can be made from this figure is 

that variations of hydraulic conductivities also result in changes in time to peak. K values 

that are smaller than the original model have longer time to peaks, while the opposite 

were observed for the larger K values. 

3.2.2. Clark UH Transform Method 

The Clark UH method models a watershed as a linear channel that is linked with a 

linear reservoir to account for hydrograph translation and peak flow attenuation based on 

time-area relationships. This method differs from other synthetic unit hydrograph 
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methods such as the Snyder and the SCS methods in that it is an instantaneous unit 

hydro graph (lUH). This means that although the Clark UH theory follows the 

fundamental principle of a unit hydro graph (the series of runoff is the result of one inch 

of excess rainfall applied uniformly over a watershed), the excess rainfall duration is 

infinitesimally small. Another unique characteristic of the Clark UH method is the 

assumption that the volume of runoff generated from each time-area increment is directly 

proportional to the areal extent of that particular increment. 

Two major parameters in the Clark UH method are the time of concentration, Tc, 

and the storage coefficient, R. T c is defined as the runoff travel time between the most 

hydraulically remote portion of a sub-basin and the outlet, whereas R represents the slope 

ofthe storage-discharge relationship for a linear reservoir (Bedient, Huber, and Vieux 

2008). These parameters are important because they affect how hydro graphs are routed 

from one location in the channel to the next. Both T c and R values are usually determined 

from observed hydro graphs in gauged basins. In ungauged basins, these values are 

determined from region-specific regression equations. 

The T c and R values used in existing hydrologic models were determined based 

on the following equations (3.2 through 3.4) set by the Fort Bend County Drainage 

Criteria Manual: 

(3.2) 

Te = (Fe + R) X 0.38 (log So) (3.3) 

R = (Fe + R) - Te (3.4) 
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where Tc denotes Clark's time of concentration, R is the storage coefficient, L is the 

length of the longest watercourse within the drainage area in miles, S is the average slope 

along the area's longest watercourse in feet/mile, N is Manning's weighted roughness 

coefficient along the longest watercourse, So is the average basin slope of overland 

draining into the longest watercourse in feet/mile, and I is the effective impervious ratio. 

The effects of varying Tc and R on the resulting flow rates from a IO-year storm at a 

particular sub-basin can be seen on the following figures: 
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Fig.3.S. Tc Variations vs. Original HEC-HMS Model 

Figure 3.5 shows the effects of varying time of concentrations (Tc) on flow rates. 

It appears that although the times to peak changed slightly with varying T c values, the 

peak flows and the overall volume remained relatively constant with respect to the 
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original model. While Tc variations did not produce significant changes in outflows, 

storage coefficient variations (R) behaved differently. 

As can be seen in Fig. 3.6, varying R values affected peak flows, time to peaks, 

and the overall volume and shape of the hydrographs. By performing sensitivity analyses 

of K, Tc , and R values, it was evident that it would be difficult to match the model with 

the observed flow recorded by stream gauges by adjusting a single parameter. With this 

knowledge in mind, combinations of K, Tc, and R values were adjusted. 
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Fig. 3. 6. R Variations vs. Original HEC-HMS Model 

3.2.3. Calibration Results 

Due to limited stream gauge data availability, hydrographs could only be 

compared at two locations: JOC-7 A (Location A) and JOC-14 (Location F), the results of 

which can be seen in the following graphs: 
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Fig. 3. 8. Hydrographs Comparison f or May 2010 Storm 

Initial hydrograph comparisons between the simulated model and the observed 

flow data showed significant discrepancies in peak flows and volumes for both storms 
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(refer to Tables 3.2 and 3.3). To alleviate this , a number of parameters in the model were 

adjusted, including infiltration loss values and the Clark UH transformation parameters. 

These were adjusted both manually by performing sensitivity analyses on various 

parameters as well as automatically from the optimization tool available in HEC-HMS. 

Generally, the calibrated model had lower hydraulic conductivities, slightly lower Tc 

values, and higher R values compared to the original model (refer to Appendix A for 

details on the calibrated model parameters). The error comparisons of the original and 

calibrated model for the two storms are as follows: 
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Volume Error (%) 41.48 16.13 1.95 

Peak time error -5.8 1.5 5 6 

Table 3.2. Error comparisons for April 2009 storm 

I Original Model I Calibrated Model 

Peak Error (%) 28.89 0.81 

Volume Error (%) 28.20 1.53 

Peak time error (hrs) -1.2 -0.7 

Table 3.3. Error comparisons for May 2010 Storm at Location F 

Although the results of calibration showed better fit in terms of peak flows and 

volumes between the observed stream flows and the simulated model (see Tables 3.2 and 

3.3 above), the calibrated model was only validated for two relatively small storms. The 

limited calibration results might suggest that the same parameter adjustments may not be 

applicable to larger storms (Freer, Beven, and Ambroise 1996). Furthermore, the peak 

time error of 6 hours in the calibrated model for the April 2009 at Location F might be 

related to manual operations of dams and/or flood gates. The operation procedures for 

these flood control structures need to be well documented and understood to improve the 

hydrologic model performance. Therefore, it is imperative that the current model be 

continually updated and compared with more storms in the future and updated as deemed 

necessary to improve its accuracy and reliability. 



Chapter 4: Flood Vulnerability Assessment 

4.1. Hydrologic and Hydraulic Analyses 

The next step after the hydrologic model is set up and calibrated is to assess the 

flood vulnerability of the Oyster Creek Watershed. This is done by performing both 

hydrologic and hydraulic analyses of the watershed. First, the hydrologic model was run 

under two design storms: 10 year (10% frequency rainfall) and 100 year (1 % frequency 

rainfall), and their respective outcome models were compared. After obtaining 

hydro graphs from HEC-HMS, the next step was to input peak flows into the hydraulic 

model, 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. HEC-RAS 

is also used for a wide range of applications, such as floodplain management, flood 

insurance studies, and determination of flood-prone areas. 

HEC-RAS is often used in conjunction with HEC-HMS to determine flow rates 

and flood elevations at the basin of interest. HEC-HMS calculates flow rates at various 

points or junctions along the channel during a storm event. The resulting peak flows are 

then imported to HEC-RAS to perform steady-state calculations at corresponding river 

stations along the channel to determine water surface elevations (see table and figure 

below). 
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Table 4.1. HEC-RAS river stations with correspondingjunctionsfrom HEC-HMS 

In steady flow calculations, time-dependent parameters are not included in the 

energy equation. Therefore, several conditions are assumed: flow is steady and gradually 

varied, flow is one-dimensional, and the river channels have slopes less than 1: 1 O. 

Violations in any of these assumptions would result in error. On situations where steady

state assumptions cannot be made, HEC-RAS has the ability to perform unsteady-state 

calculations based on a simplified form of St. Venant equation. A flow is characterized as 

unsteady when flow varies with time at a particular location. An unsteady-state model 

allows for a more accurate depiction of the watershed's hydraulic characteristics 

compared to a steady-state model due to the additional time component. One would be 

able to track the channel's water surface elevations during a storm event in user-specified 

time intervals. To perform the necessary unsteady-state calculations, HEC-RAS 

incorporates the Unsteady NET (UNET) simulator. In this case, entire hydrographs 
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instead of peak flows are imported from HEC-HMS. One advantage of using HEC-RAS 

as means for hydraulic analyses is its ease of data transfer between HEC-RAS and HEC

HMS. For example, HEC-RAS is able to calculate storage-discharge relationships by 

correlating a series of water surface profiles with their corresponding discharges. The 

storage-discharge relationships, which are also known as rating curves, can then be 

transferred back to HEC-HMS to be used for model calibration. 

Existing steady-state HEC-RAS models of Upper Oyster Creek basin were 

available. However, since the existing models used flow data from HEC-HMS 2.2, the 

models were updated using information obtained from HEC-HMS 3.3. Steady-state runs 

with 10-year and 100-year design storms were initially conducted. Peak flows from HEC

HMS were inputted into HEC-RAS, instead of entire hydrographs. 

Fig.4.1 . Steady-state HEC-RAS lO-Year 3D Profile a/Oyster Creek 

While steady-state results do not provide realistic depictions of how the water 

elevations in the watershed vary with time, they do provide conservative results showing 
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worst case scenarios that are useful for floodplain mapping, development strategies, and 

evacuation planning purposes. Steady-state, as opposed to unsteady-state runs were 

chosen since they are based on hypothetical design storms that do not depict real storm 

events. Moreover, unsteady-state models require significant geometry preprocessing 

times before the models can be run. Therefore, for the purposes of this thesi s, only 

steady-state analyses in HEC-RAS were performed. 

4.2. Identification of Flood Prone Areas 

In order to identify flood prone areas along Oyster Creek, locations with high 

flow rates were identified in the HEC-HMS 3.3 model for 10 and 100 year design storms 

and inundated areas were identified using the HEC-RAS model. 
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FigA.2. lOO-year outflows at selectedjunctions j rom HEC-HMS 3.3 

High flow rates within HEC-HMS 3.3 were determined by tabulating and 

graphing flows in Microsoft Excel for all junctions along the main channel of Oyster 
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Creek, going back and identifying peak flows at each junction, and finally selecting the 

junctions with the highest flow rates. Generally, the highest flow rates were observed at 

downstream junctions along Oyster Creek (JOC-IS and beyond). 

Fig.4.3. HEC-RAS Steady-State IOO-year 3D Profile showing areas offlooding concern 

Areas prone to flooding were determined in HEC-RAS by noting areas where 

water overtopped the main channel. It is worth pointing out that high-flow areas 

identified in HEC-HMS did not necessarily coincide with water-inundated areas observed 

in HEC-RAS outputs. In HEC-HMS, areas with high flows generally occurred in the 

downstream portion of Oyster Creek (JOC-IS onwards). However, HEC-RAS outputs 

showed that flooding mostly occurred between JOC-4 and JOC-IO shown in Fig. 4.3. 

This discrepancy may be attributed to the varying hydrologic and hydraulic capacities of 

channel cross sections along Oyster Creek. Based on these results, several structural flood 

control scenarios were analyzed to see their effectiveness for flood mitigation. 
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4.3. Assessment of Structural Flood Control Scenarios 

As shown in Fig. 4.3, it appeared that varying degrees of flooding would occur 

along Oyster Creek for a 100-year storm. A number of flood control scenarios were then 

simulated in both HEC-HMS and HEC-RAS to see the effects of structural solutions on 

flood mitigation. These scenarios involve adding diversions and detention ponds in HEC

HMS, as well as performing channel modifications in HEC-RAS with a 100-year design 

storm. The flood control scenarios are as follows: 

• Scenario A - Diversion: In this option, two diversions were inserted prior to JOC-4 

and JOC-IO. 

Figure 4.4: Scenario A - 2 diversions in HMS 3.3 

• Scenario B - Channel modification: To assess the effects of channel modifications 

on water surface elevations, the values of Manning's roughness were modified in 

HEC-RAS. The existing models had channel roughness values of 0.04, which was 



typical for a well-maintained natural channel. These values were then modified to 

0.02, which represented smooth, concrete-lined channels. 
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• Scenario C - 2 detention ponds: Two detention ponds were inserted prior to JOC-4 

and JOC-lO in the HEC-HMS 3.3 Basin Model. The elevation-storage-discharge 

relationships of the new ponds were adapted and extrapolated from an existing 

upstream detention pond (RG_Pond). 
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Figure 4.5: Scenario C - 2 detention ponds in HMS 3.3 

Scenario D - 5 detention ponds: Similar to Scenario C, five detention ponds were 

placed throughout the watershed instead of two. The detention ponds were placed 

upstream from JOC-4, 6, 7, 9, and 10. 
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Figure 4.6: Scenario D - 5 detention ponds in HMS 3.3 
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• Scenario E - 3 detention ponds with channel modifications: A combination of 3 

detention ponds with modified channel roughness values were used to assess the 

effects on flood mitigation. 

~\f !~ 

Figure 4.7: Scenario E - 3 ponds with channel modifications 
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The structural options considered in this study resulted in varying degree of 

success in reducing water surface elevations from JOC-4 to JOC-9, with the most 

significant reduction observed in Scenario E (refer to Fig. 4.8). However, three of the five 

scenarios (Scenarios A, D, and E) failed to provide significant flood protection 

downstream of JOC-I0 (i.e. JOC-II to JOC-13). 
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Figure 4.8: WSEL profiles of a) Existing J 00-year and b) Scenario E 
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Table 4.2 shows water surface elevations (WSEL) along Oyster Creek in feet with 

the different flood control scenarios. All these scenarios were performed with a IOO-year 

design storm. 

Locations Existing 1% A B C 0 E 

JJC 85.31 84.87 83.21 84.86 84.45 82.41 

JOC-1 83.09 82.61 81.01 82.61 82.15 80.15 

JOC-2 82.67 82.11 80.69 82.1 81.53 79.66 

JOC-3 81.9 81.03 79.81 81.02 79.69 77.83 

JOC-4 81.7 80.77 79.66 80.77 79.15 77.44 

JOC-5 81.24 80.67 79.32 80.65 78.84 77.23 

JOC-6 80.02 80.21 78.6 80.16 78.01 76.63 

JOC-7A 78.95 78.93 78.09 78.74 77.4 76.29 

JOC-7 78.77 78.73 77.96 78.52 76.8 75.87 

JOC-8 77.99 77.91 77.67 77.53 75.94 75.5 

JOC-9 74.39 75.3 73.36 73.18 75 .02 74.93 

JOC-10 73.67 75.2 72.82 72.57 74.95 74.89 

BL-Div 72.34 75.14 72.34 71.63 74.87 74.87 

JOC-11 71.34 72.71 70.48 70.28 72.74 72.55 

JOC-12 71.25 72.68 70.47 70.21 72.71 72.54 

JOC-13 70.04 72.45 70.04 69.17 72.47 72.47 

JOC-14 63.98 63.76 63.98 63.78 63.77 63.77 

JOC-15 63.38 63.25 63.38 63.26 63.25 63.25 

JOC-16 62.13 62.1 62.13 62.1 62.1 62.1 

JOC-17 61.39 61.4 61.39 61.4 61.4 61.4 
JOC-18 60.9 60.9 60.9 60.9 60.9 60.9 

Table.4.2. WSEL Comparisonjor Varying Flood Control Scenarios (all results injeet) 
(Note: Values in red indicate increased WSEL compared to the existing 1% storm) 

The WSEL results from the different scenarios imply that structural solutions alone are 

insufficient to provide the necessary protection from flood damage. This statement is 

especially true when considering a number of man-made flood control structures such as 

dams and diversions are already present in the watershed. These structures might not be 



able to withstand the hydrologic and hydraulic demands associated with future 

development within the city and the watershed. Therefore, to address the sustainability 

issues, conjunctive use of a structural option with other non-structural flood mitigating 

strategies should be considered. An example of the non-structural solution would be a 

reliable and operational flood warning system, which would be discussed in the next 

chapter. 
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Chapter 5: Sugar Land Flood Alert System (FAS) 

5.1. General Framework 

A framework for a real-time flood alert system (F AS) has been developed by 

Bedient et al. (2003) to provide advanced flood warning information for the Texas 

Medical Center in Brays Bayou (Houston, TX). This system uses basin-averaged, real

time radar rainfall in a lumped hydrologic model, HEC-I to convert rainfall intensities 

and durations to peak flows at particular points of interest. Different alert levels are 

assigned to specific rainfall intensities, durations, and flow rates. These alerts are 

delivered automatically through the internet to the Texas Medical Center personnel. F AS 

has been tested on several occasions, and the results have shown that it was successful in 

providing flood warning lead time up to 2-3 hours. Using the same framework of the Rice 

University-Texas Medical Center F AS, the real-time flood warning system for Sugar 

Land is developed. 

5.2. HEC Modeling 

In order to provide real-time hydrologic flood forecasting, a HEC-I model of the 

Oyster Creek Watershed is built (refer to Appendix F for the HEC-I scripts of the Oyster 

Creek Watershed), using the parameters that have been calibrated from HEC-HMS 3.3. 

The decision to choose HEC-I over HEC-HMS 3.3 is strictly due to scripting 

compatibility issues. The performances of the HEC-I model are compared to the HEC

HMS 3.3 model by simulating both the 10-year and the 100-year design storms, the 

results of which can be viewed in Appendices BI and B2. 
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The HEC-I model generally produced similar results with the HEC-HMS 3.3 

model, with average peak flow differences of 2.5% and 1.1 % for the IO-year and 100-

year design storms. Based on these results, the HEC-I model is considered ready to be 

used in real-time hydrologic flood forecasting. At the time of this writing, the HEC-1 

model is on the process of being uploaded to a server to be implemented in Sugar Land's 

FAS. Real-time sub-basin averaged radar rainfall data will be input into the model during 

a storm event. The results of the hydrologic computations will then be shown on the 

Sugar Land's FAS website (see Fig. 5.1), which will be updated every 15 minutes as the 

storm progresses. The performances of this model will have to be assessed and validated 

in future storm events. 

CITY OF SUGAR LAND 
rlOOD ALERT Y 1[M 

·;mS' •• ,ffi@!.I.'. 

UfJZilS 

GIl '.j€!'rl~ 

SubBasins ~J 1-Hour Intensity 3-Hour Intensity he map overlay depicts rainfal l intensity (inches per hour) in 
SubBasins from the most recent 1-Hour cumulaltve rainfall estimate 

e legend from the radar page is also used here 

Figure 5.1: Sugar Land Flood Alert System (http://ike.oystercreek.flood-alert.org) 
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5.3. Flood Inundation Mapping 

The next step in Sugar Land's FAS is the creation of floodplain maps to visualize 

flooding inundation during storm events. One particularly useful feature ofHEC-RAS is 

generating water surface profiles by running hydraulic simulations that can then be 

exported into a GIS software (i.e. ArcGIS). When elevation data are available (for 

example LiDAR and USGS DEM), ArcGIS can process the water surface profiles to 

create floodplain maps of that watershed. A plug-in tool, HEC-Geo-RAS, is required to 

activate this floodplain map generation feature in ArcGIS. In this thesis, the elevation 

dataset are obtained from the United States Geological Survey (USGS) National Map 

Seamless Server (http://seamless. usgs.govlwebsitelseamlesslviewer. hIm). The 32-feet 

resolution elevation data from Fort Bend County are processed to produce the watershed 

DEM. 

Using generated water surface profiles based on the calibrated hydrologic and 

hydraulic models, the resulting lO-year and lOO-year floodplain maps were created 

(Figure 5.2 and Figure 5.3). Comparing both maps, it appears that the upstream portions 

of the watershed are generally more prone to flooding, as evidenced by the depicted 

water levels. It is important to mention that the water levels shown in the figures might 

not accurately represent the actual conditions of the watershed. There are three major 

factors that may cause this occurrence: the use of a steady-state hydraulic model, the 

inherent limitation of a one-dimensional (lD) hydraulic model, and the resolution of the 

elevation dataset. 
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Figure 5.2: CalibratedlO-year Floodplain Map o/Oyster Creek 

Figure 5.3: Calibrated lOa-year Floodplain Map o/Oyster Creek 
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First of all, the generated floodplain maps are based on steady-state HEC-RAS 

models, where only peak flows instead of entire hydro graphs are simulated. Since it is 

highly improbable that all locations in the watershed would experience peak flow rates at 

the same time, the resulting flood inundation levels would be higher than what they 

should be. The next factor that contributes to the unrealistic depiction of water levels is 

the inherent limitation of the hydraulic model itself. Since HEC-RAS is a one

dimensional (I-D) hydraulic model, it does not take into account lateral flow. This means 

that water cannot flow beyond the extents of the defined channel cross sections in HEC

RAS. Finally, the other source of error in the floodplain map generation is the limited 

resolution of the elevation dataset used in this study. The DEM obtained from USGS has 

a 32 feet resolution, which is very likely to introduce some inaccuracies in depicting the 

elevation distribution throughout the watershed. 

To remedy the first problem, conducting unsteady-state simulations in HEC-RAS 

that account for entire hydro graphs instead of peak flows will depict the watershed's 

hydraulic response more accurately. For the second problem, one might attempt to 

increase the extents of the cross sections in HEC-RAS by conducting field surveys. 

Another solution is to use a 2-D hydraulic model such as the XP2D module of 

XPSWMM that has the capability to incorporate lateral flows. To address the third 

problem, a higher resolution elevation dataset (i.e. LiDAR with 1 meter resolution) 

should be c. All these improvements have not been implemented and would have to be 

addressed in future studies. In the meantime, although the steady-state floodplain maps 

are unlikely to provide accurate flood water levels, they are useful to identify the most 

flood-susceptible areas in the watershed. This may help city officials in determining 



critical areas for emergency or evacuation planning, traffic control, and other decision

making process. 

5.4. Floodplain Map Library (FPML) 
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One potential future work in Sugar Land's FAS is to provide real-time 

visualizations of flood inundation as storms progress. Although HEC-RAS has the 

capability to delineate floodplains when flow rates are input at corresponding river 

stations, relying on it to create numerous floodplain maps in real-time during a storm 

event would be difficult due to its large computational load requirement and its 

inconsistency in data processing. To avoid this problem, Fang et ai. (2008) have 

developed a method where the floodplain maps are created ahead of time and compiled in 

a database called the Floodplain Map Library (FPML). This method has been applied in 

the Rice-TMC F AS for the Brays Bayou Watershed and has generally shown great 

success in its implementation. 

FPML consists of over a hundred pre-delineated floodplain maps based on 

various storm scenarios categorized by their rainfall totals, frequencies, durations, and 

spatial variations (Fang et aI., 2008). The FPML has a unique map selection algorithm 

that approximates NEXRAD total rainfall for the past 24 hours during each cycle of the 

operation, then accumulates rainfall totals from the watershed, and compiles them into 3, 

6,9, 12, and 24-hour totals. The rainfall totals are converted into rainfall intensity values, 

which are then used to select the most representative floodplain map based on the current 

rainfall conditions in the watershed for the next 1-2 hours. Following the same 

methodology, the FPML might also be applied in the Oyster Creek Watershed in the 



future to show real-time flooding levels in the watershed. In the meantime, the next 

chapter will discuss an alternative flood control option that only uses radar rainfall to 

provide simplified visualizations of flooding potential in the watershed, the Flood 

Warning Indicator (FWI). 
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Chapter 6: Flood Warning Indicator (FWI) 

6.1. Motivation and Purpose 

The limited availability of recorded gauge data during storm events has proven to 

be the limiting factor in model calibration efforts. Ideally, an accurate real-time flood 

warning system requires calibration of radar rainfall with information recorded by a 

dense gauge network. This requirement is not a huge obstacle in big cities such as 

Houston, where it has the necessary resources to build and maintain an extensive gauge 

network. However, not every city or watershed has the ability to do the same. 

Moreover, although a city or watershed may possess sufficient gauges for 

monitoring and calibration, there is no guarantee that they would be fully operational 

during severe storm events. Compared to radar, gauges are more prone to mechanical 

failures and data transmission problems. The unreliability of gauges is evident in the 

calibration process of Oyster Creek, where only two out of the six stream gauges (Gauges 

4483 and 4153, Fig. 3.3) recorded both the April 2009 and May 2010 storms. In a larger 

storm (approximately 7 inches of total rainfall) that occurred on July 2010, the event was 

not recorded by the gauges entirely. Due to these considerations, this thesis introduces the 

radar-based Flood Warning Indicator (FWI), a flood warning tool that minimizes the 

dependence on a gauge network during storms. By only using radar rainfall, the FWI is 

able to portray potential flooding problems in specific areas within a watershed. The 

purpose of this tool is to serve as the first line of defense during storm events, especially 

for city officials to deploy personnel to the area of concern to verify and determine the 

extents of flooding. With this information, the city may then be able to plan for any 

necessary actions, such as evacuation planning and traffic control. 
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6.2. Characteristics 

One important characteristic of the FWI compared to other flood warning 

mechanisms is that it does not rely on floodplain maps to show flooding potential. 

Although floodplain maps are extremely useful to show areas of inundation within a 

watershed, huge amounts of data collection and processing times are required for their 

generation. For complex watersheds such as Oyster Creek, which has many manmade 

flood control structures such as dams and diversions; accurately modeling the hydrologic 

and hydraulic responses of the watershed becomes problematic. Manually-operated flood 

control devices such as flood gates and sluice gates also add to the complexities of 

modeling, since they may skew the model results. Hence, accurate models require full 

understanding of the standard operating procedures of these manually-operated devices in 

addition to knowledge of the numerous hydrologic parameters of the watershed. 

The FWI, on the other hand, does not depend on these factors to work properly, 

since it only relies on accurate radar rainfall information during storm events. This 

reduces data requirements and processing times, making it an effective tool to provide 

useful flood warning information in a simplified, timely manner. One limitation of the 

FWI, however, is that it would not be able to provide detailed information regarding the 

extents and exact locations of flooding within the particular region in the watershed, since 

it was never intended for this purpose. Despite this limitation, the FWI tool is ideal to be 

applied in relatively small, suburban watersheds that do not experience large storms 

frequently or possess the necessary resources to build and maintain an extensive gauge 

network. 



59 

6.3. Methodology 

As mentioned previously, the FWI only uses real-time radar (NEXRAD) rainfall 

to show potential flooding problems. Radar rainfall is averaged for specific, pre-defined 

regions in the watershed. During a storm event, the rainfall amount that falls into the 

regions for a particular time interval is linked with a specific alert level. The city officials 

may then use this information to verify the extents of flooding in the region of concern. 

The following sections will discuss the development of FWI in more detail. 

6.3.1. Delineating FWI Regions 

The first step in formulating the FWI is to divide the Oyster Creek Watershed into 

5 separate regions (see Fig. 6.1), based on sub-basins areal extents, land uses, population 

densities, and time to peak (refer to Appendix C to see the breakdown of each region with 

individual sub-basins). Each region covers approximately 9 square miles with 6-7 sub-

basins. Ideally, regions should not be too small to maintain its simplicity. Likewise, they 

should also not be too large in order to show sufficient detail. 

Region Area (sq. mi.) 

1 10.3 

2 8.5 

3 10.9 

4 6.9 

5 8.5 

Figure 6.1: FWI Region Delineation and areal extents 
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To test the performances of the delineated FWI regions, the patterns for both 

gridded radar rainfall distribution and the region-averaged radar rainfall data are 

compared to a storm that occurred in July 2010 (see figure below). 

/ G'Mft 

07/01/2010 at 6 AM 

" / 

/ 
07/01/2010 at 6 PM 

Figure 6.2: Total rainfall distribution comparison for July 2010 storm 

(Note: Images on the left column are gridded radar rainfall. Images on the right column are FWI region
averaged radar rainfall. Color indicates cumulative rainfall with green: less than I inch of rainfall; 
yellow: J -3 in; orange: 3-5 in; and red: greater than 5 in.) 
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This storm had a total rainfall amount of7 inches which started in June 30, 2010 and 

ended in July 2,2010. The comparison results from Fig. 6.2 show that the FWI regions 

generally corresponded well with the rainfall distribution patterns obtained from the 

gridded radar rainfall. Although not identical, the rainfall patterns of the FWI regions 

were comparable to the ones of the gridded radar rainfall. Having the FWI regions 

delineated, the next step in the FWI procedure is to perform historical rainfall analyses. 

6.3.2. Historical Rainfall Analysis 

To determine the threshold levels for FWI, detailed rainfall amount, intensity, and 

duration from various storms were analyzed and compiled in a database. The data for 

Fort Bend County (obtained from TxDOT, 2004) were used for this analysis. 

b 
1=----

(Td + d)e 
(6.1) 

Equation 6.1 denotes the rainfall intensity-duration frequency (IDF) relationship that is 

applicable to Fort Bend County, where I indicated design rainfall intensity in infhr.; Td is 

the time of concentration or duration of rainfall in minutes; e, b, and d are coefficients for 

specific frequencies based on the National Weather Service Technical Paper 40 (NWS 

TP-40). The IDF coefficients used are listed on the following table: 

Coefficient 50% 20% 10% 4% 2% 1% 
e 0.804 0.760 0.751 0.729 0.726 0.710 
b 70 71 80 84 91 92 
d 7.9 8.1 8.1 8.1 8.1 7.9 

Table 6.1: IDF coefficients for Fort Bend County, TX 
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Based on equation (6.1), the rainfall intensities and frequencies are calculated (see 

Appendix D) and the resulting IDF curves are plotted in Fig. 6.3. 
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Figure 6.3: IDF Curves for Fort Bend County 

Having the IDF curves, rainfall depth and duration for various rainfall frequencies are 

plotted on a logarithmic scale (see Figure 6.4). Several gauge and radar-recorded storms 

were also plotted on the same figure to see which frequencies these storms fit into. As 

one may notice, most of the recorded storms fall within the 50% (2-year storm) category. 

The exception is TS Allison which falls just below the 2% (50-year storm) category. 



g 

"' .... 
c 
'n; 
a: 

63 

14.0 

Fort Bend County Rainfall Duration-FreqUencycurv~ 

12.0 

10.0 

8.0 

6.0 

4.0 

2.0 

0.0 
0.01 0.1 1 

Duration (hours) 

10 100 

Fig. 6.4: Fort Bend County Rainfall Depth Duration-Frequency Curves 
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To further corroborate these findings, an analysis of the historical trend of 

maximum 24-hour rainfall at a particular gauge is conducted. This gauge is located at the 

Sugar Land Regional Airport, and the data were obtained from the National Data 

Climatic Center (NCDC). Data from 1946 to 2010 were analyzed and plotted in Figure 

6.5 below: 
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Fig.6.S: Historical max 24-hr rainfall at Sugar Land Regional Airport 
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The Fort Bend County 24-hr IDF storms were also plotted in the figure for 

comparison. The results showed that most of the storms (-79%) are within the 2-year 
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category, 19% are 5-year, 6% are 10-year, and only 3% are 10-year category storms. The 

results of the historical rainfall analyses are then compared with documented flooding 

occurrences of Fort Bend County, Texas. The comparison is necessary to establish a 

relationship between rainfall intensities and potential flooding hazards, According to the 

Flood Insurance Study of Fort Bend County conducted by FEMA in 2001 , there were 

several notable flooding events caused by severe storms: 

• The October 1994 floods were prompted by heavy rains moving across Burleson, 

Brazos, Grimes and Washington counties. The rains continued southward and 
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affected Jackson, Wharton, Matagorda, Brazoria, and portions of Fort Bend County. 

Total rainfall from the entire storm ranged from 10 to 20 inches. 

• On October 17, 1998, a series of storms moved across the central and south regIOns 

of Texas, dropping up to 22 inches of rain in some areas. Sixty Texas counties 

(24%) reported flooding during October 17-19. Thirty-six counties, including Fort 

Bend County, became eligible for federal and/or state assistance as a result of 

damages suffered from this storm system during this time period. 

• Tropical Storm Allison was formed in the Gulf of Mexico on June 4, 2001 and hit the 

upper Texas coast soon afterwards. After moving northward through the state, it 

cycled back south and reentered the Gulf of Mexico before heading east to Louisiana. 

The storm brought heavy rainfall that caused severe flooding problems, especially in 

Houston, with recorded total rainfall exceeding 40 inches. 

Based on the total rainfall amount and their durations, all these storms are in the 

10-year return period category or higher. This implies that rainfall events with a 10-year 

return period or higher are very likely to cause flooding. Likewise, there are no recorded 

flooding occurrences for storms in the 2-year return period or less category. With this 

information, the relationship between rainfall (intensity, duration, and amount) and the 

likelihood of flooding can be established. 

6.3.3. Determining Threshold Levels 

From the historical rainfall analyses and comparison of flood occurrences, the 

threshold levels with their associated flooding potentials are formulated. FWI operates by 
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following two procedures simultaneously: the rainfall intensity procedure and the rainfall 

total procedure. 

AI t C I 
Rainfall intensity Flooding 

er 0 or (0 I 0) In 15 mm potential 

Green <1 Minimal 

Yellow 1-1.5 Low 

Orange 1.5 -1.8 Moderate 

l ,~ 1 I 1\',( > 1.8 High 

Table 6.2: FWI threshold levels for the rainfall intensity procedure 

In the rainfall intensity procedure (Table 6.2), the FWI will be updated in 15-

minute time intervals. When the rainfall intensity of a region reaches a certain threshold 

during that time interval, that region would be represented with the appropriate alert 

color. The alert colors show four distinct flood potentials, with green indicating minimal 

potential of flooding, yellow indicating a low probability of flooding, orange indicating 

moderate chance of flooding, and red indicating high possibility of flooding. 

In the rainfall total procedure (see table 6.3), FWI accumulates hourly total 

rainfall as a storm progresses. When the rainfall totals of the regions reach a certain 

amount, they would also be assigned a specific alert level. In the operation of FWI, it is 

possible that following one procedure would result in an alert color that is different from 

that of the other procedure. If that is the case, then the "worse" alert color in either 

procedure takes precedence over the other. 

As an example, a region may record rainfall intensities of 0.5,0.7,0.9, and 0.6 

inches in four consecutive IS-minute time intervals for total rainfall duration of 1 hour. In 

the rainfall intensity procedure, the associated alert level would be green. In the rainfall 
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total procedure, however, the alert color would be yellow since the rainfall total at l-hr is 

2.7 inches (0.5 + 0.7 + 0.9 + 0.6 = 2.7 inches). Therefore, that particular region would be 

represented by a yellow alert level instead of green. When a particular region flashes a 

dangerous threat level, for instance orange or red, the city officials might be able to take 

preemptive measures, such as dispatching someone to that particular region of concern in 

order to verify the extents of flooding. 

Rainfall Rainfall Total (in) 

Duration (hrs) "' .. ___ l '~",I 
1 <2.4 2.4 - 2.9 2.9 - 3.4 >3.4 
2 <2.8 2.8 - 3.6 3.6 - 4.2 >4.2 
3 <3.1 3.1 - 4.0 4.0 - 4.7 >4.7 
4 <3.3 3.3 - 4.3 4.3 - 5.1 >5.1 
5 <3.5 3.5 - 4.6 4.6 - 5.4 >5.4 
6 <3.7 3.7 - 4.8 4.8 - 5.7 >5.7 
7 <3.8 3.8 - 5.0 5.0 - 5.9 >5.9 
8 <3.8 3.8 - 5.1 5.1 - 6.2 >6.2 
9 <4.0 4.0 - 5.3 5.3 - 6.3 >6.3 
10 <4.0 4.0 - 5.4 5.4 - 6.5 >6.5 
11 <4.1 4.1 - 5.6 5.6 - 6.6 >6.6 
12 <4.2 4.2 - 5.6 5.6 - 6.8 >6.8 
13 <4.3 4.3 - 5.9 5.9 - 6.9 >6.9 
14 <4.3 4.3 - 5.9 5.9 - 7.1 >7.1 
15 <4.4 4.4 - 6.0 6.0 - 7.2 >7.2 
16 <4.5 4.5 - 6.1 6.1 - 7.4 >7.4 
17 <4.6 4.6 - 6.1 6.1- 7.5 >7.5 
18 <4.6 4.6 - 6.3 6.3 - 7.6 >7.6 
19 <4.6 4.6 - 6.4 6.4 - 7.6 >7.6 
20 <4.6 4.6 - 6.5 6.5 - 7.8 >7.8 
21 <4.6 4.6 - 6.5 6.5 - 7.8 >7.8 
22 <4.8 4.8 - 6.6 6.6 - 7.9 >7.9 
23 <4.8 4.8 - 6.7 6.7 - 8.1 >8.1 

24 <4.8 4.8 - 6.7 6.7 - 8.2 >8.2 

Table 6.3: FWI threshold levels f or the rainfall total procedure 



6.4. FWI Application - JUly 2010 Storm 

To demonstrate how the FWI would perform in an actual storm, the July 2010 

event is once again used. Figure 6.6 below shows the FWI regions with the associated 

alert levels as the storm progresses. 

7/2/100:00 7/2/106:00 

7/2/1012:00 7/2/10 18:00 

Fig.6.6: FWI regions during July 2010 st01'm 
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Table 6.4 shows the alert levels of each region as the July 2010 storm progressed. 

D indicates the duration of the rainfall in hours, I indicates the rainfall intensity in inches 

per 15 minute at that particular time, and T represents the total rainfall amount in inches 

based on the rainfall duration, D. One might notice that at 6 PM on July 2, 2010, both 

regions 2 and 3 are represented with a "yellow" alert, indicating low possibilities of 

flooding, even though the rainfall intensities fall in the "green" alert category (see Table. 
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6.3). As have been explained previously, the "more dangerous" alert level from one 

procedure will take precedence over the other; and in this case, the alert level from the 

total rainfall procedure falls into the "yellow" alert category, and is therefore displayed in 

the FWI. Emergency personnel may then use the displayed alert information to verify the 

extents of flooding at the region of concern, and plan for any ensuing actions. 

Date & time ID(hrS)~ 
7/2/100:00 0 0.026 0.0 Green 

7/2/106:00 6 0.006 0. 1 Green 

7/2/10 12:00 12 0.029 2.9 Green 

7/2/10 18:00 18 0.002 4.1 Green 

Date & time ID(hrS)~ 
7/2/100:00 0 0.028 0.0 Green 

7/2/106:00 6 0.012 0.1 Green 

7/2/10 12:00 12 0.031 3.0 Green 

7/2/10 18:00 18 0.001 5.6 Yellow 

Date & time ID(hrS)~ 
7/2/100:00 o 0.034 0.0 Green 

7/2/106:00 6 0.017 0.1 Green 

7/2/10 12:00 12 0.033 2.6 Green 

7/2/10 18:00 18 0.001 5.3 Yellow 

7/2/100:00 o 0.056 0.0 Green 

7/2/106:00 6 0.025 0.1 Green 

7/2/10 12:00 12 0.082 2.5 Green 

7/2/10 18:00 18 0.006 4.0 Green 

Date & time D (hrs) 
Region 5 

Alert 

7/2/100:00 0 0.052 0.0 Green 

7/2/106:00 6 0.048 0.1 Green 

7/2/10 12:00 12 0.145 2.8 Green 

7/2/10 18:00 18 0.014 4.1 Green 

Table 6.4: FWI alert levels during July 2010 storm 
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With the demonstration of FWI, this thesis shows that an operational flood 

warning system is possible despite lacking gauge data. Although the performance of the 

FWI still needs to be confirmed and updated in future storms, it is apparent that this 

method has the potential to be applied in other cities or watersheds that do not necessarily 

possess the resources to build and maintain extensive gauge networks. 



Chapter 7: Conclusions and Recommendations 

7.1. Objective 1: Update and calibrate the hydrologic model of Oyster Creek 
Watershed 

Hydrologic models of the Oyster Creek Watershed both in HEC-HMS 3.3 and 

HEC-l were created. The HEC-HMS 3.3 model was used for model calibration, while the 

HEC-l model was developed for real-time flood prediction. The HEC-HMS 3.3 model 

was successfully calibrated to two actual storms with similar total rainfall amounts of2.5 

inches that occurred in April 2009 and May 20 I O. By adjusting the Green and Ampt 

infiltration and the Clark UH transform parameters, the calibrated model showed 

improved match with the observed stream gauge data in terms of peak flows, time to 

peaks, and volumes when compared to the original model. 

Although having shown improved performances compared to the original model, 

one should use the calibrated model with caution. Due to the model being calibrated to 

merely two relatively small storms, the calibrated model might not be applicable in other 

types of storms (i.e. storms with total rainfall greater than 2.5 inches). Therefore, the 

performance of the model needs to be confirmed in the future with varying rainfall 

amount and duration and the hydrologic parameters updated as necessary. 

7.2. Objective 2: Determine flood vulnerability of the watershed and assess the 
effectiveness of structural flood control options 

Both hydrologic analyses in HEC-HMS and steady-state hydraulic analyses in 

HEC-RAS were performed to assess the flood vulnerability of the Oyster Creek 

Watershed and to determine the effectiveness of various structural flood control 

scenarios. This thesis has shown that high flow locations in HEC-HMS did not 
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necessarily correspond to water inundated areas identified by HEC-RAS. This is largely 

due to the varying hydrologic and hydraulic capacities along the main channel of Oyster 

Creek. The results ofHEC-RAS showed that the watershed is most vulnerable between 

JOC-4 and JOC-lO (see Fig. 4.3). 

To determine the effectiveness of structural flood control options, five different 

scenarios were considered and analyzed. These scenarios involved the use of diversions, 

detention ponds, and channel modifications that were simulated with a 1 DO-year design 

storm. The assessment of these different scenarios resulted in some reduction in water 

levels between JOC-4 and JOC-l 0 (refer to Table 4.2). However, it was observed that the 

structural solutions did not provide any flood protection to locations directly downstream 

from JOC-lO (i.e. JOC 11 onwards). These results suggest that relying on structural flood 

control options alone might be uneconomical as well as insufficient to protect the 

watershed from future flood damages. 

7.3. Objective 3: Develop a framework for a real-time radar-based flood warning 
system for the City of Sugar Land 

This thesis has shown the framework for Sugar Land's Flood Alert System (FAS) 

that included real-time updates of radar rainfall inputs and hydrologic prediction in the 

form of an interactive website, http://ike.oystercreek.jlood-alert.org. Radar rainfall inputs 

are delivered by Vieux and Associates, Inc. from Oklahoma to a remote server located in 

Houston, Texas. The rainfall inputs are used in real-time hydrologic prediction with the 

HEC-l model of Oyster Creek Watershed. HEC-l is chosen instead ofHEC-HMS 3.3 

due to its stability in scripting. The results of the hydrologic analyses are then displayed 
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in the mentioned website that can be accessed by the city officials and emergency 

personnel. 

Despite having the Sugar Land's FAS online, its performance still need to be 

tested in future storms and adjusted as necessary. Also, one future work in consideration 

is the development of the Floodplain Map Library (FPML) for the Oyster Creek 

Watershed. With the help of these maps, one might easily visualize the extents of 

flooding in real-time during storm events. The creation of these maps should be possible 

when the calibrated hydrologic model has been tested with larger storms and unsteady-

state runs of the hydraulic model be performed to more realistically depict the conditions 

of the watershed. 

7.4. Objective 4: Develop and implement the radar-based Flood Warning Indicator 
(FWI) as a flood control option for areas that lack sufficient gauge networks 

This thesis also discussed a flood control alternative, the Flood Warning Indicator 

(FWI), for a city or watershed that lacks the required resources to build and maintain an 

extensive gauge network for flood monitoring and calibration. With radar rainfall, FWI is 

able to portray potential flooding problems in particular regions of the watershed. 

Although FWI does not show the extents of flooding in specific locations in the 

watershed, it provides simplified visualizations of flooding potentials that may aid city 

officials and emergency personnel to plan for any preventive actions. The performance of 

FWI still needs to be tested in future storms, the results of which may change the 

threshold alert levels as well as the region boundaries. Nevertheless, the introduction of 

FWI in this thesis shows the possibility of having an operational flood warning system in 

place despite lacking a gauge network. 
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Appendix A: Calibrated Clark UH Parameters for Oyster Creek in HEC-HMS 3.3 

Sub- Original Calibrated 
basin Tc R Tc R 

JC 3.9 8.04 1.95 20.10 

OC-l 4.45 6.71 4.45 16.78 

OC-l0 0.59 2.96 0.59 7.40 

OC-11 1.62 8.43 1.62 21.08 

OC-12 3.47 8.69 3.47 21.73 

OC-13 2.21 4.32 2.21 10.80 

OC-14 0.9 3.9 0.90 9.75 

OC-15 1.96 3.36 1.96 8.40 

OC-16 1.22 2.84 1.22 7.10 

OC-17 2 5.49 2.00 13.73 

OC-2 3.16 8.67 1.58 21.68 

OC-3 6.67 11.01 3.34 27.53 

OC-4 3.2 6.59 1.60 16.48 

OC-5 3.16 13.79 1.58 34.48 

OC-6 6.75 12.39 3.38 30.98 

OC-7A 4.72 10.85 2.36 27.13 

OC-78 5.76 10.4 2.88 26.00 

OC-8 2.47 6.16 2.47 15.40 

OC-9 2.96 4.92 2.96 12.30 

OCT-l 2.22 8.63 1.11 21.58 

OCT-2A 1.17 3.95 1.17 9.88 

OCT-28 1.72 6.86 1.72 17.15 

OCT-3A 1.19 3.48 1.19 8.70 

OCT-38 0.69 3.81 0.69 9.53 

OCT-3C 2.25 4.39 2.25 10.98 

OCT-4A 2.99 8.95 2.99 22.38 

OCT-48 1.51 3.25 1.51 8.13 

OCT-4C 1.51 2.99 1.51 7.48 

OCT-5 0.81 1.93 0.81 4.83 

RG-l 2.04 4.59 1.02 11.48 

RG-2 2.59 6.04 1.30 15.10 

RG-3 2.52 5.14 1.26 12.85 

SR-l 3.36 4.21 3.36 10.53 

SR-2 1.43 2.28 1.43 5.70 
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Appendix Bl: lO-year peak flow comparisons ofHEC-l and HMS 3.3 

Subbasin HEC-l HMS Difference (cfs) Difference (%) 

JOC-l 238 246.3 8.3 3.4 
JOC-2 495 512.8 17.8 3.5 
JOC-3 541 559.5 18.5 3.3 
JOC-4 665 683.2 18.2 2.7 
JOC-5 725 744.8 19.8 2.7 
JOC-6 1025 1052.2 27.2 2.6 

JOC-7A 1078 1109.1 31.1 2.8 
JOC-7 1149 1181.4 32.4 2.7 
JOC-8 1132 1163.6 31.6 2.7 
JOC-9 1226 1260.4 34.4 2.7 

JOC-l0 1388 1416.7 28.7 2.0 
JOC-11 547 552.4 5.4 1.0 
JOC-12 667 676.2 9.2 1.4 
JOC-13 681 690.2 9.2 1.3 
JOC-14 994 1012.5 18.5 1.8 
JOC-15 1095 1116.2 21.2 1.9 
JOC-16 1596 1640.4 44.4 2.7 
JOC-17 1812 1857.5 45.5 2.4 
JOC-18 2046 2096.8 50.8 2.4 
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Appendix B2: lOO-year peak flow comparisons of HEC-l and HMS 3.3 

Subbasin HEC-l HMS Difference (cfs) Difference (%) 
JOC-l 437 443 6 1.4 
JOC-2 935 947.5 12.5 1.3 
JOC-3 1041 1055.3 14.3 1.4 
JOC-4 1282 1300.9 18.9 1.5 
JOC-5 1359 1375.9 16.9 1.2 
JOC-6 1877 1899.5 22.5 1.2 

JOC-7A 2008 2027.4 19.4 1.0 
JOC-7 2137 2158 21 1.0 
JOC-8 2051 2070.8 19.8 1.0 
JOC-9 2209 2230.1 21.1 0.9 

JOC-l0 2365 2390.4 25.4 1.1 

JOC-11 775 779.1 4.1 0.5 

JOC-12 1005 1011.6 6.6 0.7 

JOC-13 1038 1045.4 7.4 0.7 

JOC-14 1706 1720.6 14.6 0.8 

JOC-15 1928 1944.7 16.7 0.9 

JOC-16 3055 3085.9 30.9 1.0 

JOC-17 3337 3373.5 36.5 1.1 

JOC-18 3630 3669.1 39.1 1.1 
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Appendix C: Breakdown of FWI regions with their associating sub-basins 

Region Sub-basins Area (sq.mi) 

1 JC 1.19 
OC-l 1.84 
OC-2 1.62 

OC-3 1.43 
OC-4 1.84 

OCT-l 2.35 
Total 10.27 

2 OC-5 1.94 

OC-6 0.62 
RG-l 1.9 
RG-2 2.89 

RG-3 1.15 

Total 8.5 

3 OC-7 1.23 
OC-8 0.42 

OC-9 1.18 
OC-l0 0.54 

OC-11 1.35 
OCT-2A 1.59 

OCT-2B 1.45 

OCT-3A 1.25 

OCT-3B 1.22 

OCT-3C 0.71 

Total 10.94 

4 OC-12 0.46 

OC-13 0.82 

OC-14 1.12 

OC-15 1.4 

OCT-4A 1.24 

OCT-4B 0.95 

OCT-4C 0.9 

Total 6.89 

5 OC-16 0.64 

OC-17 1.43 

OCT-5 1.33 

SR-l 3.61 

SR-2 1.44 
Total 8.45 



Appendix D: Fort Bend County's rainfall intensities, durations, and frequencies 

Duration ~(in~ 
(hr) 1 __ 50% 1 20% ·l~ 

1 2.36 2.87 3.36 3.87 4.25 4.60 
2 1.42 1.78 2.09 2.44 2.69 2.94 
3 1.04 1.33 1.57 1.85 2.03 2.24 
4 0.83 1.07 1.27 1.51 1.66 1.84 
5 0.70 0.91 1.08 1.29 1.42 1.57 
6 0.61 0.80 0.95 1.13 1.25 1.39 
7 0.54 0.71 0.84 1.01 1.12 1.25 
8 0.48 0.64 0.77 0.92 1.02 1.14 
9 0.44 0.59 0.70 0.85 0.93 1.05 
10 0.40 0.54 0.65 0.78 0.87 0.97 
11 0.37 0.51 0.60 0.73 0.81 0.91 
12 0.35 0.47 0.57 0.69 0.76 0.85 
13 0.33 0.45 0.53 0.65 0.72 0.81 
14 0.31 0.42 0.51 0.62 0.68 0.77 
15 0.29 0.40 0.48 0.59 0.65 0.73 
16 0.28 0.38 0.46 0.56 0.62 0.70 
17 0.27 0.36 0.44 0.54 0.59 0.67 
18 0.25 0.35 0.42 0.51 0.57 0.64 
19 0.24 0.34 0.40 0.49 0.55 0.62 
20 0.23 0.32 0.39 0.48 0.53 0.60 
21 0.22 0.31 0.37 0.46 0.51 0.58 
22 0.22 0.30 0.36 0.44 0.49 0.56 
23 0.21 0.29 0.35 0.43 0.48 0.54 
24 0.20 0.28 0.34 0.42 0.46 0.52 

83 
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Appendix E: Fort Bend County's rainfall totals, durations, and frequencies 

Duration~~ 
(hr) I 

1 2.4 2.9 3.4 3.9 4.3 4.6 
2 2.8 3.6 4.2 4.9 5.4 5.9 
3 3.1 4.0 4.7 5.6 6.1 6.7 
4 3.3 4.3 5.1 6.0 6.6 7.4 
5 3.5 4.6 5.4 6.5 7.1 7.9 
6 3.7 4.8 5.7 6.8 7.5 8.3 
7 3.8 5.0 5.9 7.1 7.8 8.8 
8 3.8 5.1 6.2 7.4 8.2 9.1 
9 4.0 5.3 6.3 7.7 8.4 9.5 
10 4.0 5.4 6.5 7.8 8.7 9.7 
11 4.1 5.6 6.6 8.0 8.9 10.0 
12 4.2 5.6 6.8 8.3 9.1 10.2 
13 4.3 5.9 6.9 8.5 9.4 10.5 
14 4.3 5.9 7.1 8.7 9.5 10.8 
15 4.4 6.0 7.2 8.9 9.8 11.0 
16 4.5 6.1 7.4 9.0 9.9 11.2 
17 4.6 6.1 7.5 9.2 10.0 11.4 
18 4.5 6.3 7.6 9.2 10.3 11.5 
19 4.6 6.5 7.6 9.3 10.5 11.8 
20 4.6 6.4 7.8 9.6 10.6 12.0 
21 4.6 6.5 7.8 9.7 10.7 12.2 
22 4.8 6.6 7.9 9.7 10.8 12.3 
23 4.8 6.7 8.1 9.9 11.0 12.4 
24 4.8 6.7 8.2 10.1 11.0 12.5 



Appendix F: HEC-l scripts of Oyster Creek Watershed for real-time hydrologic 
forecasting 

ID UPPER OYSTER CREEK HYDROLOGIC 
IT 30 ° ° 298 
IO 5 
IN 30 ° ° * 
KKJC 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN JC 
BA 1.19 

MODEL 

PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,1.81 
UC 1.95 20.1 
* 
KKJOC-1 
KO 4 
KM REACH-1 ROUTE FLOWS FROM JC TO JOC-1 
RS 1 STOR -1 
SV 0,71,104,135,168,233,291,356,411,486. 
SQ 0,44,88,132,176,264,353,441,529,661. 
* 
KKOC-1 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-1 
BA 1.84 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,4.57 
UC 4.45 16.8 
* 
KKJOC-1 COMBINE HYDROGRAPHS 
KO 4 
HC 2 

* 
KKJOC-2 
KO 4 
KM ROC-1 ROUTES JOC-1 TO JOC-2 
RS 1 STOR -1 
SV 0,46,70,94,127,178,220,264,301,348. 
SQ 0,86,173,259,345,518,691,863,1036,1295. 
* 
KKOC-2 
KM LOCAL RUNOFF FROM SUBBASIN OC-2 
KO 4 
BA 1.62 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
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LG 0.1 ,0.39,12.45,0.12,20.59 
UC 1.58 21.7 
* 
KKOCT-1 
KM LOCAL RUNOFF FROM SUBBASIN OCT-1 
KO 4 
BA 2.35 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,3.6 
UC 1.11 21.6 
* 
KKJOC-2 
KO 4 
HC 3 

* 
KKJOC-3 
KO 4 
KM ROC-2 ROUTES FLOWS FROM JOC-2 TO OF_OC3 
RS 1 STOR -1 
SV 0,78,116,168,224,305,367,439,502,626. 
SQ 0,172,344,516,687,1030,1373,1716,2060,2574. 
* 
KKOF_OC3 
KO 4 
DTDIV 
DI 0,895,1153,1416,1721,2394,3615. 
DQ 0,0,61,195,381,834,1728. 
* 
KKOC-3 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-3 
BA 1. 43 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,3.42 
UC 3.34 27.5 
* 
KKJOC-3 
KO 4 
HC 2 

* 
KKJOC-4 
KO 4 
KM ROC-3 ROUTES FLOWS FROM JOC-3 TO JOC-4 
RS 1,STOR,-1 
SV 0,30,45,65,86,121,147,179,206,255. 
SQ 0,166,33,499,665,997,1329,1661,1994,2492. 
* 
KKOC-4 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-4 
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BA 1. 84 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,2.31 
UC 1.6 16.475 
* 
KKJOC-4 
KO 4 
HC 2 

* 
KKJOC-5 
KO 4 
KM ROC-4 ROUTES FLOWS FROM JOC-4 TO JOC-5 
RS 1,STOR,-1 
SV 0,113,172,241,313,472,620,825,972,1145. 
SQ 0,210,420,630,840,1261,1681,2101,2521,3152. 
* 
KKOC-5 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-5 
BA 1. 94 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,23.03 
UC 1.58 34.475 

* 
KKJOC-5 
KO 4 
HC 2 

* 
KKJOC-6 
KO 4 
KM ROC-5 ROUTES FLOWS FROM JOC-5 TO OF_OC6 
RS L STOR,-l 
SV 0,108,173,285,426,603,717,863,992,1444. 
SQ 0,210,419,629,840,1259,1679,2099,2519,3149. 
* 
KKOF_OC6 
KO 4 
DTDIV2 
DI 0,1224,1576,1858,2096,2657,3767. 
DQ 0,0,131,374,588,1121,2225. 

* 
KKOC-6 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-6 
BA 0.62 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,7.81 
UC 3.38 31.0 
* 
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KKOC-7A 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-7A 
BA 0.53 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,13.7 
UC 2.36 27.1 

* 
KKRG-1 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN RG-1 
BA 1.9 
PH 1 0, , 0 . 6 8 , 1 . 5 , 3 . 18 , 4 . 2 , 4 . 7 , 5 . 3 5 , 6 . 8 , 8 . 2 
PH 
LG 0.1 ,0.39,12.45,0.12,1.69 
UC 1. 02 11. 5 
* 
KKRG_Pond 
KO 4 
SV 0,129,237,419,665,929,1420,2101,2722,3094. 
SE 30,36,38,42,46,50,58,68,76,80. 
SQ 0,80,120,160,200,400,800,1200,1600,2000. 

* 
KKJRG-2 
KO 4 
KM R_RG1 ROUTES JRG-1 TO JRG-2 
RS l,STOR,-l 
SV 0,55,79,99,117,134,149,164,178,190, 
SV 202,215. 
SQ 0,100,200,300,400,500,600,700,800,900, 
SQ 1000,1100. 

* 
KKRG-2 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN RG-2 
BA 2.89 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,23.41 
UC 1.3 15.1 

* 
KKJRG-2 
KO 4 
HC 2 

* 
KKJ_RG3 
KO 4 
KM R_RG2 ROUTES JRG-2 TO JRG-3 
RS l,STOR,-l 
SV 0,13,23,31,39,46,54,61,68,75, 
SV 82,88,110,120,140. 
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SQ 0,100,200,300,400,500,600,700,800,900, 
SQ 1000,1100,1400,1600,2000. 
* 
KKRG-3 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN RG-3 
BA 1.15 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,27.06 
UC 1. 26 12.9 

* 
KKJRG-3 
KO 4 
HC 2 

* 
KKJOC-6 
KO 4 
HC 4 

* 
KKJOC-7A 
KO 4 
KM ROC-6 ROUTES JOC-6 TO JOC-7A 
RS l,STOR,-l 
SV 0,78,115,200,302,444,536,663,833,1040. 
SQ 0,231,465,694,926,1389,1852,2315,2778,3473. 

* 
KKOCT-2B 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-2B 
BA 1. 45 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,32.19 
UC 1.72 17.2 

* 
KKJOC-7A 
KM OYSTER CREEK AT SH 6 
KO 4 2 
HC 2 

* 
KKJOC-7 
KO 4 
KM ROC-7A ROUTES JOC-7A TO JOC-7 
RS l,STOR,-l 
SV 0,20,54,111,192,330,412,536,695,797. 
SQ 0,228,456,684,915,1372,1830,2287,2745,3431. 
* 
KKOCT-2A 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-2A 
BA 1. 59 
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PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,30.32 
UC 1.17 9.88 
* 
KKJOC-7X 
KO 4 
RS l,STOR,-l 
SV 0,127,163,183,197,210,221,231,300,500. 
SQ 0,100,200,300,400,500,600,700,1000,2000. 
* 
KKOC-7X 
KO 4 
BA 0.01 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,0.0 
UC 0 0 

* 
KKJOC-7X 
HC 2 

* 
KKJOC-7 
KO 4 
HC 2 

* 
KKJOC-8 
KO 4 
KM ROC-7B ROUTES JOC-7 TO JOC-8 
RS l,STOR,-l 
SV 0,103,155,200,296,528,761,1049,1468,1664. 
SQ 0,228,456,684,915,1372,1830,2287,2745,3431. 
* 
KKOC-7B 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-7B 
BA 0.7 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,0.21 
UC 2.88 26.0 
* 
KKJOC-8 
KO 4 
HC 2 

* 
KKJOC-9 
KO 4 
KM ROC-8 ROUTES JOC-8 TO JOC-9 
RS l,STOR,-l 
SV 0,62,76,90,104,128,152,175,262,356. 
SQ 0,232,465,697,936,1404,1872,2339,2807,3509. 
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* 
KKOCT-3A 
KM LOCAL RUNOFF FROM SUBBASIN OCT-3A 
KO 4 
BA 1. 25 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,30.54 
UC 1.19 8.7 
* 
KKJA22-2 
KM R-A22a ROUTES JA22-1 TO JA22-2 
KO 4 
RS l,STOR,-l 
SV 0,26,41,54,66,78,88,97,106,114, 
SV 122,130,137,144,151,157,164. 
SQ 0,100,200,300,400,500,600,700,800,900, 
SQ 1000,1100,1200,1300,1400,1500,1600. 
* 
KKOCT-3B 
KM LOCAL RUNOFF FROM SUBBASIN OCT-3B 
KO 4 
BA 1. 22 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,29.34 
UC 0.69 9.5 
* 
KKJA22-2 
KO 4 
HC 2 

* 
KKJOC-9X 
KO 4 
KM R-A22b ROUTES JA22-2 TO JOC-9 
RS l,STOR,-l 
SV 0,2,3,4,5,6,7,8,9,9, 
SV 10,11,12,12,13,14,14,16,17,18. 
SQ 0,100,200,300,400,500,600,700,800,900, 
SQ 1000,1100,1200,1300,1400,1500,1600,1800,2000,2200. 
* 
KKOCT-3C 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-3C 
BA 0.71 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,43.12 
UC 2.25 11.0 
* 
KKJOC-9X 
HC 2 
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* 
KKJOC-9 
KO 4 
HC 2 

* 
KKJOC-10 
KO 4 
KM ROC-9 ROUTES JOC-9 TO JOC-10 
RS 1,STOR,-1 
SV 0,49,56,62,68,80,91,101,134,149. 
SQ 0,249,497,746,1000,1501,2001,2501,3001,3752. 
* 
KKOC-9 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-9 
BA 1.18 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,37.17 
UC 2.96 12.3 
* 
KKOC-8 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-8 
BA 0.42 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,33.96 
UC 2.47 15.4 
* 
KKJOC-10 
KO 4 
HC 3 

* 
KKJOC-11 
KO 4 
KM ROC-10 ROUTES JOC-10 TO JOC-11 
RS 1,STOR,-1 
SV 0,119,134,147,159,182,202,222,412,426. 
SQ 0,339,679,1018,1358,2037,2716,3395,4074,5093. 
* 
KKBL_Diversion 
DTDIV3 
DI 0,229,458,916,1374,1783,2013,2273,2510,2694 
DI 3002,3209,3405,3520,3786,4048,4196,4307,5328. 
DQ 0,0,81,514,919,1265,1453,1663,1855,2002 
DQ 2245,2408,2558,2646,2846,3052,3190,3303,4100. 
* 
KKOC-10 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-10 
BA 0.54 
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PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,54.69 
UC 0.59 7.4 
* 
KKJOC-11 
KO 4 
HC 2 

* 
KKJOC-12 
KO 4 
KM ROC-11 ROUTES JOC-11 TO JOC-12 
RS l,STOR,-l 
SV 0,117,142,164,183,215,245,272,357,380. 
SQ 0,120,239,359,479,719,958,1198,1437,1797. 
* 
KKOC-11 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-11 
BA 1. 35 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,46.21 
UC 1.62 21.1 
* 
KKJOC-12 
KO 4 
HC 2 

* 
KKJOC-13 
KO 4 
KM ROC-12 ROUTES JOC-12 TO JOC-13 
RS l,STOR,-l 
SV 0,108,145,179,209,265,317,368,557,590. 
SQ 0,161,323,484,645,968,1291,1613,1936,2420. 
* 
KKOC-12 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-12 
BA 0.46 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,44.76 
UC 3.47 21.7 

* 
KKJOC-13 
KO 4 
HC 2 

* 
KKJOC-14 
KO 4 
KM ROC-13 ROUTES JOC-13 TO JOC-14 
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RS 1,STOR,-1 
SV 0,94,125,152,179,232,295,360,475,590. 
SQ 0,153,306,459,612,918,1224,1531,1837,2296. 
* 
KKOC-13 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-13 
BA 0.82 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,32.12 
UC 2.21 10.8 
* 
KKOCT-4A 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-4A 
BA 1. 24 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,36.78 
UC 2.99 22.4 
* 
KKOCT-4B 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-4B 
BA 0.95 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,31.81 
UC 1.51 8.1 

* 
KKJOCT4 
KO 4 
HC 2 

* 
KKJOC-14X 
KO 4 
KM R_OCT4 ROUTES JOCT4 TO JOC-14 
RS 1,STOR,-1 
SV 0,60,90,114,135,154,170,230,260,280. 
SQ 0,100,200,300,400,500,600,1000,1500,2000. 
* 
KKOCT-4C 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-4C 
BA 0.9 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,33.11 
UC 1.51 7.5 
* 
KKJOC-14X 
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HC 2 

* 
KKJOC-14 
KM OYSTER CREEK AT DULLES AVENUE 
KO 4 2 
HC 3 

* 
KKJOC-15 
KO 4 
KM ROC-14 ROUTES JOC-14 TO JOC-15 
RS l,STOR,-l 
SV 0,21,35,49,62,89,115,139,163,211. 
SQ 0,240,481,721,962,1443,1924,2405,2886,3608. 
* 
KKOC-14 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-14 
BA 1.12 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,41.61 
UC 0.90 9.8 
* 
KKJOC-15 
KO 4 
HC 2 

* 
KKJOC-16 
KO 4 
KM ROC-15 ROUTES JOC-15 TO JOC-16 
RS l,STOR,-l 
SV 0,59,106,150,193,277,359,431,499,625. 
SQ 0,284,567,851,1135,1702,2269,2837,3404,4255. 
* 
KKOC-15 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-15 
BA 1.4 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,32.55 
UC 1.96 8.4 
* 
KKSR-1 
KM LOCAL RUNOFF FROM SUBBASIN SR-1 
KO 4 
BA 3.61 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,25.48 
UC 3.36 10.5 
* 
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KKSR_Pond 
KO 4 
RS 1,STOR,-1 
SV 0,56,113,171,267,337,408,480,554,629, 
SV 705,783,862,943,1025,1109. 
SE 58,59,60,61,62,63,64,65,66,67, 
SE 68,69,70,71,72,72. 
SQ 0,50,75,127,206,311,444,603,788,1000, 
SQ 1239,1505,1800,2120,2285,2460. 
* 
KKJSR_2 
KO 4 
RS 1,STOR,-1 
SV 0,52,71,89,106,124,141,157,175,193, 
SV 211,229,248,330,360. 
SQ 0,100,200,300,400,500,600,700,800,900, 
SQ 1000,1100,1200,1500,2000. 
* 
KKSR-2 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN SR-2 
BA 1.44 
PH 10, ,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,36.12 
UC 1.43 5.7 
* 
KKJSR_2 
KO 4 
HC 2 

* 
KKJOC-16 
KO 4 
HC 3 
* 
KKJOC-17 
KO 4 
KM ROC-16 ROUTES JOC-16 TO JOC-17 
RS 1,STOR,-1 
SV 0,52,87,117,144,194,242,284,325,401. 
SQ 0,422,844,1266,1688,2532,3376,4220,5064,6330. 
* 
KKOC-16 
KO 4 2 
KM LOCAL RUNOFF FROM SUBBASIN OC-16 
BA 0.64 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,36.12 
UC 1.22 7.1 
* 
KKOCT-5 
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KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OCT-5 
BA 1. 33 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,31.67 
UC 0.81 4.83 
* 
KKJOC-17 
KO 4 
HC 3 

* 
KKJOC-18 
KO 4 
KM ROC-17 ROUTES JOC-17 TO JOC-18 
RS 1,STOR,-1 
SV 0,29,49,67,84,115,144,168,192,240. 
SQ 0,508,1017,1525,2034,3052,4069,5086,6103,7629. 
* 
KKOC-17 
KO 4 
KM LOCAL RUNOFF FROM SUBBASIN OC-17 
BA 1. 43 
PH 10,,0.68,1.5,3.18,4.2,4.7,5.35,6.8,8.2 
PH 
LG 0.1 ,0.39,12.45,0.12,40.35 
UC 2.0 13.7 
* 
KKJOC-18 
KO 4 
HC 2 
ZZ 
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