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ABSTRACT 

Although floods are natural phenomena, their impact is 

often aggravated, if not actually caused, by man's 

activities and occupation of floodplains. Urbanization of a 

floodplain drastically alters the flood characteristics of a 

stream by increasing the percentage of rainfall that becomes 

runoff and moving that runoff into drainage channels more 

rapidly. Flood flows are therefore quicker to peak and peak 

higher for the same amount of rainfall in an urban basin. 

One of the most rapidly urbanizing cities in the United 

States is the city of Houston, Texas; a city which also has 

one of the nation's most severe flood problems. In 1979 

alone, Houston suffered $400 million in property damages as 

a direct result of flooding. Consequently, this research 

addresses the effects of urbanization on flooding by 

focusing on the Brays Bayou watershed, a basin which has 

experienced an enormous increase in development in the past 

ten years and is also one of the most frequently flooded 

areas in Houston. By modeling the watershed with the U.S. 

Army Corps of Engineers' HEC1-1 computer model, the 

following conclusions were reached: 1) Peak discharges are 

significantly increased as a result of urbanization; 2) The 

Brays Bayou channel can be expected to carry less than a 

5-year design storm uniformly spread over the entire 

watershed; 3) The HEC-1 kinematic wave technique for 



modeling discharge is a valid simulation method when applied 

to a large urban watershed; the effects of storage due to 

backwater effects during large storms, however, must be 

simulated using a storage routing method in conjunction with 

the kinematic wave overland flow simulation. 
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1.0 INTRODUCTION 

From a national economic viewpoint, floods are the most 

destructive category of natural processes in the United States 

[Changnon, et al, 1983]. The losses to individual homes and 

property, to agricultural crops, business facilities and 

income, utilities, and transportation are major effects of a 

flood's destructiveness. The American Meteorological Society 

acknowledges that flash floods now rank as the most destructive 

weather-related disasters in our nation [Costa and Baker, 

1981]. Changnon, et al [1983] estimate the total flood cost in 

1975 at $3.8 billion, with average flood damages increasing at 

four percent annually (during the last decade this rate has 

increased to almost seven percent). In 1979 alone, Houston 

suffered $400 million in property damages [Rice Center, 1980]. 

A 1980 survey by the Water Resources Council estimated that 

expected global damages in the year 2000 might exceed $4.3 

billion, in spite of improved management of floodplains. 

Without such improvements, the damages could approach $6.0 

billion [Changnon, et al, 1983]. 

Although floods are natural phenomena, their impact is 

often aggravated, if not actually caused, by man's activities 

and occupation of floodplains. Urbanization of a floodplain 

can drastically change the flood characteristics of a stream. 

The net result of urbanization is to increase the percentage of 

rainfall that becomes runoff and to move that water into 



drainage channels more rapidly. Flood flows are therefore 

quicker to peak and peak higher for the same amount of rainfall 

in an urban basin. 

Recent population trends indicate that the largest 

development rates are in those areas of the country that have 

the most severe flood problems. Changnon, et al [1983] stress 

that almost half of the nation's flood insurance exposure is in 

the metropolitan coastal areas of Miami, Tampa, New Orleans, 

and Houston. The large population shifts to these areas 

present major local problems and represent significant 

increases in flood hazard risks. 

In Houston, extremely flat terrain and relatively 

impervious clay soils contribute to the area's natural flooding 

potential. The city's population increased 29.2 percent in the 

decade from 1970 to 1980, so that Houston recorded 1,594,086 

residents within the city limits in 1980 [Houston-Galveston 

Area Council, 1981]. Rapid urbanization of the metropolitan 

area in the last ten years not only increased the 

imperviousness of the local watersheds with construction of 

concrete roads, parking lots and buildings, but also increased 

the flood damage potential by the location of businesses and 

residences within flood prone areas. A good example of 

Houston's rapid growth and concurrent increase in flooding 

potential is the Brays Bayou Watershed, which provides the data 

base for this study. 

Brays Bayou drains one of the most rapidly urbanizing 
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areas of Houston and has been monitored by United States 

Geological Survey stream gages for many years. In 1979, 1981 

and again in 1983 the watershed experienced extremely heavy 

rainfalls which resulted in major flooding of businesses and 

residences along the bayou. This watershed therefore provides 

a significant and well documented data base for determining the 

effects of urbanization on flooding in the Houston area. A 

classic flood control problem exists on the bayou which 

involves the transition of a well-designed rural stream into an 

over-taxed urban channel. By the 1960's, the Army Corps of 

Engineers had excavated and lined the bayou following a design 

to carry what was then a flood exceeding the 100-year 

recurrence level. By 1975, the channel could only carry the 

30-year design storm without causing flooding. Because of this 

trend toward more frequent flooding, one of the objectives of 

this research was to classify the channel today based on storm 

recurrence intervals. The U. S. Army Corps of Engineers' HEC-1 

computer package was chosen to model the watershed hydrology 

due to its accuracy and wide acceptance in engineering practice 

[see Beard and Chang, 1979, and Harp, 1979]. Kinematic wave 

runoff computations were used to simulate rainfall-runoff 

relationships since this method is less well-known but 

theoretically superior to the common unit hydrograph method. 

While the effects of urbanization on flooding have been 

extensively documented in literature, other factors may 

contribute to flooding which may interfere with a singular 
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analysis of urbanization alone. Subsidence is one of these 

factors which has gained increasing concern in coastal areas. 

Increased pumping of underground water supplies has caused 

major subsidence to the east of Houston's downtown area but as 

yet has had minimal significance in western Harris County, 

where this research was based. The Brays Bayou watershed had 

experienced an average of 2 feet of subsidence between 1906 and 

1978, which, although significant when considered alone, is not 

considered to have affected the drainage conveyance properties 

of Brays Bayou. The lower (eastern) end of the Bayou has 

subsided somewhat faster than the upper end while the receiving 

waters of Brays (Buffalo Bayou and the Houston Ship Channel) 

have subsided even more. The overall effect of this subsidence 

pattern is improvement of the drainage slope and a decrease in 

backwater effects of the channel itself. It is only when the 

western end of the watershed begins to subside more rapidly 

than the downstream system (which is probable according to 

present groundwater pumping trends) that drainage will be 

adversely affected on a major scale and flooding will be 

directly affected by subsidence. 

The primary objective of this research is not only to 

determine the effects of urbanization on peak flow 

characteristics in the stream, but also to apply HEC-1 

kinematic wave techniques on a large urban watershed. By 

calibrating the model to two major storms in 1979, it can then 

be used to predict flooding from a large storm event in 1983. 
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Comparisons between measured flows and HEC-1 predicted flows 

can be made and necessary watershed storage can be determined. 

In addition, design storms can be modeled on the bayou and the 

carrying capacity of the channel can be classified. 

The minimization of losses to lives and property in urban 

floodplains is contingent upon the accurate simulation of urban 

watershed hydrology. By calibration and application of a 

sophisticated rainfall-runoff transformation computer model 

such as the HEC-1 kinematic wave program, flood peaks can be 

measured and management alternatives can be addressed. The 

objectives of this research can be summarized as follows: 

1. Determine the effects of urbanization on peak flow 

characteristics in Brays Bayou? 

2. Classify the present carrying capacity of the channel 

based on design storm frequencies; 

3. Apply HEC-1 kinematic wave techniques to a large urban 

watershed for historical and design rainfalls. 

The application of kinematic wave theory must be used with 

caution in low-slope areas such as Houston since the theory 

does not allow for attenuation of the flood wave through 

channel sections. When flood wave attenuation is apparent, 

optional storage-discharge routing methods are available in 

HEC-1 which simulate channel storage and result in wave 

attenuation. During large storms such as the 100-year design 

flood, backwater effects from surcharged laterals cause further 

hydrograph attenuation which must be simulated by increasing 
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channel storage in overbank areas. Neither kinematic wave nor 

the other HEC-1 routing methods will internally account for 

these effects. In most urban areas, the kinematic wave theory 

is appropriate when routing through rectified channels and 

therefore was deemed suitable for application in the research 

presented herein. 

Brays Bayou presents a major modeling effort since it not 

only overflowed its banks during the 1983 flood but also caused 

surcharging in laterals and major backwater flooding in fringe 

areas. The watershed was an ideal test case for determining 

the reliablity of kinematic wave techniques on a large urban 

drainage area. By using detailed residential flooding data 

from the 1983 event, it is hoped that this research will be 

able to calibrate a model which can then be used to predict 

flooding problems and point the direction toward workable flood 

control solutions via computer simulation of alternatives. 
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2.0 LITERATURE REVIEW 

2.1 EFFECTS OF URBANIZATION ON SURFACE RUNOFF 

2.1.1 Trends in Urban Development 

Nearly every developed or developing nation in the world 

has experienced a dramatic growth of urbanization in the last 

few decades. Urbanization is defined as the growth of large 

urban centers due to the movement of people to these cities 

from surrounding rural farmlands, a move which has been 

catalyzed by the mechanization of agriculture and the 

industrialization of manufacturing [McPherson, 1974a]. 

A committee of the American Society of Civil Engineers 

(ASCE) appointed to study the effects of urban development on 

flood discharge [Task Force, 1969] predicted the following 

scenario of urban development: 

TABLE 2.1 United States Trends in Urbanization 

Year 
Portion of Population 
Living in Urban Areas 

1910 
1950 
1980 
2000 

Half 
Two-Thirds 
Three-Fourths 
Four-Fifths 

More importantly, the land occupied by the urban population in 

nearly all countries is less than 5 percent of total land area 

[McPherson, 1974a]. Jens and McPherson [1964] concluded that 
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56 percent of the population of the U. S. (classified as urban) 

lived on only 7 percent of the land area in 1950, and by 1960 

the urban population of 63 percent lived on only 9 percent of 

the land area. The Task Force (1969) of the ASCE predicted 

that by the year 2000, 80 percent of the United States' 

population will live on 2.4 percent of our total land area. 

The continuing growth and concentration of urban 

populations has caused a complex network of social, economic 

and physical problems. The geographic concentration of human 

activities in urban centers leads to increased densities of 

residential, industrial and commercial buildings and 

facilities, with resultant increases in areas that are 

impervious [McPherson, 1974a]. In addition, the urban 

population tends to concentrate around bodies of water, leading 

to the statistic that one out of six acres of urbanized areas 

is located in the 100-year floodplain. Floodplains have 

traditionally been one of the first topographic areas of a 

region to be settled. Development occurs for a variety of 

reasons, including the fact that these areas are flat, fertile, 

and easy to build upon. In a study of the extent of the 

development of flood prone areas in 26 American cities, an 

average of 16.2 percent of the urban areas in these cities were 

flood prone, and 52.8 percent of this flood prone land had been 

developed [Costa and Baker, 1981]. McPherson [1978] estimates 

that 20,000 communities in the U. S. are flood prone and that 

more than one half (16,500 square miles) of the nation's urban 
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floodplains have been developed. 

These two physical aspects of urbanization, increased 

imperviousness and location of buildings in flood prone areas, 

are just a few of the many effects of the urban center on its 

environment. The interrelationships of man and his activities 

on land use and water resources is a particularly significant 

study of development. Presented in the following sections will 

be a brief review of the effects of urbanizaton on hydrology 

and of the many research activities in this area which will 

increase in importance and prominence as urban development 

escalates. 

2.1.2 Hydrological Effects of Urbanization 

Leopold [1968], in a classic paper, lists four 

"interrelated but separable" effects of urban land use on the 

hydrology of an area: changes in peak flow characteristics, 

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

in the hydrologic amenities (appearance of the stream). While 

this paper is concerned with only the quantity of urban runoff 

(former two effects), the latter effects of quality and natural 

amenities should always be taken into consideration when 

developing a final stormwater control strategy. 

In general, the major changes in peak flow rates and 

runoff volumes in urban areas are caused by two factors: 

1. The volume of water available for runoff increases 

because of increased man-made impervious covers such as parking 
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lots, streets, and roofs which reduce rainfall infiltration; 

2. Changes in hydraulic efficiency associated with 

artificial channels and drainage systems increase the 

magnitude of peaks and reduce the time of concentration [Mays 

and Tung, 1978]. 

Delleur [1982] gives an extensive discussion of these 

factors and reviews numerous publications concerning 

quantitative relationships between land use and urban runoff. 

He assembled his findings in the following table: 

TABLE 2.2 Potential Hydrologic Effects of Urbanization 

Urbanizing Influence Potential Hydrologic Response 

Removal of trees and Decrease in évapotranspiration 
vegetation. and interception, increase in 

stream sedimentation. 

Initial construction 
of houses, streets, 
and culverts. 

Complete development 
of residential, com¬ 
mercial , and indus¬ 
trial areas. 

Decrease infiltration and 
lowered groundwater table; 
increased storm flows and 
decreased base flows during 
dry periods. 

Increased imperviousness 
reduces time of runoff con¬ 
centration thereby increasing 
peak discharges and compres¬ 
sing the time distribution of 
flow; volume of runoff and 
flood damage potential greatly 
increased. 

Construction of storm 
drains and channel 
improvements. 

Local relief from flooding; 
concentration of floodwaters 
may aggravate flood problems 
downstream. 

The volume of surface runoff is influenced directly by 

infiltration characteristics of the basins, ie. land slope, 
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soil type and vegetative cover. It is therefore directly 

related to the percentage of the area that is covered by 

impervious surfaces [Leopold, 1968]. The percent 

imperviousness per land use type for an area was found by 

Ballweber and Trott [1977] to have the best correlation to 

urbanization for modeling purposes. Increased imperviousness 

has the effect of increasing flood peaks and reducing the lag 

time, or the time interval between the center of mass of the 

storm precipitation and the center of mass of the resultant 

hydrograph. Leopold [1968] points out that water runs off 

faster from roofs and streets than from vegetated areas, thus 

decreasing lag time as urbanization and development spread. 

Imperviousness itself can be separated into two types, i.e. 

effective impervious area and noneffective impervious area. As 

described by Alley and Veenhuis [1983], using the total 

impervious area instead of only the effective impervious area 

when describing a watershed will result in overestimating 

runoff volumes and peak flows. 

While imperviousness decreases lag time and increases peak 

flow, perhaps a more significant effect is that of increased 

hydraulic efficiency. Delleur [1982] reviews the hydraulic 

conveyance of urban drainage systems and remarks that gutters, 

storm sewers, and drains result in increases in the hydraulic 

conveyance of the system and produce a faster, higher peak flow 

rate and an increased runoff volume. Therefore, Delleur 

concludes, the stormwater accumulates downstream in a larger 
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volume and more rapidly (with faster flow velocities) than for 

natural stream channels. The cumulative effect is generalized 

by McPherson [1974a] as he suggests that increased surface 

water volume and localized flood peaks may accentuate 

mainstream flooding. He also notes that flooding can be 

aggravated by the occupation of flood plains and associated 

flood prone areas by urban development. 

Studies have indicated that many urban centers face 

serious drainage problems resulting from upstream development 

or re-development. Not only are drainage systems overloaded 

from new development upstream, but land use changes in the 

areas near the center of the city cause imperviousness to reach 

virtually 100 percent as commercial or high-density residential 

areas replace low-density single dwellings. Storm runoff is 

immediate and exceeds the capacity of the original design of 

the drainage system, causing local flooding and resulting in 

property damage [Waller, 1977]. 

Perhaps even more significant are the findings by Leclerc 

[1973], McPherson [1974b] and [1978], and the ASCE Task 

Committee [1975] which indicate that as the relative magnitude 

of flood peaks increases, the ratio of urban peak rate to rural 

peak rate declines, showing that the effect of urbanization is 

more pronounced for the more frequent storm occurences. 

McPherson [1978] went further to present evidence which 

indicates that the effects of urbanization on the magnitudes of 

streamflows decreases as the rarer floods are approached to the 
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extent of an insignificant difference at the 100 year level. 

However, as Leclerc and Schaake [1973] stress, increased peak 

flows would occur more frequently after urbanization. Figure 

2.1 shows that a structure with a design capacity to handle the 

20-year event under natural conditions would be adequate to 

handle only the 3 year event under developed conditions. 

Many general discussions of the effects of urban 

development on hydrology have been published, including those 

by Chow [1964] and Viessman, et. al. [1977]. Lazaro [1979] 

presents a general outline for the procedure followed in 

conducting urban hydrologic studies and follows his discussion 

with an extensive bibliography of references and data sources 

useful to any hydrologic researcher. Roesner [1982] gives a 

comprehensive overview of the urban drainage process in detail 

and describes the three subsystems of urban drainage (surface 

runoff, sewer transport, and receiving waters), discussing the 

basic mathematical formulations used for modeling each. 

Imperviousness, retention, rainfall characteristics, and 

drainage basin physical properties are discussed by Brater and 

Sangal [1969] as they each relate to urban runoff. McPherson 

[1974b] includes many general references on urban hydrology and 

describes on-going research in the United States. A 

description of the ASCE Urban Water Resources Research Program 

is given by McPherson and Mangan [1975], who also include an 

extensive bibliography of all reports and technical memoranda 

published as a result of the ASCE research. Waananen [1969] 
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presents a general overview of the effects of urbanization on 

water resources but takes his discussion one step further to 

include urban effects on precipitation characterisics over 

cities. His summary of findings include the following: 

1. Increase in total yield from streamflow and in 
annual discharge; 
2. Decrease in base flow of those streams that remain 
under general natural conditions; 
3. Modification of the low flow of streams influenced 
by the importation of water (discharge of wastewater); 
4. Decrease in recharge to the underlying groundwater 
basins; 
5. Increase in precipitation in urban areas and 
corresponding increase in yield. 

2.1.3 Case Studies and Quantified Urban Effects 

Numerous hydrologic studies have been conducted on urban 

watersheds across the United States in the last few decades in 

order to quantify the effects of urbanization mentioned in the 

previous section. Espey, Winslow and Morgan [1979] trace the 

development of urban watershed hydrology from one of the first 

flood control designs (on-site detention) in El Paso, Texas, to 

early open-space flood storage provisions in communities in 

Dallas and Chicago. The authors also review several research 

projects on direct runoff, including one performed by Sawyer in 

Nassau County, New York, which reported an increase in direct 

runoff of 123 percent for a 23 year period in an urbanizing 

drainage basin. 

A study by Wiitala in 1961 of flood peaks in Michigan 

concluded that urban flood peaks were 3 times those of 
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undeveloped watersheds, and similar results by VanSickle a year 

later showed that increases of 2 to 5 times over rural peak 

discharges could be expected to occur in urban areas [May and 

Tung, 1978]. Later in the 1960's, extensive studies of Houston 

watersheds were conducted by the consulting firm of Turner, 

Collie and Braden, Inc. and reported by VanSickle [1969]. 

Their results are shown in Figure 2.2 and indicate not only an 

increase in peak flow but also a decrease in time to peak over 

the 20 year development period. Table 2.3 gives a comparison 

of the peak discharge rates and times to peak and emphasizes 

the dramatic changes in hydrograph characteristics with 

urbanization in the Houston area. 

TABLE 2.3 Unit Hydrograph Characteristics 
Brays Bayou, Texas, 1939 -1960. 

Storm 
Peak Discharge 
Rate, cfs 

Time to 
Peak, hours 

July, 1939 1800 12 
November, 1940 1680 12 
September, 1941 1340 12 
November, 1943 1220 15 
October, 1949 1100 12 
U.S.C.E. design 1800 12 
May, 1953 2200 6 
April, 1959 4640 4 
October, 1959 4200 5 
June, 1960 4560 3 
Predicted Ultimate 6000 2.5 

The 1970's resulted in a proliferation of urban hydrologic 

studies, all of which observed dramatic influences of 

urbanization on discharge hydrographs. In a study conducted by 
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Rao, Delleur and Sarma [1972], an increase in the urbanization 

factor, defined as the amount of new development over 

previously developed conditions, from 1.0 to 1.4 decreased the 

time lag by 43 percent, increased the peak discharge by 90 

percent, and decreased the time to peak by 56 percent. 

Dempster [1974] analyzed 57 years of discharge records in 

Dallas and found that flood peaks in a fully-developed 

residential area increased 1.2 to 1.4 times those from an 

undeveloped area, and the annual direct runoff was twice that 

from an undeveloped area. In order to facilitate land use 

descriptions in urban studies, Gluck and McCuen [1975] 

developed a set of predictive equations which require only 

demographic data easily obtained from census summaries. By 

using these equations, the researcher would no longer need to 

waste time and money developing land use characteristics from 

aerial photographs. In a classical study of unit hydrograph 

theory, Brater and Sherrill [1975] conclude that the primary 

effect of urbanization is the production of flood hydrographs 

of much shorter duration and higher peaks. They found that as 

the population density of their study area changed from 100 to 

13,000 persons/square mile the peak rate of surface runoff 

became about 10 times greater while the time lag and time to 

peak decreased to one tenth of their rural value. Similar 

results had been found earlier by Espey and Winslow [1968] when 

they applied statistically derived mathematical relationships 

to 23 small watersheds in Houston, Texas. They concluded that 
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extensive urban development in Houston increases the peak 

discharge by a factor of 2 to 6 and decreases the time to peak 

by a factor of 2 to 6. Lorant [1977] used the Soil Conservation 

Service hydrograph method to determine the effects of 

development on peak flows and time factors and reported the 

following: 

In 1979, Halff [1979] conducted a study of streams in the 

Dallas-Fort Worth area while Beard and Chang [1979] conducted 

studies in Dallas, Austin, Fort Worth and Oklahoma City. 

Halff*s results were inconclusive, although he was able to 

determine that channelization did have a greater effect on time 

to peak than did urbanization (defined only in terms of 

increased impervious land cover). Beard and Chang obtained 

similar results and concluded that concentration times of 

runoff were not appreciably affected by urbanization if no 

major channel improvements were made. 

Further support for the importance of the hydraulic 

conveyance factor on hydrograph time characteristics in 

urbanizing watersheds is presented by Liscum and Massey [1980]. 

TABLE 2.4 Effect of Urbanization 
(Rainfall - 2.00 inches) 

Percent Impervious Area 
0 30 60 90 

Runoff inches 
Runoff percent 
Time lag factor 
Peak flow factor 

0.06 0.30 0.65 1.40 
3 15 31 70 
1.00 0.85 0.68 0.53 
1.00 1.16 1.32 1.56 
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In a study of Houston watersheds using simulated 67-year 

records of annual peak discharges at 22 gaging stations, the 

authors were able to conclude that changes in the magnitude of 

peak discharges in the Houston area can be largely attributed 

to channel improvements. Table 2.5 lists the results of this 

study and quantifies Liscum and Massey's conclusions. 

TABLE 2.5 Effects of urbanization on 
flood-frequency characteristics 

Description of Flood Peak Increase Factor 
change due to Recurrence Interval ̂ years) 
urbanization 2 5 10 25 50 100 

Development increases 
from rural to urban 

1.26 1.27 1.28 1.28 1.29 1.29 

Channel is changed 
from natural to 
completely rectified 

3.36 3.55 3.65 3.74 3.79 3.82 

Both of above changes 4.23 4.51 4.67 4.78 4.89 4.93 
occur together 

Another study conducted in Houston at the same time 

describes the effects of rainfall time distribution on 

discharge hydrograph characteristics [Bedient and Springer, 

1981]. The authors conclude that a frontal system moving in 

the direction of streamflow might result in a time lag which 

coincides with time to peak, thus producing larger peak 

flows at the watershed outlet due to flows from upper 

subbasins coinciding with peaks from lower subareas. Aron 

[1982] also found rainfall to be one of the most uncertain 
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parameters in urban watershed analysis and presents a 

discussion of rainfall abstractions, describing each and 

giving the most widely used equations for predicting them. 

He points out that while losses in a watershed's pervious 

areas may affect the total runoff volume, it is the 

impervious areas which determine the flood peak. Troutman 

[1983] examines the spatial variability of rainfall and 

finds that it causes inflated mean squared errors of 

prediction in precipitation-runoff modeling and leads to 

overprediction for large events and underprediction of small 

events. The development of a design rainfall for use in 

rainfall-runoff studies is discussed by Wenzel [1982], who 

also gives a brief summary of current research on the 

subject. 

A review of current literature is presented by Delleur 

and Dendrou [1980], who analyzed various studies and 

summarized their findings by reporting that hydrograph time 

factors are ten times smaller for fully urbanized (50 

percent imperviousness) areas than for rural conditions and 

1.7 times smaller than for partially urbanized areas (20-30 

percent impervious cover). The authors also find that the 

maximum effect of complete suburban development in the 

reports they review is a peak discharge increase of 80 

percent. 

Several detailed studies of backwater effects during 

flooding in urban areas were conducted, the most recent 
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being that done by Chiang and Bedient [1984] in Houston, 

Texas. Local flooding during a 1976 storm caused extensive 

damage to many large buildings and was attributed by the 

authors to backwater effects in the main and lateral 

channels. VanSickle [1979] discusses the 1976 Houston flood 

with respects to urbanization influences in the area and 

points out that the capacity of Brays Bayou (the recieving 

channel) was within its banks and low enough to handle flow 

from the main outfall sewer. However, the capacity of the 

existing inlets, leads, and lateral sewers were exceeded in 

the area so the water could not reach the Bayou and instead 

ponded in downstream low-lying areas, entering parking lots 

and flooding lower levels of the surrounding buildings. 

Chiang and Bedient quantified the flood volumes and designed 

a model to predict such occurrences. Espey, Winslow and 

Morgan [1979] note the effects of exceedance of secondary 

drainage capacities and resulting backwater ponding on the 

form of the outflow hydrograph. As the secondary drainage 

system capacity is reached and exceeded due to increased 

concentrations of urban development near the centers of 

cities, ponding of stormwater occurs and the authors find 

that the resultant hydrograph will have a lower but much 

broader peak [Figure 2.3]. 
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2.2 MODELING THE URBAN RUNOFF PROCESS 

2.2.1 Development of Urban Hydrologic Models 

The past few decades have not only seen the 

proliferation of urban watershed studies, but have also 

produced countless analytical methods designed to model 

these watersheds and yield an urban runoff hydrograph. 

These methods all developed from either the Rational Formula 

or the Unit Hydrograph Theory. The rational method is based 

upon Q = CIA, where Q is the peak discharge in cfs, C is a 

runoff coefficient, I is the rainfall intensity in inches 

per hour, and A is the drainage area in acres. It was first 

presented in American literature in 1889 by Kuichling for a 

determination of peak runoff for sewer design in Rochester, 

New York, but has been originally attributed to the work of 

Mulvaney in 1851 [Chow, 1964]. The unit hydrograph theory 

presents a relationship between rainfall and runoff 

distribution for individual storms and was developed by 

Sherman in 1932 [Viessman, et. al., 1977]. More discussion 

of the unit hydrograph theory is given in the Methodology 

section of this paper. 

In 1960 extensive studies using the unit hydrograph 

method were made by the City of Chicago. The Chicago 

Hydrograph Method of sewer design evaluates the rainfall 

abstractions and flow detentions which account for the 

difference between the rainfall hyetographs and the sewer 
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outflow hydrograph. Presented in a discussion by Tholin and 

Keifer [1960], this study marked a milestone in the efforts 

of engineers to apply the modern hydrograph theory to the 

complexities of storm-sewer design. Several years later 

Viessman [1966] built on this theory and synthesized a total 

runoff hydrograph for an impervious sewer inlet area. These 

two studies disssolved major barriers in engineering 

practice and initialized the use of hydrographs in sewer 

design. 

By 1969 the Road Research Laboratory (RRL) Method had 

been developed in Great Britain and had surpassed the inlet 

hydrograph method for design purposes. The RRL Method is 

readily applicable to basins before development occurs, 

enabling the engineer to design an adequate storm drainage 

system prior to construction [Division of Water Resources, 

1970]. 

The U.S. Army Corps of Engineers followed the British 

lead and initiated their Hydrologic Engineering Center (HEC) 

in the mid-1960's and by 1967 had developed the first HEC-1 

Flood Hydrograph Package. While not as complex as the RRL 

Method, HEC-1 represented a combination of many smaller 

programs which had previously been operated independently 

[U. S. Army Corps of Engineers, 1981a]. First published in 

1968, HEC-1 evolved when computer memories were large enough 

to contain several components of watershed simulation. 

HEC-1 underwent minor revisions and was re-released in 1969 
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and 1970, and was published again in 1973 when major 

revisions were made to the internal input and output 

formats. These original HEC-1 packages contained a unit 

hydrograph computation, a basin rainfall and snowmelt 

computation, a unit graph loss rate optimization program, a 

hydrograph combining and routing method, and a streamflow 

routing optimization program [Feldman, 1981]. 

Riley and Narayana [1969] conducted a study on the 

Waller Creek watershed in Austin, Texas, and developed a 

model to describe the urban basin characteristics using an 

analog model. They transformed the urban watershed into a 

hypothetical equivalent rural watershed with uniform 

physical characteristics and then used precipitation as 

input into a mathematical model. Computer models of this 

complexity soon became more common as mathematical 

hydrograph calculations could be computerized and solved 

quickly and easily. 

The Environmental Protection Agency Water Quality 

Office developed a comprehensive Storm Water Management 

Model (EPA-SWMM) in the late sixties and commissioned the 

University of Cincinnati to test SWMM and verify the model 

as a reliable method for control of magnitude, frequency, 

and quality of combined sewer overflows from urban 

watersheds [Division of Water Resources, 1970], SWMM is a 

relatively complex model using a deterministic method with 

parametric system synthesis which must be solved using a 
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high speed digital computer. 

In order to minimize some of the complexities of large 

models like SWMM, Lumb, Wallace, and James [1974] developed 

two computer models to separately study the effects of land 

use on microscopic and macroscopic scales. Their "Small 

Urban Watershed Flood Hydrograph Model" was developed to 

study how flood hydrographs are affected by the arrangement 

of buildings and paved areas on small watersheds (less than 

100 acres), while their "Urban Hydrograph Routing Model" was 

developed to study the effect of the distribution of land 

use by categories on the flood hydrographs in large 

watersheds (more than 10 square miles). They compared their 

results to those obtained by applying HEC-1 unit hydrograph 

theory to the same watersheds and found that both models 

compared favorably to HEC-1. 

2.2.2 Comparisons of Major Models 

Several significant comparative studies of urban models 

and modeling techniques followed the Lumb report. A year 

later, Bailey, et. al. [1975] reported on a study of a large 

watershed in Lubbock, Texas, which compared four flow models 

to observed flow records. Their criteria for selection were 

that the models require a minimum of time, money, and effort 

for implementation. Two simple models were chosen to 

complement each other, the rational method which produces a 

peak flow rate, and the Viessman-Miller Model which predicts 
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total runoff volume. These two models require only a few 

pieces of information about the watershed for their use and 

were compared to two more complex models which predict both 

peak flow rate and volume but which require considerably 

more information and effort to obtain results. The 

intermediate Viessman, Keating and Srinivasa Model and the 

complex Road Research Laboratory Model were chosen and 

resulted in more accurate results than the two simpler 

models. 

In 1976 Marsalek [1976] presented a comprehensive 

report on urban test catchment research and hydrological 

modeling in Canada. He gave information on instrumentation, 

data acquired, data applications, and analysis performed and 

included descriptions of newly developed models, refinement 

of existing models and Canadian applications of urban runoff 

models. A similar data base was prepared by the EPA in the 

late-1970's and was presented by Huber, et. al. [1979]. 

This report assembled rainfall-runoff-quality data for 25 

catchments in 11 U. S. cities and rainfall-runoff data for 

22 more catchments in an additional 14 cities. At the same 

time, Chow and Yen [1976] investigated selected urban storm 

water runoff prediction models being used in the United 

States. They evaluated the rational method, unit hydrograph 

method, Chicago hydrograph method, British RRL Method, 

University of Cincinnati Urban Runoff Method, Dorsch 

Hydrograph Volume Method, EPA-SWMM, and the Illinois Urban 
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Storm Runoff Method. The authors suggest that the most 

suitable method to be used for an urban runoff problem 

depends on the accuracy required for the project. For a 

quick simple approximate result of peak runoff rate, the 

rational method is suggested, while for high accuracy and 

details of the temporal and spatial distribution of runoff, 

the Illinois Urban Storm Runoff should be chosen, although 

the authors note that the EPA-SWMM could be used if no 

backwater effects are important. Chow and Yen also suggest 

using the unit hydrograph method if hydrographs for the area 

are available; if not, they suggest the British RRL Method 

as an intermediate alternative. 

Similar results were reported in other comparisons of 

major urban runoff models, such as Kibler and Aron [1978], 

who detail a sensitivity analysis performed on SWMM and the 

Penn State Runoff Model? Mays and Tung [1978], who give an 

extensive bibliography and description of more than twenty 

models; Delleur and Dendrou [1980] and Dendrou [1982], who 

present twelve large-scale urban storm-drainage simulation 

models including HEC-1 and those listed by Chow and Yen; 

Williams [1980], who calibrated six urban rainfall-runoff 

discrete event models on three basins in Oklahoma City; 

Loucks, Stedinger and Haith [1981], who review the concepts 

of urban modeling and compare different predictive equations 

with SWMM; and Roesner [1982], who gives an overview of the 

urban runoff process and compares mathematical formulations 
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describing the process to those used in SWMM. While each of 

these reviews gives detailed descriptions of many 

widely-used urban models, Williams [1980] concludes that 

when calibrated to an adequate sample of observed rainfall 

and discharge records, one hydrograph model can probably be 

just as reliable as another. 

In 1981 HEC-1 again underwent major revisions. The 

input-output formats have been completely revised and the 

special HEC-1 versions for dam-break, project optimization, 

and kinematic wave routing have been combined in the new 

package [U. S. Army Corps of Engineers, 1981a]. The new 

program gives the powerful analysis features available in 

the earlier versions plus several major new additions which 

greatly expand the user's capabilities. 

Several smaller programs developed in the late-1970's 

presented different approaches to the rainfall-runoff 

modeling process. Dendrou, Delleur and Talavage [1978] and 

Dendrou, Talavage and Delleur [1978] present different 

aspects of a study evaluating the impact of alternative 

patterns of urban growth on storm water runoff. A 

storm-drainage planning model (URBDRAIN) was defined at the 

watershed level and optimization was achieved with the 

land-use hydrologic simulation model LANDSTORM on the 

subbasin level. A highly complicated model involving the 

application of the program CAREDAS to the solution of 

drainage problems in France is described by Chevereau and 
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Holly [1978]. This model simulates flow in drainage network 

conduits and selected the full dynamic continuity and 

momentum equations over the simplified kinematic wave 

equations for flow. The solution by an implicit finite 

difference scheme allows for the accurate design of drainage 

conduits. A simpler model was developed by Chan and Bras 

[1979] by using the simplified kinematic wave approach. The 

resulting distribution function is in a closed analytical 

form containing only a few climatological and physical 

parameters of a catchment. The Chan and Bras model is used 

to design storage devices and flood control systems in urban 

areas. 

Beard and Chang [1979] reviewed 25 models and chose 

HEC-1 to model 114 flood hydrographs in 14 urban areas in 

Oklahoma City, Dallas, Fort Worth and Austin. Alley, Dawdy, 

and Schaake [1980] describe a rainfall-runoff model which 

represents the units and processes of an urban watershed 

system and provides operational characteristics for use in 

practical applications.. Their model is parametric/ 

deterministic and uses kinematic wave theory for routing 

overland and pipe flows. 

2.3 URBAN STORMWATER MANAGEMENT 

2.3.1 Overview 

As urbanization increases, the impact from increased 
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peak discharges due to more efficient hydraulic conveyance 

and greater percentages of impervious areas may be 

manifested in flooding in downstream areas. In an effort to 

control such flooding, planning authorities have developed a 

variety of methods which reduce either the volume or the 

rate of runoff resulting from developed areas. One of the 

primary controls being implemented mandates that 

post-development discharges cannot exceed pre-development 

discharges at some predetermined frequency of occurrence at 

specified points on the channel [Soil Conservation Service, 

1975]. 

Consequences of this type of "blanket" runoff control 

management strategies are examined by Hardt and Burges 

[1976], whose findings indicate that restricting the outflow 

from a retention facility to a level less than the 

undeveloped rate could achieve a potentially harmful 

composite peak flow rate that would equal the 

pre-urbanization flow but would run for a much greater 

duration for that rate. While the authors make no general 

conclusions about drainage options, they do stress the need 

for runoff control strategies to be evaluated at the entire 

watershed level, not just on local jurisdictional 

boundaries. This same emphasis on comprehensive urban 

runoff control planning is given by McPherson [1978] and 

Dendrou, Talavage and Delleur [1978]. 

A comprehensive strategy for managing urban stormwater 
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should Include the following: 

1. A hydrologic analysis of runoff quantity and 

quality under present and future phases of development; 

2. An economic analysis and determination of 

hydrologic impacts of alternative runoff abatement 

practices; and 

3. A projection of downstream effects of selected 

urban runoff control strategies [Kibler and Aron, 1980]. 

2.3.2 Structural Methods of Flood Management 

The known methods and techniques for the management of 

stormwater runoff can be grouped into structural and 

non-structural measures. Dendrou, Delleur and Talavage 

[1978] present a systematic evaluation of each type of 

approach and develop a method to study storm-drainage 

planning problems in conjuction with scenarios of urban 

growth. Structural measures have recently been applied to 

on-site runoff abatement and either reduce rainfall-runoff 

directly at the source or delay the arrival of runoff 

contributions downstream [Kibler and Aron, 1980]. Table 2.6 

presents various stormwater control alternatives of this 

type. 



TABLE 2.6 Urban Runoff Reducing and Delaying Methods 

Reducing Runoff Delaying Runoff 

fa) Large Flat Roof 

Cistern strorage 
Rooftop gardens 
Pool storage or fountain 

storage 
Sod roof cover 

Ponding on roof by constrict¬ 
ing downspouts 

Increasing roof roughness 
Rippled roof 
Gravelled roof 

(b) Parking Lots 

Porous Pavement 
Gravel parking lots 
Porous or punctured 

asphalt 
Concrete vaults and 

cisterns beneath lots 
in high-value areas 

Vegetated ponding areas 
around parking lots 

Gravel trenches 

Grassy strips on parking lots 
Grassed waterways for drains 
Ponding and detention methods 

for impervious areas 
Rippled pavement 
Depressions 
Basins 

(c) Residential 

Cisterns for individual 
homes 

Gravel driveways(porous) 
Contoured landscape 
Groundwater recharge 

Perforated pipe 
Gravel (sand) 
Trench 
Porous pipe 
Dry wells 

Vegetated depressions 

Reservoir or detention basin 
Planting a high delaying sod 
Gravel driveways 
Grassy gutters or channels 
Increased length of travel of 

runoff by means of gutters, 
diversions, etc. 

*Kibler and Aron, 1980. 

Results from a study conducted by Lumb, Wallace and 

James [1974] note that small detention storage basins are 

effective in newly developed areas but become progressively 
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less effective when used in larger and larger watersheds. 

Similarly, natural channels (as opposed to paved ones) 

reduce headwater hydrographs but have less and less effect 

as one goes downstream. The same study points out that 

draining roofs and driveways onto dense turf reduces runoff 

volume and cumulatively has a greater effect in large 

watersheds. The authors stress that a comprehensive land 

development policy is necessary to control runoff in 

urbanizing watersheds in order to restrict land uses which 

have an adverse effect on downstream hydrographs, such as 

accentuation of flood peaks due to the location of 

commercial and industrial complexes in the middle of an 

urban watershed. 

As the most common structural stormwater management 

option, detention basins have been the subject of many 

recent studies [Smith,1980; Smith and Bedient, 1980; Flores, 

1981; and Harris County Flood Control District, 1984]. The 

use of detention ponds in areas where channelization and 

extensive drainage systems cannot handle flood flows without 

adversely affecting downstream areas has made them widely 

accepted in engineering practice. However, many new 

alternatives to formal detention ponds are being presented 

in recent literature. In addition to those listed by Kibler 

and Aron in Table 2.6, HcPherson [1974a] discusses the 

encouragement of land development site grading to increase 

flow distances over pervious areas; the exploitation of turf 
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areas separating paved areas to increase infiltration and 

reduce peak outflows; and the use of recreational areas as 

temporary retention areas. The author also gives an 

extensive reference list on stormwater management 

possibilities and reviews future research needs. 

2.3.3 Non-Structural Flood Control Alternatives 

Most of the above-mentioned runoff control planning 

requires some sort of governmental Minducement” to be 

implemented. Therefore, Blackburn [1979] defines 

non-structural runoff control methods as regulatory or legal 

controls of land development by governmental entities. 

Non-structural and structural controls go hand-in-hand when 

developing stormwater abatement strategies, the former 

usually encompassing zoning, land or easement purchase 

programs, tax incentives, infrastructure placement, 

subdivision plat approval, and issuance of building permits 

[Blackburn, 1979; Harris County Flood Control District, 

1984]. 

For small communities whose problem is low-level 

residential flooding due to tributary streams (not a major 

river), structural engineering works are economically 

prohibitive as costs usually greatly exceed benefits. For 

such communities, non-structural regulatory controls are 

often the only answer and should include a flood insurance 

program (usually in conjuction with FEMA), floodplain 



34 

zoning, building codes, and flood proofing, thereby 

controlling damages rather than controlling flooding 

[Bedford and Phelps, 1979]. As Thomas [1979] points out, 

while the federal role in national flood plain management is 

clearly stated in FEMA, the Water Policy Review, and the 

Floodplain Management Executive Order, the initiative for 

almost every non-structural flood management scheme rests 

with local and state governments. This thought is 

reiterated by Rowe, Blackburn and Bedient [1979] as they 

present the results of a flood study conducted north of 

Houston and conclude that decentralized flood control 

techniques at the subdivision level show the most promise 

for the study area. However, the Harris County Flood 

Control District has found it very difficult to coordinate 

regional flood management on the Cypress Creek watershed and 

is at present attempting to assemble acceptable alternatives 

with the area's developers. 

Butler and Maher [1979] review the causes of flooding 

and analyze the economics of storm water runoff control and 

conclude: 

1. Urban flooding is the direct result of human 

activity and treatment and mitigation efforts should 

accordingly focus on the problem source as well as on the 

site of damage. 

2. Control actions should be carried out wherever in 

the watershed it is most efficient to do so. Controls 
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should not be extended past the point where they are 

economically feasible. 

3. Implementation of an efficient control strategy 

will in general require basin-wide management, since the 

extent of the problem is basin wide. 

4. Alternative control programs ahould be evaluated on 

the basis of full social costs, not the apparent costs to 

individuals, firms, or governmental agencies. 

In summary, there exist many uncertain factors, or 

risks, to be considered in planning urban runoff control 

management. Before any decisions can be made, the urban 

planner must evaluate the alternatives and choose the type 

of method which best fits the watershed under study. In an 

evaluation of the uncertainties associated with flood damage 

control measures, Seguin [1980] concludes that employing 

non-structural methods incurs greater risks than those 

associated with structural alternatives, as the former 

attempt to control human behavior, which is much less 

predictable than natural phenomena. 
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3.0 METHODOLOGY 

3.1 UNIT HYDROGRAPH THEORY 

Numerous methods of predicting flood peak discharges 

and discharge hydrographs from rainfall events have been 

studied in the past half-century, one of the most common and 

widely used being the unit hydrograph method. Based on 

Sherman's work in the 1930's, the unit hydrograph is defined 

as that hydrograph resulting from a uniform rainfall 

producing a one-inch depth of runoff over a given drainage 

area. The development of synthetic unit hydrographs by 

Snyder in 1938 and Clark in 1945 resulted from the 

application of unit hydrograph theory to ungaged watersheds 

and relating features of the unit graph to watershed 

characteristics. HEC-1 allows for either the direct input 

of a unit hydrograph to the program or the computation of a 

synthetic unit hydrograph from user supplied parameters [U. 

S. Army Corps of Engineers, 1981a]. 

HEC-1 automatically sets the duration of unit excess 

equal to the computation interval selected for watershed 

simulation. In general, the rainfall excess hyetograph is 

transformed to a subbasin outflow by utilizing the 

convolution equation: 

i 
Q(i) - 2 U(j) * X(i-j+l) 

j-1 

[3.1] 
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where Q(i) is the subbasin outflow at the end of computation 

interval i, U(j) is the jth ordinate of the unit hydrograph, 

X(i) is the average rainfall excess for computation interval 

i. Equation 3.1 is based on two assumptions: 1) the unit 

hydrograph is characteristic for a subbasin and is not storm 

dependent; 2) the runoff due to excess from different 

periods of rainfall excess can be linearly superposed 

[Feldman, Ely, Goldman, 1981]. 

In HEC-1 the parameters for a synthetic unit hydrograph 

can be determined from gage data by using the parameter 

optimization option, or these parameters can be determined 

from regional studies. Three synthetic unit hydrograph 

methods are available in the model, with the Clark method 

being chosen for this research. The Harris County Flood 

Control District [HCFCD, 1983] began a comprehensive 

hydrologic and hydraulic study of watersheds in Harris 

County and used the Clark's unit hydrograph parameters to 

optimize actual storm event hydrographs. It is from this 

report and the master's thesis by Smith [1980] (which 

applied the unit hydrograph method to Brays Bayou) that 

parameters were chosen for use in this research. 

The Clark's method requires three parameters to 

calculate a unit hydrograph: TC, the time of concentration 

for the basin; R, a storage coefficient; and a time-area 

curve. A time-area curve defines the cumulative area of the 

watershed contributing runoff to the subbasin outlet as a 
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function of time. In the HCFCD study, data for undeveloped 

watersheds were analyzed separately from fully developed 

watersheds. In evaluating the unitgraph information 

obtained for undeveloped watersheds from several data 

sources, a relationship was found in which the quantity TC+R 

is a function of the watershed length (L) and weighted 

channel slope (S). A best-fit line was computed for this 

data representing undeveloped watersheds. A similar 

relationship was derived by HCFCD between TC, the length to 

centroid (Lea), and the weighted channel slope (S). The 

data points representing undeveloped conditions were divided 

into two groups: 1) those having moderate to steep 

watershed slopes (So) in excess of 40 feet per mile, and 2) 

those with watershed slopes of approximately 20 feet per 

mile or less. Parallel lines were determined such that the 

deviations of the residuals were minimized for each category 

and also for the data representing fully developed 

conditions for the TC+R relationship. Interestingly, when 

determining the TC relationships HCFCD found that all fully 

developed areas in Harris County fell into the mild 

watershed slope category so that a regression analysis was 

performed on these points to determine the governing 

equation. The resulting equations determined from the HCFCD 

study are: 
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Undeveloped Watershed [3.2] 

.706 
TC+R - 7.25 {L / sqrt(S)} 

1.06 
TC - 5.12 {Lea / sqrt(S)} So > 40 feet per mile 

1.06 
TC - 2.46 {Lea / sqrt(S)} So < 20 feet per mile 

Fully Developed Watershed [3.3] 

.706 
TC+R * 2.2 {L / sqrt(S)} 

1.06 
TC * 0.94 {Lea / sqrt(S)} So < 20 feet per mile 

The regression equations derived to compute TC and TC+R 

apply only to undeveloped and fully developed watersheds. 

Watershed development seems to be a key element in the 

application of these equations to partially developed 

watersheds and is a function of the extent of land 

urbanization and the conveyance capability of the channel. 

The coefficient C in the equation 

.706 
TC+R » C {L / sqrt(S)}  ,.[3.4] 

was computed by HCFCD for the optimized values of TC and R 

for several watersheds where channel conveyance has not been 

upgraded to accomodate increased development. The derived 

multiple regression equation between C, percent development, 

and percent of conveyance is as follows: 

-0.678 -0.967 
C » 4295 (% Development) (% Conveyance) . .[3.5] 
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From the above equation, the TC and R values for three 

subbasins comprising the Keegan's Bayou tributary watershed 

were determined for use in HEC-1. However, the model also 

requires a time-area curve to calculate the basin unit 

hydrograph. When not supplied by the user, an option is 

allowed whereby the program utilizes a dimensionless time 

area curve î 

1.5 
AI » 1.414 T 0.0 < T < 0.5 . . .[3.6] 

1.5 
1 - AI - 1.414 (1-T) 0.5 < T < 1.0 . . .[3.7] 

where AI is the cumulative area as a fraction of total 

subbasin area and T is the fraction of time of 

concentration. The ordinates of the time-area curve are 

converted to volume runoff per second for unit excess and 

interpolated to the user supplied time interval. The 

resulting hydrograph is then routed through a linear 

reservoir to simulate the storage effects of the basin; and 

the resulting unit hydrograph for instantaneous excess is 

averaged to produce the hydrograph for unit excess occurring 

in the given time interval. 

The reservoir routing is computed from the following 

equations: 

Q(2) - CA * I + CB * Q(l) 

CA = At / (R + .5 * At) 

[3.8] 

[3.9] 
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CB - 1 - CA [3.10] 

QUNGR ■ . 5 (Q(l) + Q(2)) [3.11] 

where Q(2) is the instantaneous flow at end of period, Q(l) 

is the instantaneous flow at the beginning of period, I is 

the ordinate of the translation hydrograph, At is the 

computation time interval in hours (also duration of unit 

excess), R is the basin storage factor in hours, and QUNGR 

is the unit hydrograph ordinate at end of the computation 

interval. The computation of unit hydrograph ordinates is 

terminated when its volume exceeds 0.995 inch or 150 

ordinates, whichever occurs first [U. S. Army Corps of 

Engineers, 1981a]. 

For the purposes of comparison and method verification 

in this study, unit hydrograph runoff simulation was applied 

to a tributary of Brays Bayou, Keegans Bayou, and an outflow 

hydrograph was determined. Since unit hydrograph theory is 

the most common method applied in engineering practice and 

was widely used in previous studies of Brays Bayou [Smith, 

1980; Espey Huston and Associates, et al, 1982; Turner 

Collie and Braden, 1981], it was felt that the method should 

serve as a reference comparison for the relatively new HEC-1 

kinematic wave technique, which was used to model the entire 

Brays Bayou watershed. 

3.2 KINEMATIC WAVE THEORY 

Although the mathematical models which are based on the 
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development of the basin unit hydrograph are used frequently 

and successfully, it is difficult to associate the physical 

properties of the basin to be modeled to the necessary unit 

hydrograph parameters. It is even more difficult to define 

parameters such as Clark's TC and R for basins which have no 

recorded flow data. The kinematic wave method of overland 

and channel routing not only relates basin and flow 

characteristics directly to two routing parameters, alpha 

and m, but also reproduces nonlinear runoff responses rather 

than being restricted to linear responses such as those 

developed by the unit hydrograph techniques. The kinematic 

wave parameters alpha and m are directly related to the 

shape of the channel, the boundary roughness and the slope 

of the channel or overland flow surface. 

In determining subbasin runoff by the kinematic wave 

method in HEC-1, three conceptual elements are used: flow 

planes, collector channels, and a main channel (Figure 3.1). 

Through these elements, the kinematic wave technique 

transforms rainfall excess into subbasin outflow. This 

simulation may be done on a detailed street-by-street basis 

or set up to simulate representative drainage systems within 

a subbasin. If a representative system is used, the program 

automatically computes the total subbasin runoff as a 

function of the area of the representative system and the 

total area of the subbasin [Feldman, et. al., 1981]. The 

remainder of this section details the development of 
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kinematic wave equations and their solution in HEC-1. 

Flood waves can be identified as one of two separate 

kinds of wave phenomena: the dynamic wave and the kinematic 

wave. Although both of these waves may be present, certain 

watershed characteristics can make kinematic waves dominate 

in a given flood event. When inertial and pressure forces 

are important, dynamic waves govern the movement of long 

waves in shallow water, like a large flood wave in a wide 

river. When the inertial and pressure forces are not 

important to the movement of the wave, kinematic waves 

govern the flow [Overton and Meadows, 1976]. Flows of this 

nature will remain uniform along the channel and no visible 

surface wave will be noticable. As a result, kinematic 

flows are classified as uniform unsteady flows [U. S. Army 

Corps of Engineers, 1979]. The mechanics of unsteady open 

channel flow may be expressed mathematically by equations 

developed in 1870 by St. Venant [Li, 1983]: 

AdV/dx + VTdY/dx + bV + TdY/dt - q - 0 [3.12] 

dV/dt + VdV/dx + gdY/dx + q(V-u)/A + g (So - Sf) - 0 [3.13] 

The first equation is known as the continuity equation and 

represents the conservation of mass in the system. Overton 

and Meadows [1976] simplified it as 

dQ/dx + dA/dt = q [3.14] 
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where Q is the flowrate, V is the average velocity, q the 

lateral inflow rate per unit length of channel, Y the depth 

and A the cross-sectional area of the channel, T the top 

width of the channel, and x and t the space and time 

coordinates. Equation 3.13 is derived from Newton's laws of 

motion and is known as the momentum equation, where g is the 

acceleration of gravity, u is the velocity component in the 

x direction, So is the average bottom slope of the channel, 

and Sf is the friction slope defined as 

Sf ■ tau/(gamma * R) [3.15]. 

Tau in the above equation is the resistive force per unit 

length, gamma is the specific weight of the fluid, and R is 

the hydraulic radius [Overton and Meadows, 1976]. 

For some slowly moving unsteady flows in open channels, 

the problem is simplified when the inertial terms in the 

above momentum equation can be neglected. The component of 

the fluid weight in the direction of flow is balanced by 

wall shear, allowing one to assume that the bed slope is 

approximately equal to the friction slope (So = Sf) [Li, 

1983]. Overton and Meadows [1976] show that when V is 

greater than twice the speed of the wave relative to the 

water, the depth of flow will continue to increase and a 

surge will develop. This ratio of fluid speed to wave speed 

(celerity) is called Froude number F. When F is equal to or 
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less than 2, kinematic waves prevail over dynamic waves. 

Waves cannot move upstream when F is greater than 1 and flow 

will approach a uniform condition, leading to the definition 

of kinematic flow as an unsteady uniform approximation. 

Studies have shown that for most practical conditions of 

overland and small urban watershed channel flow, dynamic 

waves will be negligible and the kinematic approximaton will 

closely agree with the full momentum equation. 

The momentum equation can be normalized with a steady 

uniform discharge, Qn. Rearrangement of the equation then 

becomes 

Q =* Qn {1 - 1/So [(dY/dx) + (V/g) (du/dx) + g(du/dt) 

.5 
+ (q/g)(v/Y)]>  [3.16] 

The normalization is accomplished by extrapolating a normal 

flow formula such as Manning's equation to unsteady 

nonuniform flow: 

2/3 .5 
Q = (1.49/n) A R Sf  [3.17] 

where n is the Mannings roughness coefficient [Overton and 

Meadows, 1976]. 

As the sum of the terms to the right of the minus sign 

in the normalized momentum equation approach zero (pressure, 

inertia, and local inflow are small compared to So), then 

unsteady flows become uniform and Q * Qn. Assuming no 
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appreciable backwater effect, the discharge can be described 

as a function of depth of flow only: 

m 
Q - alpha * Y [3.18] 

where alpha and m are kinematic wave routing parameters and 

are directly related to basin and flow characteristics [U. 

S. Army Corps of Engineers, 1981a]. 

The solution procedure for the governing equations is 

the same in HEC-1 for both overland flow and channel 

routing. The method assumes that inflows are constant 

within a time step and uniformly distributed along the 

element. By combining equation 3.18 with the continuity 

equation as simplified by Overton and Meadows, the governing 

equation is obtained as: 

(m-1) 
dA/dt + [alpha * m * A dA/dx] = q . . .[3.19] 

Assuming that alpha and m are constant, A becomes the only 

dependent variable in the equation and can be solved be the 

following finite difference approximation. 

[A(i,j)-A(i,j-l)]/£t + {alpha * m {[A(i,j-l)+A(i-l,j-1)]/2} 

* [A(i, j-l)-A(i-l, j-1) ]/Ax = q' . . .[3.20] 

This equation is known as the standard form of the finite 

difference equation where q' is defined as: 
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q' - [q(i,j) + q(i,j-l)]/2 [3.21] 

The indices i and j of the approximation refer to positions 

on a space-time grid [U. S. Army Corps of Engineers, 1981a]. 

Rearranging the finite difference equation will allow 

for the solution for the unknown A(i,j), followed by the 

computation of the flow by: 

m 
Q(i,j) * alpha * [A(i,j)] [3.22] 

where the relations for alpha and m for HEC-1 channel shapes 

are given in Figure 3.2. Because the standard form of the 

finite difference equation is only valid if the wave 

celerity, c, is less than the ratio of the space to time 

step, the conservation form of the continuity equation is 

used to insure numerical stability if c is greater than 

dx/dt. In this case, the original governing equation is 

approximated as: 

[Q(i,j)-Q(i-l/j)]/Ax + [A(i-1,j)-A(i-1,j-1)]/At = q' 

 [3.23] 

where Q(i,j) is the unknown and the solution proceeds as 

before [U. S. Army Corps of Engineers, 1981a]. 

3.3 CHANNEL STORAGE ROUTING 

3.3.1 Flood Routing in HEC-1 
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Flood forecasting and watershed simulation require the 

use of some form of routing technique in order to predict 

the spatial and temporal variations of a flood wave or 

outflow hydrograph as it traverses a river reach or 

reservoir. Most of the routing methods available in HEC-1 

are hydrologic routing techniques based upon the equation of 

continuity and either an analytic or an assumed relationship 

between storage and discharge within the system. These 

methods are Muskingum, kinematic wave, modified Puls, 

working R and D, and level pool reservoir routing. In all 

of these methods, routing proceeds on an independent-reach 

basis from upstream to downstream and neither backwater 

effects nor water surface discontinuities are considered. 

These methods give good results, however, for routing floods 

through channels on moderate to steep slopes and through 

reservoirs [Viessman, et. al., 1977; Feldman, et. al., 

1981]. 

3.3.2 Muskingum Method 

When deriving rainfall-runoff relationships using the 

Clark unit hydrograph method in this research, the Muskingum 

routing technique was chosen to model the movement of the 

hydrograph through each reach because of its simplicity and 

wide-spread use in previous studies. This method was 

developed in the mid-1930's by the Corps of Engineers for 

application in the Muskingum Conservancy District Flood 



49 

Control Project and involves the concept of wedge and prism 

storages [Figure 3.3]. 

During the advancement of a flood wave, inflow exceeds 

outflow and produces a wedge of storage. Conversely, during 

the recession of the wave, outflow exceeds inflow, resulting 

in a negative wedge storage. The wedge can be related to 

the difference between the instantaneous values of inflow 

and outflow. In Figure 3.3, the wedge storage is 

represented by KX(I-O). In addition, there is a prism of 

storage as represented by KO. In these two expressions K is 

a coefficient, X is a parameter, I is inflow and O is 

outflow. The total storage is given in the following 

equation, known as the Muskingum equation [Chow, 1969]: 

S*K0 + KX(I-0) [3.24] 

where S is the total storage and I and 0 are the inflow and 

outflow, respectively, in a given time interval. When 

expressed in finite intervals, the equation becomes 

S - S = K [X(I - I ) + (1 - X) (0 - 0 )] . . .[3.25] 
2 1 2 1 2 1 

where the subscripts indicate the routing periods. In 

HEC-1, the solution routing procedure may be repeated for 

several subreaches. The total travel time and the magnitude 

of the wedge storage coefficient are checked by the program 
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for physical and computational constraints [Feldman, et. 

al., 1981]. 

3.3.3 Kinematic Wave Routing 

Kinematic wave routing was used for all the modeling 

efforts on Brays Bayou in this study excluding the unit 

hydrograph comparison runs on Keegans Bayou. The theory 

behind this method is given in section 3.2, although the 

kinematic wave channel routing computation can be used 

independently of the other elements of the subbasin runoff. 

The HEC-1 kinematic wave method does not allow for explicit 

separation of main channel and overbank areas since the 

cross-sectional geometry is limited to the shapes shown in 

Figure 3.2. Theoretically a flood wave routed by the 

kinematic wave technique through these channel sections is 

translated but not attenuated (although the finite 

difference approximation does introduce some degree of 

attenuation, as described in Mays and Tung, 1978). However, 

since in urban areas flood wave attenuation is usually not 

significant, it was felt that this method is appropriate in 

the present application [U. S. Army Corps of Engineers, 

1981a]. 

3.3.4 Modified Puls Storage Routing 

Storage routing methods in HEC-1 are those methods 

which require information about storage in the channel reach 
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or reservoir, such as modified Puls, working R and D, and 

level pool reservoir routing. There are three methods for 

determining routing reach storage in HEC-1: direct input, 

reservoir surface area and elevation, and channel cross 

section and reach length (normal-depth channel flow). 

Outflow characteristics can be computed from: direct input, 

normal-depth channel flow, weir equation (spillway), 

critical depth, or ogee spillway data. Whenever storage and 

outflow data are computed from methods other than direct 

input, stage data must be supplied so the relation between 

storage and outflow can be determined [Feldman, et. al., 

1981]. 

Modified Puls routing was used in addition to kinematic 

wave overland flow and channel routing on Brays Bayou in 

order to simulate storage in the channel and overbank areas 

due to backwater effects during a large and significant 

flood. While not actually used to route the flow in this 

study, Modified Puls was used to determine necessary channel 

and overbank storage occurring from the 1983 event along 

Brays. The routing method is recommended for both channel 

and detention pond flood hydrograph routing by the Harris 

County Flood Control District [1984]. The Modified Puls 

method assumes invariable discharge-storage relationships 

and neglects the variable slope occurring during the passage 

of a flood wave. It is based on the relationship that 

inflow minus outflow equals the change in storage and is 
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described by the following equation: 

0.5(1 + I )At + S - 0.5(0 ) At = S + 0.5(0 ) At . . [3.26] 
12 1 2 

where the symbols are the same as those in the instantaneous 

Muskingum equation [Chow, 1964y Harris County Flood Control 

District, 1984]. 

The degree of attenuation of the flood wave varies in 

the HEC-1 solution according to the river reach lengths 

chosen or the number of routing steps specified for a single 

reach. The number of routing steps (NSTPS) functions as a 

calibration parameter in the model and may be varied to 

produce the desired routed hydrographs. A storage 

indication function is computed from given storage versus 

outflow data, which was provided as direct input to HEC-1 in 

this study. The storage indication is computed by: 

STRI(I) - C * ST0R(I)/At + 0UTFL(I)/2 . . . .[3.27] 

where STRI is the storage indication, ST0R is the storage in 

the routing reach for a given outflow, 0UTFL is the outflow 

from the routing reach, C is a conversion factor,At is the 

time interval, and I is a subscript indicating corresponding 

values of storage and outflow. At the end of each time 

interval, storage indication is given by: 
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S TRI » STRI + QIN - Q [3.28] 
2 1 1 

where QIN is the average inflow and Q is the outflow. The 

outflow at the end of the time interval is interpolated from 

a STRI versus OUTFL table and storage is then computed from 

the following continuity relationship [U. S. Army Corps of 

Engineers, 1981a]: 

STR - [STRI - (Q/2) ] * At/C [3.39]. 
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4.0 APPLICATION TO BRAYS BAYOU 

4.1 WATERSHED CHARACTERISTICS 

Over the past ten years, residential and commercial 

developments along Brays Bayou in Houston have experienced 

frequent and costly damage from flooding. Major storms caused 

flooding in 1976, 1979, 1981 and 1983, with the latter event 

causing severe damage concentrated in the lower half of the 

watershed. Many residential areas were inundated during that 

storm which had never before experienced flood damage. Civic 

groups and community leaders are frustrated and angered by the 

frequent flooding from the bayou, which was originally 

constructed to carry runoff resulting from a 100-year design 

storm. In response to the outcry resulting from the September 

1983 event, this research addresses the watershed 

characteristics and runoff carrying capacity of Brays Bayou in 

an attempt to define the actual flooding potential of this 

major Houston waterway. 

4.1.1. Site Description and Boundaries 

Brays Bayou is located in Harris and Fort Bend counties 

and drains a watershed encompassing approximately ninety-two 

square miles between Barker Dam and S. Main Street in southwest 

Houston (Figure 4.1). The watershed is bounded by latitude 29° 

45* on the north, longitude 95°23* on the east, latitude 29° 

37'30" on the south, and longitude 95°42'30" on the west. The 
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most recent detailed map of the area is from the United States 

Geological Survey's (USGS) topographic series which was 

surveyed in 1976. This map was used as a base for delineating 

the watershed boundaries. Several previously published reports 

were also used as guides in determining the boundaries, 

including those of Turner Collie and Braden (1981), Espey 

Huston and Associates (1982), USGS Hydrologic Data for Urban 

Studies (1979), and David Smith's research thesis (1980). 

After delineating the watershed boundary, the 92.64 square 

mile area was subdivided into twenty-eight smaller segments 

ranging in size from 1.83 to 5.74 square miles (Figure 4.2). 

The location and size of each subbasin was determined by the 

variability of the hydrometeorological processes and basin 

characteristics. Each subbasin represents an area of the 

watershed which has the same hydraulic/hydrologic properties. 

By limiting the size of the subbasin to a maximum of four or 

five square miles, the assumption of uniform precipitation and 

inflitration over the subbasin becomes more accurate. As the 

area of each subbasin is increased, the assumptions required to 

apply the kinematic wave method in HEC1 become more tenuous; 

therefore, the subbasin areas in this study were chosen small 

so that the average parameters used in the components would 

more accurately model the watershed. Subbasin boundaries were 

restricted by topographic limitations and were structured to 

accurately follow the water flow in the area's ditches. 

Two unique characteristics of the Brays Bayou watershed 
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are its extremely flat topography and its highly impermeable 

clay soil. Overland slopes range from 2.6 feet per mile to 

only 10.5 feet per mile. The average slope of the upper half 

of the watershed (west of Gessner Road) is only 4.7 feet per 

mile (0.09 percent) while the lower half averages only a 

slightly steeper 6.5 feet per mile (0.12 percent). These 

extremely low slopes contribute significantly to problems with 

surcharged drainage systems and ponding during very high 

rainfalls. 

Added to these low slopes are the clay soils, which 

contribute greatly to the large runoff coefficients experienced 

in the area. As outlined by the Soil Conservation Service 

[1975], the infiltration and percolation rates of soils 

indicate their potential to absorb rainfall and thereby reduce 

the amount of direct runoff. Soils having a high infiltration 

rate (sands or gravels) have a low runoff potential, and soils 

having a low infiltration rate (clays) have a high runoff 

potential. Urbanization on soils with a high infiltration rate 

increases the volume of runoff and peak discharges more than 

urbanization on soils with a low infiltration rate. The Soil 

Conservation Service (SCS) developed an index, called the 

runoff curve number (CN), to represent the combined hydrologic 

effect of soil, land use, agricultural land treatment class, 

hydrologic condition, and antecedent soil moisture on the 

volume and rate of runoff. These factors can be assessed from 

soil surveys, site investigations, and land use maps, allowing 
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CN to be determined for each subbasin for input into HEC-1 

[McCuen, 1982]. 

The first factor which must be determined is the soil type 

for the area within the study boundaries. Soils for the Brays 

Bayou watershed were obtained from the Soil Survey of Harris 

County, Texas [Soil Conservation Service, 1976]. Most of the 

watershed is composed of two soil types from the "Nearly level, 

clayey and loamy, prairie soils" group. They are classified as 

either: 

1) Lake Charles—Bernard association...Somewhat poorly 

drained, very slowly permeable, clayey and loamy soils; or 

2) Midland—Beaumont association...Poorly drained, very 

slowly permeable, loamy and clayey soils. 

Once the soil type has been determined, the soil must be 

classified according to the system developed by SCS. This 

system consists of four groups, which are identified by the 

letters A, B, C, and D. Table 4.1 outlines the soil 

characteristics associated with each group. 
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Table 4.1 SCS Soil Group Classification 

Minimum Infiltration 
Group Characteristics Rate ( in/hr)  

A Deep sand, deep loess 
aggregated silts 

0.30-0.45 

B Shallow loess, sandy 
loam 

0.15-0.30 

C Clay loams, shallow 
sandy loam, soils low 
in organic content, 
soils usually high in 
clay 

0.05-0.15 

D Soils that swell signi¬ 
ficantly when wet, 
heavy plastic clays, 
certain saline soils 

0.00-0.05 

McCuen, 1982. 

From the above description of each soil group, the soil 

types prevalent in the Brays Bayou watershed are classified as 

belonging to group D, the most impermeable SCS soil group. In 

order to determine the SCS runoff curve number, however, 

information concerning the SCS cover complex classification is 

required. This classification is based on three factors: land 

use, treatment or practice, and hydrologic condition [McCuen, 

1982]. Further discussion of these factors is included in the 

following section entitled "Land Use". The final SCS curve 

number classifications are presented in Appendix A. 

4.1.2 Land Use 

In HEC-1 kinematic wave, an approach to modeling a 

subbasin employs two overland flow elements, two collector 
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channels and a main channel. Each overland flow plane is used 

to model runoff from different land uses in the basin, such as 

developed and undeveloped areas. The first collector channel 

models the local drainage system (street gutters and drainage 

pipes), the second collector channel models the interceptor 

drainage system (main storm sewers or street ditches), and the 

main channel models the stream (either Brays Bayou or a 

tributary). The model parameters required to characterize 

runoff from a subbasin include: 

1) the overland flow and channel lengths; 

2) the average overland and channel slopes; 

3) the overland flow and channel roughness coefficients; 

4) the percentage of each subbasin area represented by an 

overland flow element or contributing to a collector channel; 

and 

5) the shapes of the main and collector channels [U. S. 

Army Corps of Engineers, 1981a]. 

These parameters were obtained from topographic maps and aerial 

photographs of the Brays Bayou watershed. 

For this research, two storms occuring in 1979 and a major 

storm in 1983 were analyzed with HEC-1. Two sets of land use 

parameters had to be determined, therefore, one for each time 

period, so that accurate flows for each storm event could be 

predicted. The USGS topographic map was used as the base for 

each year with the appropriate development added according to 

aerial photographs taken during the respective years. A color 
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coded map was developed for the 1983 period to show specific 

details of each of nine different land uses. These nine land 

use designations were chosen from approximately fifteen land 

uses delineated by the SCS and listed in Appendix A. Each land 

use is also designated as to hydrologic condition (which 

reflects the level of land management) and/or treatment or 

practice (associated with farming practices on agricultural 

lands). 

Not only is a runoff curve number (CN) required for each 

land use, but an associated overland flow roughness factor (N) 

is necessary to accurately model the runoff flows. The 

overland flow elements in HEC-1 are represented as wide 

rectangular channels of unit width, so from Figure 3.2: 

0.5 
alpha = 1.486 * S /N and m = 5/3 

Typical values for the overland flow roughness factor, N, which 

replaces Manning's n in the above equation, are given in Table 

4.2. Each colored segment from the 1983 map was planimetered 

to determine the area of each land use in a subbasin, and the 

percent of developed and undeveloped area for that subbasin was 

calculated. These percentages were then used to weight the CN 

and N factors for each subbasin. The nine land use categories 

associated with Brays Bayou and a description of each are 

presented in Table 4.3. 
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Table 4.2 Effective Overland Flow Roughness Factors 

Surface N 

Dense Growth 0.40-0.50 

Pasture 0.30-0.40 

Lawns 0.20-0.30 

Bluegrass Sod 0.20-0.50 

Short Grass Prairie 0.10-0.20 

Sparse Vegetation 0.05-0.13 

Bare Clay-Loam Soil 0.01-0.03 

Concrete/Asphalt 
Very Shallow Depths ( <1/4 inch) 0.10-0.15 
Small Depths (1/4 to 2 inches) 0.05-0.10 

U. S. Army Corps of Engineers, 1981a. 
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Table 4.3 Land Use Categories and Assigned CN and N Factors 

SYMBOL DESCRIPTION CN N-FACTOR 

RSI 

RS2 

RM 

Cl 

C2 

PK 

GR 

ED 

RESIDENTIAL - 92 
Single family homes with 
small lots 

RESIDENTIAL - 84 
Single family homes with 
large lots 

RESIDENTIAL - 98 
Multiple family units 
(townhomes, apartments) 

COMMERCIAL - 98 
Buildings surrounded by 
paved lots 

COMMER./INDUSTRIAL - 90 
Buildings surrounded by 
some greenspace 

PARKLANDS - 80 
Heavily forested 

GRASSLANDS - 80 
Agricultural, pastures, 
fields 

EDUCATIONAL - 87 
Schools and churches 

0.25 

0.35 

0.10 

0.10 

0.15 

0.40 

0.40 

0.20 

BL BARE LAND - 94 0.03 
Newly cleared land 
(prior to development) 

A less detailed map was developed for the 1979 period due 

to a lack of colored aerial photographs for that year. 

Sufficient data was available from 1979 black-and-white 

photographs, however, to determine the percent developed and 

undeveloped for each subbasin. Table 4.4 shows the percent 
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increase in development from 1979 to 1983 for each subbasin and 

for the entire watershed. 

Table 4.4 Percent Increase in Development from 1979 to 1983 

LOCATION AREA PERCENT DEVELOPED PERCENT INCREASE 
(Subbasin) (sq. mi.) 1979 1983 IN DEVELOPMENT 

Keegans Bayou 
(1-4) 

17.07 30.9 57.4 85.8 

Brays Bayou 
above Alief 
(5-7,10) 

14.25 32.5 44.6 37.2 

Upper Brays 
Watershed 

48.85 39.5 55.1 39.5 

(1-14) 

Bintliff Ditch 
(15) 

4.69 74.6 87.8 17.7 

Willow Water- 
hole (20-21) 

5.19 65.7 83.8 27.5 

Lower Brays 
Watershed 

43.79 57.9 75.4 30.2 

(15-28) 

Brays Bayou 92.64 48.2 64.7 34.2 
Watershed 
(1-28) 

By comparing 1979 developed areas with the 1983 color 

coded map, land use percentages for each subarea were 

determined. From the two land use maps, HEC-1 input parameters 

for overland flow characteristic data were developed for both 

the 1979 and 1983 storm events. Channel input data was 

determined both from the maps and from supplemental field 
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surveys. Due to time limitations and the relative 

inaccessibility of historical channel data for the four year 

interval, the channel input parameters were assumed to be 

unchanged for purposes of the 1979 and 1983 HEC-1 modeling 

runs. Overland flow and channel input parameters for the model 

are listed in Appendix B. 

4.2 PRECIPITATION DATA 

Precipitation data for the 1979 and 1983 storm events used 

for the watershed modeling was obtained from the USGS Houston 

office and from the National Climatic Data Center (National 

Weather Service). A total of eight recording rain gages 

provided data for the April 18-19, 1979 event, seven recording 

gages were operational during the September 18-20, 1979 storm, 

and seven recording and three non-recording gages measured 

rainfall for the September 19, 1983 storm [Liscum, et. al., 

1982; unpublished rain data from Houston USGS, 1983; National 

Climatic Data Center, 1983]. Table 4.5 lists the gage names 

and numbers and the total measured rainfall for each storm 

event. The locations of the gages can be seen in Figure 4.3. 

Appendix C contains the rainfall hyetographs of each recording 

rain gage during the periods of interest. It should be noted 

that these three storms were each of different and varying 

durations; caution should be exercised when making comparisons 

between any two or all three events. 
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Table 4.5 Recording and Non-Recording Gage Measurements 
for 1979 and 1983 Storm Events 

GAGE NUMBER GAGE NAME APRIL 79 SEPT 79 SEPT 83 

31-R Stafford - - 5.70 
32-R Houston-Alief 2.88 9.00 6.52 
33-R Houston-Addicks 1.92 9.90 3.60 
39-R KHTV 4.71 - - 

303-R Richmond 4.90 10.60 - 

308-R Hou. Health Dept. 8.90 9.03 3.93 
08074780 Keegans/Keegans 3.40 9.70 9.01 
08074800 Keegans/Roark 2.75 8.26 6.20 
08074850 Bintliff Ditch - 8.60 - 

08074910 Hummingbird St. 6.10 - 6.83 
34-S Clodine - - 2.79 
35-S Westbury - - 4.00 
36-S Sugarland - - 7.00 

In order to determine accurate rainfall amounts for each 

subbasin, a Thiessen Grid network was developed for each data 

set (1979 and 1983). Using the grid system, each gage was 

weighted for the areas under its influence, and the weighted 

rainfall was entered as input data for each subbasin. As can 

be seen in Table 4.5, recorded rainfall amounts varied widely 

from gage to gage during both the April 1979 and the September 

1983 storms, making it extremely difficult to determine how 

much rainfall was actually distributed over a given area. 

These inaccuracies inherent in nonuniform thunderstorms of this 

type most probably caused significant errors in later HEC1 flow 

predictions [see Troutman, 1983]. The September 1979 storm, 

however, proved to be an excellent choice for calibration of 

the model. Although not as intense as the other two, this 

storm was spread over three days and was very uniformly 
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distributed over the entire watershed [see Appendix C]. 

Because of this uniform distribution, errors contributed by the 

spatial variability of rainfall are minimized and calibration 

of the model to watershed parameters is much more accurate. 

4.3 RUNOFF HYDROGRAPHS 

Brays Bayou flows from west to east, with the upper half 

of the watershed undergoing very rapid urbanization and the 

lower half close to being fully developed. Consequently, new 

developments contribute excess runoff upstream of the older 

urban area. The watershed in full continues all the way to the 

mouth of Brays at the Houston Ship Channel, but is ended at 

Main St. in this and previous studies due to the location of 

the last USGS stream gage at this site. Not only are there no 

data sources after this point in the stream, but most studies 

of the upper watershed try to avoid complications imposed by 

tidal influences, which play a more significant role in the 

Bayou as it nears the Ship Channel. 

Other USGS streamflow gages are located on the upper end 

of Brays near Alief, on Keegans Bayou at Keegan Road and at 

Roark Road, and at the confluence of Keegans and Brays at 

Gessner Road (Figure 4.3). This latter gage at Gessner Rd. 

essentially separates the upper and lower halves of the 

watershed. All five of these streamflow gages were operative 

during the three storms and provide measured runoff hydrographs 

at successive points along the channels [Appendix E]. Table 
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4.6 lists the peak discharges measured by these gages during 

each storm. These hydrographs were then used to calibrate the 

model and determine channel and overbank storage for the 1983 

event. 

Table 4.6 Measured Peak Discharges for 1979 and 1983 Storms 

PEAK DISCHARGE (CFS) 
GAGE DESCRIPTION APRIL 79 SEPT 79 SEPT 83 

Brays at Alief 1640 3270 5090 

Keegans at Keegan 549 748 2760 

Keegans at Roark 1070 1640 4250 

Brays at Gessner 8700 11300 16800 

Brays at Main 25500 19000 29000* 

*Note: This value is the maximum measurable discharge. 
Channel capacity of Brays at Main is 29000 cfs. 

Figure 4.4 is the schematic diagram of the flood routing 

which is followed by HEC-1 when evaluating the outflow 

hydrographs for the watershed. Using the overland flow and 

channel parameters given in Appendix B, the HEC-1 kinematic 

wave technique transforms the rainfall excess over the flow 

plane as subbasin outflow. The kinematic wave rainfall 

excess-to-runoff transformation allows for the uniform 

distribution of the land surface runoff along the length of the 

collector or main channel (Figure 3.1). At the downstream end 

of each subbasin, HEC-1 computes the discharge hydrograph and 

either routes it through the next sequential subbasin or 

combines it with one or more hydrographs from adjoining 
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subbasins. Results of the HEC-1 hydrograph computations are 

discussed in section 5.0. 

4.4 RESIDENTIAL FLOODING DATA 

Hundreds of homes along the lower half of Brays Bayou were 

flooded during the 1983 storm which had never been damaged 

before. Soon after this event, civic associations of 

residential areas along the bayou addressed the problem by 

forming the Brays Bayou Association. As part of this 

association's strategy to prevent or at least minimize future 

damage from floods, this research is presented as an initial 

phase to assemble available data and attempt to classify the 

flood event of 1983. 

One of the worst hit subdivisions during the 1983 flood 

was in the Meyerland area just west of the junction of Brays 

Bayou and the 610 loop. In response to the first-time flooding 

of hundreds of homes in this area, the local civic association 

made a house-to-house canvass and gathered flooding times and 

depths for many of the residences. The promptness of their 

survey is encouraging in its accuracy since the memory of the 

homeowners who responded was still very vivid. 

The individual house surveys were assembled and organized 

on a personal computer and the information listed in a 

print-out included in Appendix D. Once this composite listing 

was completed, the data for flooding depths was transferred to 

city maps of the subdivision, which show topographic lines 
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every two feet and delineate every house in the area. From 

this map, flooding depths over the entire community can be 

estimated and flood volumes can be calculated. The volumes are 

treated as storage in HEC-1 and can be simulated using the 

Modified Puls channel storage routing method in conjunction 

with kinematic wave. By comparing the map storage volumes with 

those calculated by HEC-1, the model can be verified and future 

flooding from similar storms can be predicted. 
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5.0 HEC-1 CALIBRATION AND RESULTS 

5.1 SENSITIVITY ANALYSIS 

5.1.1 Model Parameters 

In order to determine which input parameters have the most 

influence on the peak discharge values predicted by HEC-1, 

approximately forty different scenarios were input into the 

April 1979 model. A summary of the most significant 

sensitivity computer runs, along with the measured and original 

HEC-1 predictions, are shown in Table 5.1. Each change made to 

the input parameters was based on sound engineering judgement 

and falls within acceptable literature-proven ranges for the 

variables. As can be seen from Table 5.1, the model is the 

most sensitive to overland flow lengths, channel roughness 

factors, and runoff curve numbers. 
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Table 5.1 Peak Discharge Values for Sensitivity Analysis 
April 1979 HEC-1 Run 

A. Brays Bayou at Alief D. Brays Bayou at Gessner 
B. Keegans Bayou at Keegans E. Brays Bayou at Houston 
C. Keegans Bayou at Roark 

SCENARIO 
PEAK DISCHARGE (CFS) 
A B C D E 

1. Measured Discharges 

2. Original HEC-1 Run 

3. Same as 2 but with RS1-CN=88 

1640 549 1070 8700 25500 

4215 1372 1960 8862 27079 

3535 1342 1952 8247 26237 

4. Same as 3; Manning's n=0.06 
on open channels in upper 
Brays? overland flow lengths 
increased on upper Brays 2391 609 1097 5485 24232 

5. Same as 4? Manning's n=0.03 
on open channels in lower 
Brays 2391 609 1097 5485 22739 

6. Same as 5; developed overland 
flow lengths on lower Brays 
doubled 2391 609 1097 5485 22793 

7. Same as 6; undeveloped over¬ 
land flow lengths increased 
on lower Brays. 2391 609 1097 5485 19823 

8. Same as 7 ; developed overland 
flow lengths=200 on all Brays 2328 561 1037 5117 19487 

9. Same as 8; RS1-CN = 92 2516 606 1141 5607 20203 

10.Same as 9; gage 4800 rainfall 
increased to bring it in line 
with surrounding gages 2516 606 1293 6529 21578 

In the original HEC-1 run, the minimum average overland 
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flow lengths were used due to a high degree of difficulty in 

measuring these lengths from the color coded maps. In later 

runs, however, it was felt that the HEC-1 users manual leaned 

more toward using the typical maximum overland flow length 

instead of the typical average length. The parameter was 

remeasured and adjusted accordingly in the model input. As can 

be seen in Table 5.1, the effect of increasing the overland 

flow lengths was to decrease the peak discharge (and also to 

increase the time to peak). 

At the same time, further references in the literature 

were checked for recommended ranges of the channel roughness 

coefficients used to describe the bank conditions of the bayou 

and its tributaries. The original values used in the modeling 

process were from Chow [1964] and were on the low side of the 

ranges given for general open channel flow. From actual field 

surveys, the upper end of Brays Bayou (west of Gessner) and 

most of the open collector ditches had been noted to have been 

improved (excavated) but were unlined and not maintained. The 

U. S. Department of Transportation [1977] lists detailed 

channel characteristics and associated n factors and was found 

to have a heading for excavated channels with clean bottoms but 

with brush on channel sides. This listing was felt to provide 

a description of the average open channel in upper Brays and 

the larger Manning's roughness coefficient associated with it 

was chosen as the best modeling input parameter. 

On the lower end of Brays Bayou, Manning's n values had 
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originally been assumed to correspond to a concrete lined 

improved channel. Upon further inspection, however, an earlier 

HEC-2 model performed for a Harris County flood insurance study 

indicated that the concrete lining of Brays Bayou does not 

extend to the top of the bank. When the bayou is running close 

to bank full (as was the case in these storms), a large amount 

of the volume is passing over the unlined grass portions of the 

channel sides. Due to these observations, the main channel 

roughness factor was significantly increased from 0.3 to 0.6 on 

the lower watershed to correspond to the weighted average 

Manning's n of the entire channel cross-section. 

As mentioned briefly in section 4.1.1, the SCS runoff 

curve number (CN) is based on numerous factors, one of which is 

the antecedent soil moisture. Originally, the CN factors for 

all three storms were taken as high values corresponding to 

relatively wet conditions. Because of the high shrink-swell 

potential of the covering clay layers in the watershed, most of 

the natural soils retain moisture a few inches beneath the 

surface with average year-round rainfall. Originally, the CN 

factors for all land use categories were assumed to be high 

values corresponding to these relatively wet conditions. This 

assumption holds true for all natural land surfaces, such as 

those found in undeveloped areas or around commercial 

complexes; however, most lawns in the residential areas 

(classified as RSI in Table 4.4) are based on less clayey top 

soils brought in by developers and therefore have a lower 
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moisture retention capability, leading to lower CN values 

during dry weather in these areas. Accordingly, the curve 

numbers for the residential portions of the watershed were 

decreased for both September storms because of relatively dry 

conditions several days before each event. The April 1979 

storm event, however, was assumed to occur during a relatively 

wet period of the summer as some light rain fell a few days 

before the storm. Both the lower and higher values of CN were 

input into the April model, however, so that the effects of 

this parameter on peak discharge values could be studied. It 

should be noted that both CN values used in the modeling were 

well within the ranges given in the literature for the 

specified land use. 

The last sensitivity scenario took into account a major 

discrepancy in rainfall gage readings during the April 1979 

storm. As can be seen in Table 4.5, gage 08074800, located on 

Keegans Bayou at Roark Rd., gave a significantly lower reading 

than the two nearest gages, 08074780 and 08074910. This could 

be due to several reasons, including wind gusts preventing some 

of the rainfall from entering the gage orifice or even jammed 

or faulty equipment. Although the storm showed large spatial 

variability over the entire watershed, it was decided that 

measurements from this gage should be increased to be more in 

line with the surrounding gages. 

The original HEC-1 model predicted large and flashy peak 

discharges at each gage location. By reevaluating the input 



75 

parameters as described above, the runoff was slowed down and 

more infiltration was allowed, thus decreasing peak flows and 

volumes and increasing the time-to-peak. Through the 

sensitivity analysis, the parameters were optimized to fit the 

physical characteristics of the watershed and the model was 

calibrated to accurately predict outflow hydrographs along the 

bayou. Appendix B lists the final input parameters used to 

model the 1979 and 1983 storms. The model calibration was 

checked by applying these parameters to the uniform September 

1979 event and comparing the results to the measured outflow 

hydrographs. Excellent matches were produced for five gage 

locations throughout the watershed, thus indicating the 

relative accuracy of the kinematic wave method. Appendix E 

contains the measured versus HEC-1 predicted hydrographs for 

all five gages on the three storms. 

While the model overpredicts the peak discharges on the 

upper end of the watershed during the April 1979 event and 

underpredicts them on the lower end, much of the error is 

probably due to the spatial variability associated with intense 

thunderstorms of this type falling over such a large area. Due 

to the excellent correlation between the model and the measured 

hydrograph at Houston (Main Street) during the more uniform 

September 1979 storm, the parameters are assumed to be as 

accurately calibrated as possible. 

5.1.2 Clark Unit Hydrograph versus Kinematic Wave 
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The kinematic wave techniques used in this study have been 

theoretically proven but have never been applied to a large 

urban watershed in reported literature. As a result, 

comparisons were made between this method and the more widely 

used Clark Unit Hydrograph method on a tributary of Brays, 

Keegans Bayou. The HEC-1 treatment of the Clark method 

requires only two parameters as input, the time of 

concentration (TC) in hours and the Clark storage coefficient 

(R) in hours. Both TC and R were calculated using the 

guidelines and equations specified by the Harris County Flood 

Control District [1983]. 

In conjunction with the Clark method of transforming 

rainfall excess to runoff, the Muskingum method was used to 

route the outflow hydrographs through the channel. HEC-1 

requires three input parameters for Muskingum routing: the 

number of integer steps for the routing (NSTPS); the Muskingum 

K coefficient in hours for the entire reach; and the Muskingum 

X coefficient. Both K and X were obtained from am earlier 

study conducted by David Smith [1980] on Keegans and Brays 

Bayous. 

Appendix E contains the discharge hydrographs for Keegans 

Bayou at Keegan Rd. and at Roark Rd. for both the April and 

September 1979 storm events. The hydrographs are compared on 

each figure and show the measured discharges, the kinematic 

wave predicted hydrographs, and the Clark or TC and R method 

predicted hydrographs. While the kinematic wave technique 
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predicts a more flashy hydrograph with sharper peaks, the TC 

and R hydrographs show somewhat more attenuation of the peaks. 

However, the TC and R method significantly overpredicts both 

hydrographs for the April 1979 storm and the Keegans Rd. 

hydrograph for the September 1979 storm, while severely 

underpredicting the hydrograph at Roark for the September 

storm. The kinematic wave method also overpredicted the peaks 

on these hydrographs but was much more consistent and therefore 

would be much easier to calibrate further-to this smaller 

watershed. Calibration was not taken any further using 

kinematic wave on Keegans Bayou due to the good correlation of 

the model on the overall Brays watershed as measured at Main 

St. 

In summary, the TC and R Clark unit hydrograph runoff 

method is based on engineering experience and requires previous 

user knowledge of the hydrograph characteristics of the system 

being modeled. The HEC-1 input parameters for this method are 

based in large part on user judgement and accepted policies in 

the study area. Kinematic wave, on the other hand, is a 

technique based on physical and hydrological characteristics of 

the study basin and therefore has a greater reproducibility 

between different modelers. Kinematic wave methods are also 

more easily applied to watersheds which have little or no 

historical runoff data or which have undergone dramatic changes 

such as rapid urbanization in the recent past. 
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5.2 APRIL 1979 STORM EVENT 

The storm event recorded on April 18-19, 1979, was a heavy 

thunderstorm which occurred almost simultaneously over the 

entire watershed. The study area experienced a moderately 

light rain averaging approximately an inch on the 18th with the 

bulk of the precipitation falling within a six hour period on 

the 19th. Characteristic of storms of this type produce 

pockets of extremely heavy rainfall scattered over the 

watershed. The extent of the storm's spatial variability is 

evident from Table 4.5, where recorded rainfall amounts vary 

from 1.92 to 8.90 inches across the watershed. 

In order to classify the frequency of the runoff 

discharge, it is first necessary to determine the recurrence 

interval of the rainfall. From Appendix C, the rainfall 

hyetographs can be compared to rainfall-duration data developed 

for the City of Houston. Only the intense precipitation on the 

19th was used in classifying the rainfall due to the continuity 

of this six-hour segment of the storm. Table 5.2 compares each 

of the recording rain gages in April 1979 with the reported 

Houston rainfall-duration data used for design purposes in the 

area. The table presents the gages from west to east across 

the watershed. 
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Table 5 .2 April 1979 6-Hour Rainfall Data 
(Rainfall in inches) 

Gage No. 
April 19, 1979 
Recorded Rainfall 

City of Houston 
Design Rainfall 

Recurrence 
Freguency 

303-R 4.02 3.80/4.95 2-yr/5-yr 

33-R 1.92 3.00 1-yr 

32-R 2.23 3.00 1-yr 

08074780 2.40 3.00 1-yr 

08074800 3.05 3.00 1-yr 

39-R 3.91 3.80/4.95 2-yr/5-yr 

08074910 5.50 4.95/5.83 5-yr/10-yr 

308-R 7.99 7.71/8.67 50yr/100yr 

By weighting each gage according to the area under its 

influence, the average rainfall of 3.93 inches will classify 

the storm as having a recurrence interval between 2 and 5 years 

for the entire Brays watershed. However, the gage 308-R at the 

Texas Medical Center reported a 50-100 year level. This 

comparison shows the difficulty involved in predicting 

hydrologic responses to such variable-intensity rainfall. 

5.3 SEPTEMBER 1979 STORM EVENT 

The September 1979 storm event was not an intense 

thunderstorm like the April event and did not cause any 

recorded flood damage. Used only for model calibration in this 

study, this storm was chosen as representative of a large 
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uniform rainfall over the entire watershed. The storm is 

unique not only in its uniformity but also in its duration, 

which stretched over a period of days instead of hours. For 

this reason it is difficult to classify the rainfall according 

to recurrence intervals, although it can be seen from the 

rainfall hyetographs in Appendix C that the rainfall-duration 

correlations fall well within the two-to-five year recurrence 

intervals for the most intense 24-hour period on the 19th. 

5.4 SEPTEMBER 1983 STORM EVENT 

On September 19, 1983, the entire Brays Bayou watershed 

experienced extremely heavy rainfalls resulting in major 

flooding along downstream portions of the waterway. The rain 

fell continuously for seven to ten hours and passed slowly from 

west to east over the watershed. Most of the rain was 

concentrated in a six hour period as can be observed from the 

hyetographs in Appendix C. The storm showed widespread spatial 

variability (Table 4.5) but was weighted toward the south and 

southwest areas of the watershed in the vicinities of the 

Keegans Bayou and Willow Waterhole drainage basins. 

Much discussion has occurred concerning the recurrence 

interval associated with this storm with opinions ranging from 

a ten to a hundred year storm; however, no study has yet been 

published which quantifies actual storm data and relates it to 

design storm frequencies. This section reports the results of 

a study comparing recorded data from the storm to the City of 
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Houston design storms. For this purpose, only gages which gave 

complete rainfall-duration measurements were compared to the 

design storms. The five gages which fit the aforementioned 

criteria were all located in the concentrated areas of the 

storm and 

Table 

Gage No. 

are shown in Table 5.3 

5.3 September 1983 12 

• 

-Hour Rainfall-Duration Data 
(Rainfall 

September 19, 1983 
Recorded Rainfall 

in inches) 

City of Houston 
Design Rainfall 

Recurrence 
Freguency 

32-R 6.49 5.80/7.00 5yr/10yr 

08074780 9.01 8.50/9.50 25yr/50yr 

08074800 6.20 5.80/7.00 5yr/10yr 

31-R 5.70 4.36/5.80 2yr/5yr 

08074910 6.49 5.80/7.00 5yr/10yr 

While most of the gages reported readings below the ten year 

frequency level, gage 08074780 on Keegans Bayou at Keegan Rd. 

recorded a 12-hour level midway between the 25- and 50-year 

recurrence intervals and a 6-hour reading near the 100-year 

recurring storm value. The extreme variance between this gage 

and others in the watershed is a dramatic example of the 

sometimes very intense pockets of rainfall common to Houston 

s\immer thunderstorms. This storm also exemplifies the wide 

range of spatial variability which can occur during storms of 

this type and illustrates the difficulties involved in 

classifying the return frequency of the event. However, a 



82 

weighting was taken from the areas influenced by each gage and 

a general rainfall of 6.44 inches was computed as the average 

over the entire watershed. This average rainfall corresponds 

to a 12-hour design storm of less than a ten-year return 

frequency and a 6-hour design storm of less than a 25-year 

return frequency. 

5.5 COMPARISON OF HISTORICAL AND DESIGN STORMS 

In the previous three sections, comparisons were made 

between the recorded rainfall durations and the rainfall 

duration-storm frequency data recommended for design in the 

City of Houston. By making these comparisons, each of the 

three storm events has been classified as to recurrence 

interval and frequency for a corresponding design storm. While 

providing necessary rainfall duration relationships, this data 

has little design value unless it is related to recurrence 

frequencies of the resulting runoffs. 

Once the rainfall return periods have been established for 

each of the three storms being modeled, the runoff hydrographs 

can be compared to those resulting from given design storms. 

In order to determine the response of the watershed to storms 

of a specified recurrence interval, design storms were input 

into the model directly from the rainfall-duration data 

reported for city of Houston, based on the National Weather 

Service T.P. 40. The 2, 5, 10, and 100-year frequency 

rainfalls were uniformly applied to Brays Bayou for both the 
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1979 and 1983 land use conditions and the results are shown in 

Table 5.4. 

Table 5.4 Comparison of Peak Flows on Brays Bayou at Houston 

1979 1983 
APRIL SEPT. SEPT. 

Measured Data 25500 19000 29000 

HEC-1 Predicted 21578 19485 46988 

2-yr 17051 21369 

5-yr 
Design Storms 

30101 37119 

10-yr 41405 
* 

51195 
* 

100-yr 72672 87827 

*Note: Values do not include effects due to backwater 
or storage. 

While the 1979 storms are observed to have produced peak 

discharge values falling within the 2- to 5-year recurrence 

intervals, the 1983 event is not as easy to classify. The 

large difference between the peak flow predicted by the HEC-1 

model and the measured discharge needs to be clarified before a 

comparison to the design storms can be approached. 

As presented in section 2.1.3, a classic study by Espey, 

Winslow and Morgan [1979] noted the effects of overloading 

secondary drainage systems on the outflow hydrograph of a 

watershed. This report determined that ponding occurs from 

backwater effects as the secondary drainage system capacity is 

reached and exceeded, causing the resultant discharge 

hydrograph to have a lower but much broader peak (Figure 2.3). 

From the 1983 measured discharge hydrographs at Keegans, Roark, 
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Gessner and Main (Appendix E), these backwater effects can be 

observed. The hydrograph peaks are very broad and are drawn 

out over a period as long as three to four hours at Gessner and 

Main. The Gessner gage peaked near 16,500 cfs and the Main St. 

gage reported a bankfull 29,000 cfs. These extremely flat 

peaks indicate that the capacity of the channel has been 

reached and the streamflow gages are recording maximum channel 

flows. Excess runoff from main laterals could not enter the 

main channel and became stored as street flooding and ponding 

in low lying areas, thus attenuating and lengthening the 

measured hydrographs. 

In HEC-1 kinematic wave, all rainfall excess that is 

converted to direct runoff is routed through the channel. The 

model internally increases the capacity of the channel to 

accomodate these flows and therefore does not consider 

backwater effects in lateral systems. The predicted peak 

discharge accordingly simulates the maximum flow that would be 

experienced for the rainfall if the channel capacity is not a 

limiting factor. As a result, these predicted flows are the 

discharges which should be compared to the design storms for 

classification of the discharge hydrograph return frequency. 

From Table 5.4, the 1983 HEC-1 predicted discharge 

produced a value which corresponds approximately to that given 

by the 10-year frequency storm. While the larger design storm 

discharges will never be measured on the bayou due to watershed 

storage effects, they are indicative of the large flows which 
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could cause massive flooding in the future. 

The design storm comparisons given above should be used 

with caution as these storms assume a uniform rainfall 

occurring simultaneously over the entire basin. In fact, such 

occurrences rarely happen in coastal areas. Typical storm 

patterns in Houston result from the movement of air masses over 

the Gulf of Mexico in the summer (intense summer thunderstorms) 

or from the encroachment of low pressure fronts from the west 

in the winter. Intense rainfalls therefore tend to move across 

the watershed either eastward or westward and are usually 

centered over a 10 to 20 square mile area, tapering off 

dramatically in a radial direction. Any rainfall-runoff 

analysis in the Houston area is therefore complicated causing 

design storm results to be limited in value. 

5.6 STORAGE VOLUME COMPARISONS 

In order to give a more detailed decription of the 

flooding which occurred during the 1983 storm, an analysis was 

performed on a representative residential area which 

experienced widespread damages from the flood. As described in 

section 4.4, the Meyerland subdivision reacted quickly to the 

flood and gathered detailed information ralating the flood 

depths and time-to-peak observances for individual homes in the 

area. From the canvass information assembled on the master 

list, the inches of water in each house were transferred onto 

city maps of the area (map scale of 1 inch » 100 feet). 



Contour lines for the limit of flooding and for the one-foot 

flood depth level were delineated on these maps and the areas 

contained by these lines were planimetered. By multiplying 

these area measurements by the typical depths experienced 

within the contours, the volume of flood water in the Meyerland 

area was determined to be approximately 300 acre-feet. 

Since the location and flood volumes experienced by the 

rest of the lower watershed were not as well detailed, the 

Meyerland area data was used to set the elevation for the 

flooding limits as corresponding to approximately 54 to 55 feet 

MSL. The area within the 55-foot contour lines delineated on 

the large USGS 1 inch - 2000 feet maps was then planimetered to 

estimate the total volume of flood waters along the bayou. 

Measurements were restricted to subbasins 24 and 25, since less 

intense rainfalls downstream are not thought to have caused 

laterals to back-up and flooding seems to have been restricted 

to these two basins. 

The volume measurements taken from the USGS maps were 

checked against those obtained from the Meyerland area and were 

in relatively close agreement (within 20 percent). Differences 

can be attributed to overprediction by the measuring of the 

USGS maps without regard to high areas undetectable on the 

large maps but accounted for on the more detailed city maps. 

The total volumes calculated from areas below the 55-foot 

contour lines as taken from the USGS maps (1930 acre-feet) were 

then compared to the storage volumes predicted by the 
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applicaton of Modified Puls storage indication method at Main 

(2097 acre-feet). The two values agreed within 10 percent and 

resulted in a good indication of the location and depths of 

flood volumes during the 1983 storm. By inputting storage into 

the kinematic wave HEC-1 model, accuracy at Gessner and Main 

was greatly improved and a more viable model for use on the 

larger design storms was produced (see Appendix E) . 

The Meyerland area will always have severe flooding 

problems from backwater effects because of the surcharged 

laterals of the stormwater system. The street elevations and 

storm sewer inlets are lower then the bank-full condition in 

Brays Bayou and stormwater system outlets are therefore blocked 

from discharging into the bayou. With no alternative drainage 

path, during major storm events water backs up into the 

low-lying streets and houses. The residential flooding data 

collected from the Meyerland area was very informative as to 

the nature of this street ponding and verified the HEC-1 model 

applied to the area. 
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6.0 CONCLUSIONS 

The effects of urbanization on the flood characteristics 

of a stream are nowhere more evident than in the Brays Bayou 

watershed in Houston, Texas. The extremely flat terrain and 

highly impermeable clay soils associated with the area 

contribute to the basin's natural flooding potential and 

aggravate runoff increases due to development of the watershed. 

Increased impervious areas associated with new developments in 

the upper watershed have magnified discharge peaks and volumes 

in the older developed areas located in the downstream 

floodplain. By using HEC-1 to simulate rainfall-runoff 

relationships in the bayou and surrounding drainage areas, 

three significant storms have been modeled and the flooding 

associated with increased urbanization of the watershed has 

been quantified. 

The storm which occurred on April 18-19, 1979 was used to 

calibrate the HEC-1 computer model along with the September 

18-20, 1979 event. The model was then applied to the severely 

destructive storm of September 19, 1983 and flood potential was 

predicted. By also modeling design storms with known 

recurrence frequencies, a classification of the return period 

of each rainfall and of each storm discharge hydrograph was 

made. The April 1979 rainfall fell within the 6-hour duration 

frequencies of a 2- to 5-year storm and produced a hydrograph 

which corresponded to less than a 5-year return frequency. 
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Similar results were obtained for the September 1979 storm, 

whch reported 24-hour duration rainfall values well within the 

2- to 5-year design storm recurrence interval while producing a 

discharge hydrograph near the 2-year frequency level. 

The September 1983 storm was much more difficult to 

analyze due to tremendous backwater effects along surcharged 

drainage laterals. Predictions made by HEC-1, however, 

classified the dicharge hydrograph as being near the 10-year 

design storm return frequency, resulting in close agreement 

with the recurrence interval of less than 10 years associated 

with the storm's 12-hour rainfall duration values. Perhaps 

even more significant are the results of the 1983 design storm 

comparisons which indicate that Brays Bayou, with a carrying 

capacity of 29,000 cfs designed to convey a 100+ year storm in 

the 1950's, can safely carry in 1983 a storm with return 

frequency corresponding to less than the 5-year design storm 

spread uniformly over the basin. This result is further 

confirmed by the results of a HEC-1 study performed in 1981 on 

Brays by Turner, Collie & Braden Inc. [1981] which reported a 

5-year design storm peak discharge of 32,336 cfs at Main 

Street, well over the channel's 29,000 cfs capacity. 

The modeling of the design storms themselves show the 

effects of urbanization on outflow hydrographs by resulting in 

a 20 percent increase in the 2-year peak discharge over the 

four year period, during which the watershed experienced a 34.5 

percent increase in development. By only changing parameters 
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directly associated with urbanization when modeling the 1979 

and 1983 design storms, other factors which might also 

contribute to increased flooding were eliminated from 

consideration and therefore could not bias the results. While 

factors previously mentioned, such as subsidence and spatially 

varied intense rainfall, will most probably aggravate the 

flooding problem in Houston, the purpose of this research was 

to only analyze the effects of urabanization on flooding. To 

that end, the modeling of uniform design storms to two 

different development scenarios effectively eliminates 

contributions from factors other than urbanization. 

In a direct result of this study, the HEC-1 kinematic wave 

technique for modeling discharge hydrographs has been shown to 

be a valid simulation method when applied to a large urbanizing 

watershed. The Turner, Collie & Braden [1981] analysis 

described above not only confirms the results of this research 

but also provides confirmation of the methodolgy by giving a 

direct comparison between kinematic wave methods and the TC and 

R approach (which was used in the earlier study of Brays). 

Parameters are based on physical characteristics of the study 

basin in kinematic wave and are therefore easily optimized 

during model calibration. Parameters representative of 

developed areas can be readily modified for various stages of 

urabanization and input of both historical and design storms 

produce rapid and accurate flow predictions. While the method 

does not allow for attenuation of the flood peak or for storage 
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associated with backwater effects in the system, when these 

characteristics are significant they can readily be simulated 

with an additional storage routing method. 

Finally, flooding from the September 1983 event was 

described using detailed residential flood damage data. By 

delineating the flooded depths and locations along the most 

severely damaged stretches of the bayou, the flood volumes 

predicted by the HEC-1 model were verified and could be 

assigned to specific areas of the watershed. This data can be 

further utilized in continuing studies addressing applicable 

flood management techniques for the bayou, such as those 

discussed in the literature review section of this report. The 

primary recommendation for further research resulting from this 

study must stress the importance of using the HEC-1 model 

calibrated herein to predict future flooding problems and to 

simulate viable flood control alternatives for the Brays Bayou 

watershed. 

The conclusions discussed above can be summarized as 

follows: 

1. From the application of HEC-1 kinematic wave 

techniques to simulate the hydrology of a large urban watershed 

in Houston, it was shown that peak discharges are significantly 

increased as a result of urbanization and currently greatly 

exceed the channel capacity of Brays Bayou. 

2. Based on the application of design storms to the Brays 

Bayou watershed, the April 1979 event had a 6-hour duration 

rainfall frequency of between 2 and 5 years and produced a 
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rainfall frequency of between 2 and 5 years and produced a 

runoff hydrograph corresponding to a 4-year return period. The 

September 1983 flood resulted from a 12-hour duration rainfall 

associated with a return frequency of 5 to 10 years and 

corresponded to a 10-year runoff hydrograph. The Brays Bayou 

channel can be expected to carry less than a 5-year design 

storm uniformly spread over the entire watershed. 

3. Kinematic wave runoff simulation techniques can be 

easily and accurately applied for the simulation of overland 

flow hydrology in large urban watersheds; however, channel 

routing with kinematic wave does not include storage or 

backwater effects and therefore significantly overpredicts peak 

discharges during large storm events. 

4. The calibrated model developed herein is currently 

being modified to include storage-discharge routing in order to 

simulate flood management techniques on the Bayou in further 

research 
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Figure 2.3 Effect of Inadequate Secondary 
Drainage System Storage Capacity 

(Espey, Winslow and Morgan, 1979) 



Figure 3•1 HEC-1 Kinematic Wave Elements 

(U.S Army Corps of Engineers, 1981a) 
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Figure 3*2 Kinematic Wave Parameters for Various 
Channel Shapes 

(U.S. Army Corps of Engineers, 1981a) 



Figure 3*3 Prism and Wedge Storage in 
a Channel 

(Chow, 1964) 
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KEY  

A Stream - gaging station 

• Recording rain gage 

O Nonrecording rain gage 

Figure 4.3 Locations of data-collection sites 



113 

Figure 4.4 Schematic Diagram of Flow in Brays 
Bayou Watershed for HEC-1 Analysis 
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(telitrtni Moisture Condition tl, M4 1# • 0-2 S) 

Uid Vae Descript ton/Treatneat/Hrdvoletlc Condition Hydro!otic Soil Croup 

■etldsotial:-^ A 1 C D 

Average let site Average % laperaient^ 
77 It •0 92 

l/« acre U *1 74 «3 17 
I/S acre M 17 72 It 14 
1/2 acre IS *4 70 «0 «5 
1 acre 10 SI 44 70 44 

Pavvd parking Usa, roofs, driveways, ate. V ft M 99 90 

Screvsa aod roads: 

paved with curbs aod atoro several 9f 94 9t 91 
gravel 7* ts 19 91 
din 72 12 » •9 

Coaoirclal and butines* areas (111 Uporalous) •9 «2 94 9S 

Industrial districts (72% lapa reloua) •1 44 91 91 

Open Space*, lawns, parks, golf coarse*, < eoootorieo.otc* 

good cunditien: grass cover eo 71% or aore of th* area }9 41 74 SO 
f*ir condition: grass caver an Ml tc 7S% of th* area 49 49 79 44 

Fellow Straight no — 77 14 »l 94 

boo crop* Straight «*« Poor 72 tl gg 91 
Straight row Coed *7 7* IS 19 
Contoured Tear 70 79 14 SO 
Contoured Good U 7S 12 14 
Contoured 1 terraced Poor W 74 M 12 
Contoured 1 terraced Good *2 71 70 11 

Snail grain Straight tou Poor 4$ 74 04 SO 
Cood U 75 IS 17 

Contoured Poor 4J 74 12 IS 
Cood *t 73 11 14 

Contoured 1 terraced Poor 41 72 79 12 
Good $9 70 70 11 

Clos* •seeded Straight rew Poor 44 77 SS •9 
Ugtoaesi' Straight no Cood S4 72 tl IS 
or Contoured Poor 4« 7S S3 IS 
rotation Contoured Cood $S 49 71 IS 
aeadoo Contoured 1 terraced Poor 4S 72 SO 11 

Contoured I terraced Cood SI 47 74 SO 

Tnsturo Poor u 79 M 19 
or range Foir 49 49 79 S4. 

Good 19 41 74 go 
Contoured Poor 47 47 11 S4 
Cootoured Pair 25 59 75 11 
Contoured Cood 4 25 70 79 

Headou Good M SO 71 70 

■ood* or Poor 4S 44 77 11 
rarest land Pair 24 40 71 79 

Good 25 SS TO 77 

farwsteada — . SS 74 12 44 

i/oirv* «Mktri um (oafutid unatn| th# runoff frt« th* tarn* «4 driveway 1* 
directed toward) the street with a aininun of roof ««car directed to lawn» 
dHtt additional Infiltration could occur. 

^Tko rraalaUg pervious arcaa (lawn) arc considered to bo In good pasture 
condition for those curve antiri. 

¥\m MOO oaraor c Una eat of the count rr « curve auaber of 9S nap be used. 

Scioto .drilled or broadcast. 

In design, the antecedent soit BO is tu re condition is often a policy decision 
rather than a statement of actual soil conditions at the site during develop* 
ment. 

The Ol values obtained fron Table 2 are for soil moisture condition IX, 
If either soil condition I or III is to be used» the Cl can be adjusted 
using the following table; 

a 
CM for Corresponding CM for Condition 

Condition It  1 nj  

100 100 100 
9S S7 99 
90 78 98 
SS 70 97 
so 63 94 
75 57 91 
70 SI 87 
65 4S S3 
60 40 79 
55 35 75 
50 31 70 
45 27 65 
40 * 23 60 
35 19 55 
30 IS 50 
25 12 45 
20 9 39 ts 7 33 to 4 26 

5 2 17 
0 0 0 

*Frcxn R. H. McCuen, A Guide to Hydrologic Analysis 

Using SCS Methods 



APPENDIX B 

INPUT PARAMETERS FOR HEC-1 MODEL 



TOTAL AREA FOR EACH LAND USE DESIGNATION 
BY SUBWATERSHED 

Land Use Symbol RSI 
Curve Number 92 
Overland N 0.25 

RS2 
84 

0.35 

RM 
98 

0.10 

Cl 
98 

0.10 

~~CT~ 
90 

0.15 

PK&GR 
80 

0.40 

ED 
87 

0.20 

BL 
94 

0.03 

Total 
Area 

(mi2) 

1 0.16 0.10 0.00 0.03 0.00 2.04 0.00 0.20 2.53 
2 1.91 0.29 0.10 0.09 0.19 1.66 0.04 0.10 4.38 
3 1.61 0.07 0.30 0.95 0.12 1.33 0.04 0.00 4.42 
4 1.11 0.61 0.36 0.77 0.47 2.24 0.00 0.18 5.74 
5 1.11 0.07 0.41 0.25 0.22 2.45 0.01 0.16 4.68 
6 0.68 0.08 0.05 0.06 0.08 2.30 0.00 0.05 3.30 
7 0.24 0.01 0.23 0.05 0.17 1.89 0.00 0.07 2.66 
8 0.44 0.02 0.10 0.08 0.05 0.99 0.25 0.03 1.96 
9 0.57 0.15 0.12 0.08 0.20 0.61 0.06 0.04 1.83 

10 1.96 0.05 0.02 0.03 0.12 1.25 0.08 0.10 3.61 
11 0.53 0.00 0.22 0.02 0.03 1.33 0.06 0.62 2.81 

T3 
<D 12 0.99 0.00 0.34 0.21 0.25 1.52 0.06 0.06 3.43 

•C 
fO 

13 0.88 0.00 0.29 0.10 0.06 0.99 0.06 0.13 2.51 
yJJ u 14 1.38 0.04 1.09 0.88 0.06 1.31 0.17 0.06 4.99 
a) 
4-3 15 1.67 0.09 0.28 1.55 0.15 0.57 0.38 0.00 4.69 
ctf 16 0.07 0.52 0.00 0.23 0.24 3.56 0.00 0.00 4.62 

17 1.34 0.35 0.32 0.09 0.18 2.37 0.01 0.04 4.70 
CO 18 1.39 0.23 0.67 0.27 0.07 0.82 0.09 0.15 3.69 

19 1.16 0.00 0.11 0.82 0.01 0.29 0.05 0.00 2.44 
20 2.03 0.04 0.37 0.19 0.21 0.38 0.09 0.00 3.31 
21 1.02 0.00 0.03 0.29 0.07 0.46 0.01 0.00 1.88 
22 1.39 0.00 0.38 0.77 0.27 0.56 0.04 0.00 3.41 
23 1.85 0.00 0.01 0.51 0.01 0.01 0.13 0.00 2.52 
24 2.33 0.00 0.10 0.29 0.02 0.05 0.24 0.00 3.03 
25 0.91 0.07 0.02 0.61 0.07 0.32 0.11 0.00 2.11 
26 0.00 0.00 0.27 0.32 0.10 1.09 0.00 0.36 2.14 
27 2.21 0.00 0.00 0.08 0.00 0.01 0.05 0.00 2.35 
28 1.94 0.00 0.17 0.39 0.00 0.30 0.10 0.00 2.90 
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APPENDIX C 

1979 AND 1983 RAINFALL HYETOGRAPHS 
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APPENDIX D 

MEYERLAND RESIDENTIAL FLOODING DATA 



MEYERLAND RESIDENTIAL FLOOD DATA PAGE 1 

STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

BRAESHEATHER 4902 3.0 9:00 AM 12:00 N * 
BRAESHEATHER 4903 .0 NA NA NA 
BRAESHEATHER 4907 12.0 9:00 AM 11:00 AM 2:00 PM 
BRAESHEATHER 4911 11.5 8:00 AM 1-2:00 PM 4:00 PM 
BRAESHEATHER 491S 12.5 7:45 AM 1:30 PM 2:30 PM 
BRAESHEATHER 4919 14.0 8:00 AM 12:00 N 4:00 PM 
BRAESHEATHER 4923 16.5 7:45 AM 1:00 PM 4:00 PM 
BRAESHEATHER 4927* .0 * * * 
BRAESHEATHER 4931 20.0 * 9:30 AM 3:00 PM 
BRAESHEATHER 4935* .0 * * * 
BRAESHEATHER 4939 20.0 7:00+ AM 12:00 N 4:00 PM 
BRAESHEATHER 4943 21.0 8:00 AM 1:00 PM 4:00 PM 
BRAESHEATHER 4947 17.0 8:30 AM 11:30 AM 3:00 PM 
BRAESHEATHER 4951 18.0 8:30 AM 1:00 PM 3:00 PM 
BRAESHEATHER 4955 3.0 8:00 AM 12:00 N 1:00 PM 
BRAESHEATHER 4959 14.0 8:00 AM 12:00 N 5:00 PM 
BRAESHEATHER 5002 16.0 10:00 AM 1-2:00 PM 4:30 PM 
BRAESHEATHER 5003 22.5 8:00 AM 11-12:00 N 5:00 PM 
BRAESHEATHER 5006 12.0 9-9:30 AM 1:00 PM * 
BRAESHEATHER 5007 9.0 9:00 AM 11-12:00 N 2:30 PM 
BRAESHEATHER 5010 4.0 * * * 
BRAESHEATHER 5011 12.0 * * * 
BRAESHEATHER 5014 .5 * * * 
BRAESHEATHER 5015 9.0 * * * 
BRAESHEATHER 5018 .0 NA NA NA 
BRAESHEATHER 5019 18.0 9-10:00 AM 1:00 PM * 
BRAESHEATHER 5022 6.0 9:30 AM * 2:30 PM 
BRAESHEATHER 5023 14.0 8:30 AM 1:00 PM 4:30 PM 
BRAESHEATHER 5026 9.0 * * * 
BRAESHEATHER 5027 15.0 * * * 
BRAESHEATHER 5030 4.5 9-9:30 AM 11-12:00 N 2:00 PM 
BRAESHEATHER 5031 13.0 8:30 1:00 PM 4:30 PM 
BRAESHEATHER 5122 2.0 * # * 
BRAESHEATHER 5126 ; 2.o ★ * * 
BRAESHEATHER 5218 8.0 * * * 
BRAESHEATHER CT. 9403 12.0 8:00 AM 9:00 AM 5:00 PM 
BRAESHEATHER CT, 9406 24.0 * * * 
BRAESHEATHER CT. 9410 17.5 7:30 AM 12:00 N 3:30 PM 
BRAESHEATHER CT. 9411 8.0 8:00 AM 1:00 PM * 
BRAESVALLEY 4707 28.0 * * 4:30 PM 
BRAESVALLEY 4711 48.0 7:30 AM 12:00 N 6:00 PM 
BRAESVALLEY 4714 18.0 8:00 AM 8-3:30 PM 4:00 PM 
BRAESVALLEY 4715 3.5 * * * 
BRAESVALLEY 4722 20.0 8:30 AM 9:45 AM 3:45 PM 
BRAESVALLEY 4806 14.0 8:30 AM 10:00 AM 3:45 PM 
BRAESVALLEY 4807 10.0 8:00 AM 12:00 N 6:00 PM 
BRAESVALLEY 4810 14.0 9:30 AM 2:30 PM 6:30 PM 
BRAESVALLEY 4811 4.0 * * * 
BRAESVALLEY 4814 6.5 * * * 
BRAESVALLEY 4818 9.5 8:00 AM 12-1:00 PM 5-6:00 P 
BRAESVALLEY 4819 2.0 9:30 AM 1:00 PM 2:30 PM 
BRAESVALLEY 5131* • 0 * * * 



MEYERLAND RESIDENTIAL FLOOD DATA PAGE 2 

STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

BRAESVALLEY 5135 .5 * 10:00 AM * 
BRAESVALLEY 5139 *0 NA NA NA 
BRAESVALLEY 5143* .0 * * * 
BRAESVALLEY 5147 1.0 * 11:00 AM * 
BRAESVALLEY 5151 • 0 NA NA NA 
BRAESVALLEY 5155 • 0 NA NA NA 
BRAESVALLEY 5159 8.0 9:00 AM * 4:00 PM 
BRAESVALLEY 5203 8.0 11:00 AM 1:00 PM 4:00 PM 
BRAESVALLEY 5206 1.0 * 1:00 AM 4:00 PM 
BRAESVALLEY 5207 .1 11:00 AM * * 
BRAESVALLEY 5210 4.0 9:00 AM 10:30 AM 4:00 PM 
BRAESVALLEY 5211 .0 NA NA NA 
BRAESVALLEY 5214 .0 NA NA NA 
BRAESVALLEY 5215 1.0 10:00 AM 12:00 N 2:30 PM 
BRAESVALLEY 5218 12.0 9:00 AM * 6:00 PM 
BRAESVALLEY 5222 8.0 9:00 AM 1:00 PM 4:00 PM 
BRAESVALLEY 5223 .0 NA NA NA 
BRAESVALLEY 5226 3.0 10:00 AM 12:00 N 4:00 PM 
BRAESVALLEY 5227 .0 NA NA NA 
BRAESVALLEY 5230 3.0 10:00 AM 1:00 PM 3:00 PM 
BRAESVALLEY 5231 .0 NA NA NA 
BRAESVALLEY 5234 .0 NA NA NA 
BRAESVALLEY 5235 .0 NA NA NA 
BRAESVALLEY 5238 .0 NA NA NA 
BRAESVALLEY 5239 1.5 * 12:00 N 3:00 PM 
BRAESVALLEY 5242 .0 NA NA NA 
BRAESVALLEY 5243 .0 NA NA NA 
BRAESVALLEY 5246 .0 NA NA NA 
BRAESVALLEY 5247 .0 NA NA NA 
BRAESVALLEY 5250 .0 NA NA NA 
BRAESVALLEY 5251 .0 NA NA NA 
CADMAN 9402 4.0 9:30 AM * 3:30 PM 
CADMAN 9403 18.0 8:30 AM 10:30 AM 2:00 PM 
CADMAN 9406 12.0 7:30-8 AM 12:00 N 3:00 PM 
CADMAN 9407* .0 * * * 
CADMAN 9410 13,0 8:30 AM 10:30 AM 6:00, PM 
CADMAN 9411 13.0 8:15 AM 12:00 N 4:00 PM 
CEDARHURST 9619 .0 NA NA NA 
CRANLEIGH 9402 8.0 9:00 AM 11:00 AM 4:00 PM 
CRANLEIGH 9406 11.0 * * * 
CRANLEIGH 9407 9.5 8:30 AM * 3:00 PM 
CRANLEIGH 9410 18.0 7:30 AM 11:30 AM 5:00 PM 
CRANLEIGH 9411 23.5 8:00 AM 1:30 PM 5:00 PM 
DUMFRIES 4951 .0 NA NA NA 
DUMFRIES 4954 1.0 11:30 AM 12:15 AM 1:30 PM 
DUMFRIES 4958 .0 NA NA NA 
ENDICOTT 8907 3.0 * * * 
ENDICOTT 9402 12.0 8:15 AM * 3:00 PM 
ENDICOTT 9403 26.0 7:45 AM * * 
ENDICOTT 9407 24.0 9:30 AM * 4:00 PM 
ENDICOTT 9410 15.0 9:00 AM * 3:00 PM 
ENDICOTT 9411 16.0 7:45 AM 1:00 PM 4:30 PM 



MEÏERLAND RESIDENTIAL FLOOD DATA PAGE 3 

STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

ENDICOTT 9415 24.0 8:30 AM 3:00 PM 6:00 PM 
FERRIS 8930 .0 NA NA NA 
FERRIS 9002 4.0 10:00 AM 10:00 AM 12:00 N 
FERRIS 9010 12.0 8:30 AM * 4:30 PM 
GLENMEADOW 4902 .0 NA NA NA 
GLENMEADOW 4906 .0 NA NA NA 
GLENMEADOW 4910 .0 NA NA NA 
GLENMEADOW 4914 .0 NA NA NA 
GLENMEADOW 4918* .0 * * * 
GLENMEADOW 4922* .0 * * * 
GLENMEADOW 4926 .0 NA NA NA 
GLENMEADOW 4930 3.0 11:00 AM 1-3:00 PM 4:00 PM 
GLENMEADOW 4934 9.0 9:00 AM 2-3:30 PM 5:00 PM 
GLENMEADOW 4938 14.0 9:00 AM 1-3:00 PM 5:00 PM 
GLENMEADOW 4942 14.0 8:30 AM * 6:00 PM 
GLENMEADOW 4943 12.0 * * * 
GLENMEADOW 4946* .0 * * ★ 
GLENMEADOW 4947 12.0 * * * 
GLENMEADOW 4950 13.0 8:00 AM 12-4:00 PM 7:00 PM 
GLENMEADOW 4951 12.0 * * * 
GLENMEADOW 4954 12.0 8:30 AM 12-1:30 PM 3:00 PM 
GLENMEADOW 5002 13.0 7:00 AM 12:00 N 4:00 PM 
GLENMEADOW 5003 .5 10:30 AM 12:00 N 1:00 PM 
GLENMEADOW 5006 12.0 9:30 AM 11:30 PM 3:00 PM 
GLENMEADOW 5007 8.0 9:30 AM 12:00 N 1:30 PM 
GLENMEADOW 5011 7.0 9:45 AM 12:00 N 1:30 PM 
GLENMEADOW 5014* .0 * * * 
GLENMEADOW 5015* .0 * * * 
GLENMEADOW 5018 8.0 * * * 
GLENMEADOW 5019 4.5 9:00 AM * * 
GLENMEADOW 5022 9.0 10:00 AM 12:00 N 2:00 PM 
GLENMEADOW 5023 5.0 * * * 
GLENMEADOW 5026 7.0 * * * 
GLENMEADOW 5027 5.0 9:45 AM 12:00 N * 
GLENMEADOW 5030 8.0 * * * 
GLENMEADOW 5031 10.0 9:00 AM 2:30 PM 5:00 PM 
GLENMEADOW 5034 6.5 9:00 AM 12:00 N 2:30‘ PM 
GLENMEADOW 5035* .0 * * * 
GLENMEADOW 5038* • 0 * * * 
GLENMEADOW 5039 .0 NA NA NA 
GLENMEADOW 5042 12.0 8:00 AM 11:30 AM 2:00 PM 
GLENMEADOW 5043 .0 NA NA NA 
GLENMEADOW 5046 4.0 9:00 AM 12:30 PM * 
GLENMEADOW 5047 .0 NA NA NA 
GLENMEADOW 5050 8.0 9:00 AM 1:00 PM * 
GLENMEADOW 5051* .0 * * * 
GLENMEADOW 5119 .0 NA NA NA 
GLENMEADOW 5122 .0 NA NA NA 
GLENMEADOW 5126 .0 NA NA NA 
GLENMEADOW 5131 .0 NA NA NA 
GLENMEADOW 5135 2.0 * * * 
HEATHERGLEN 4902 .0 NA NA NA 



MEYERLAND RESIDENTIAL FLOOD DATA PAGE 4 

STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

HEATHERGLEN 4903 .0 NA NA NA 
HEATHERGLEN 4906 .0 NA NA NA 
HEATHERGLEN 4907 *0 NA NA NA 
HEATHERGLEN 4910 .0 NA NA NA 
HEATHERGLEN 4911 .0 NA NA NA 
HEATHERGLEN 4914 8.0 * * * 
HEATHERGLEN 4915 .0 NA NA NA 
HEATHERGLEN 4918 5.0 9:00 AM 12:00 N 2:30 PM 
HEATHERGLEN 4922 12.0 9:00 AM * 2:30 PM 
HEATHERGLEN 4923 6.0 8:00 AM 1:00 PM * 
HEATHERGLEN 4926 6.0 9:00 AM * * 
HEATHERGLEN 4927 8.0 * * ★ 
HEATHERGLEN 4930 15.0 8:30 AM 12:30 PM 3:30 PM 
HEATHERGLEN 4931 18.0 10:00 AM 2:00 PM 4:30 PM 
HEATHERGLEN 4934* .0 * * * 
HEATHERGLEN 4935 18.0 10:00 AM 12:00 N 6:00 PM 
HEATHERGLEN 4938 36.0 8:30 AM 10:45 AM 2:00 PM 
HEATHERGLEN 4939 15.0 * * ★ 
HEATHERGLEN 4942 18.0 9-9:30 AM 1:00 PM 5:00 PM 
HEATHERGLEN 4946 18.0 8:00 AM 8:15 AM 6:00 PM 
HEATHERGLEN 4947 24.0 8:00 AM 11:00 AM 3-4:00 P 
HEATHERGLEN 4950 16.0 8:30 AM 1:00 PM 4:00 PM 
HEATHERGLEN 4951 14.0 8:30 AM 10:00 AM 2:30 PM 
HEATHERGLEN 4954 15.0 8:30 AM 12:00 N 4:00 PM 
HEATHERGLEN 4955 13.0 8-9:00 AM 11:00 AM 3:00 PM 
HEATHERGLEN 4953 14.0 9:00 AM 1-2:00 PM 3:00 PM 
HEATHERGLEN 4959 16.0 7:30 AM 1-2:00 PM 5:00 PM 
HEATHERGLEN 5002 15.0 8:30 AM 9:00 AM 5:00 PM 
HEATHERGLEN 5003 10.0 11:00 AM 2:00 PM 5:00 PM 
HEATHERGLEN 5006 10.0 8:15 AM 9:30 AM 6:00 PM 
HEATHERGLEN 5007 14.0 8-9:00 AM 11:00 AM 3:00 PM 
HEATHERGLEN 5011 9.0 8-9:00 AM 11:00 AM * 
HEATHERGLEN 5014 9.0 * * ★ 
HEATHERGLEN 5015 11.0 9:30 AM 11:00 AM 4:00 PM 
HEATHERGLEN 5018 10.0 11:30 AM 2:30 PM 4:00 PM 
HEATHERGLEN 5019 9.0 * * * 
HEATHERGLEN 5022 11.0 8:00 AM 12:00 N 2:00 PM 
HEATHERGLEN 5023* .0 * * * 
HEATHERGLEN 5026 12.0 * * * 
HEATHERGLEN 5027 8.0 10:15 AM 2:00 PM 5:00 PM 
HEATHERGLEN 5030 14.0 8:30 AM 10:00 AM 2:30 PM 
HEATHERGLEN 5031 13.0 8:00 AM 12:00 N 4:00 PM 
HEATHERGLEN 5034* .0 * * * 
HEATHERGLEN 5035 10.0 8:00 AM 11:00 AM 2:30 PM 
HEATHERGLEN 5038* .0 * * * 
HEATHERGLEN 5039* .0 * * * 

IMOGENE 4707 12.0 9:30 AM 12:00 N 5:30 PM 
IMOGENE 4710 3.0 11:00 AM 12:00 N 4:00 PM 
IMOGENE 4714 6.0 * * * 

IMOGENE 4718 12.0 8:00 AM * * 
IMOGENE 4719 14.0 10:00 AM 12:00 N 4:00 PM 
IMOGENE 4802 8.0 9:30 AM 1:30 PM 2:30 PM 
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STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

IMOGENE 4806 4.0 11:00 AM 2:00 PM * 
IMOGENS 4807 5.0 * * * 
IMOGENE 4810 .5 * * * 
IMOGENE 4811 8.0 10:00 AM 12:00 N 6:00 PM 
IMOGENE 4822 .0 NA NA NA 
IMOGENE 4823 7.0 9:30 AM 12:00 N 2:30 PM 
IMOGENE 4327 10.0 8:15 AM 9:00 AM 2:15 PM 
IMOGENE 4830 .0 NA NA NA 
IMOGENE 4834 .0 NA NA NA 
IMOGENE 4835 14.0 8:30 AM 12:00 N 3:00 PM 
IMOGENE 4906 .0 NA NA NA 
IMOGENE 4907 .0 NA NA NA 
IMOGENE 4915 .0 NA NA NA 
IMOGENE 4927 .0 NA NA NA 
IMOGENE 4931 .0 NA NA NA 
IMOGENE 5007 .0 NA NA NA 
IMOGENE 5011 .0 NA NA NA 
JASON 4703 .0 NA NA NA 
JASON 4707 .0 NA NA NA 
JASON 4711 .0 NA NA NA 
JASON 4714 18.0 8:00 AM 12:00 N 4:30 PM 
JASON 4715 .0 NA NA NA 
JASON 4718 14.5 8:00 AM * 4:30 PM 
JASON 4719 .0 NA NA NA 
JASON 4802 .0 NA NA NA 
JASON 4803 .0 NA NA NA 
JASON 4811 .0 NA NA NA 
JASON 4835 .0 NA NA NA 
JASON 4903 • 0 NA NA NA 
JASON 4906 .0 NA NA NA 
JASON 4914 .0 NA NA NA 
JASON 4961 .0 NA NA NA 
JASON 5026 .0 NA NA NA 
LOCH LOMOND ALL .0 NA NA NA 
MILL3URY 9403 12.0 * * * 
N. BRAESWOOD 4706 24.0 * * * 
N. BRAESWOOD 4710 24.0 * * * 
N. BRAESWOOD 4714 24.0 ★ * * 
N. BRAESWOOD 4718 22.0 7:00 AM 10:30 AM 4:00 PM 
N. BRAESWOOD 4802 20.0 8:00 AM 12:00 N 5:00 PM 
N. BRAESWOOD 4806 10.0 * * * 
N. BRAESWOOD 4810 10.0 8:00 AM 2:00 PM 5:00 PM■ 
N. BRAESWOOD 4902 4.0 11:30 AM 12:00 N 4:00 PM 
N. BRAESWOOD 5026 3.0 * * * 
N. BRAESWOOD 5030 4.0 10:00 AM 11:00 AM 12:00 N 
PRICHETT 9003 3.0 10:30 AM 12:00 N 2:30 PM 
PRICHETT 9015 .0 NA NA NA 
PRITCHETT 9000 .0 NA NA NA 
S. BRAESWOOD 5000 .0 * * * 
S. BRAESWOOD 5003 1.0 10:00 AM * * 
S. BRAESWOOD 5007 6.0 * * * 
S. BRAESWOOD 5011 2.0 * * * 
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STREET NUM MAX DEPTH TIM1 TIM2 TIM3 

S. BRAESWOOD 5015 4 » 0 llîOO AM * 3:00 PM 
S. BRAESWOOD 5019* '0 * * * 
S. BRAESWOOD 5023* '0 * * * 
S. BRAESWOOD 5027 6.0 10:00 AM 11:30 AM 5:00 PM 
S. BRAESWOOD 5135 9.0 * * * 
S. BRAESWOOD 5139* .0 * * * 
S. BRAESWOOD 5143 12.0 9:00 AM 12:00 N 4:00 PM 
S. ERAESWOOD 5147 '0 NA NA NA 
S. BRAESWOOD 5203 6.0 8:30 AM 12:00 N 3:00 PM 
S. BRAESWOOD 5207 5.0 9:15 AM 2:00 PM 3:00 PM 
S* BRAESWOOD 5211 10.0 * * * 
S. BRAESWOOO 5215 4.0 11:00 AM 1:00 PM 4:00 PM 
S. BRAESWOOD 5219 15.0 8:00 AM 4:00 PM * 
S* BRAESWOOD 5223 2.0 11:00 AM 12:00 N 3:00 PM 
S. BRAESWOOO 5303 .5 10-11:00AM * 3:00 PM 
S. BRAESWOOD 5307 8.0 * * * 
S. BRAESWOOD 5311 .0 NA NA NA 
S, BRAESWOOD 5315 .0 NA NA NA 
S. BRAESWOOD 5319 .0 NA NA NA 
S. BRAESWOOD 5323 .0 NA NA NA 
S, BRAESWOOD 5327 '0 NA NA NA 
S. BRAESWOOD 5331 .0 NA NA NA 
S, RICE 9606 2.0 9:30 AM 3:30 PM 6:00 PM 
S. RICE 9610 2.0 9:30 AM 3:30 PM 6:00 PM 
S, RICE 9614 .O NA NA NA 
S. RICE 9618 .0 NA NA NA 
S. RICE 9626 .0 NA NA NA 
VALKEITH 4934 .0 NA NA NA 
VALXEITH 4938 .1 1:00 PM 1:00 PM 5:00 PM 
VALKEITH 4939 12.0 8:30 AM 1:00 PM 5:00 PM 
VALKEITH 4942 10.0 9:00 AM 2:00 PM 5:00 PM 
VALKEITH 4943 4.0 9:30 AM 11:30 AM 1:00 PM 
VALKEITH 4946 11.0 9:00 AM * * 
VALKEITH ■ 4947 3.0 10:00 AM 12:00 N 5:00 PM 
VALKEITH 4951* .0 ★ * * 
VALKEITH 4954 8.0 9:30 AM 12:30 AM 5:00 PM 
VALKEITH 4955* .0 * * * 
VALKEITH 4958 2.0 11:00 AM 12:30 AM 3:00 PM 
VALKEITH 4959* .0 * * * 
VALKEITH 4962 1.0 * * * 
VALKEITH 4963 2.5 12:00 N 2:00 PM 4:30 PM 
VALKEITH 4966 6.0 * * * 
VALKEITH 4967* .0 * * * 
VALKEITH 4970 .2 10:00 AM 12:30 AM 1:00 PM 
VALKEITH 4971 .5 11:00 AM 12:30 AM 3:00 PM 
VALKEITH 4974 .0 NA NA NA 
VALKEITH 4975 3.0 9:00 AM 12:00 N 1:00 PM 
VALKEITH 4978 .0 NA NA NA 
VALKEITH 4979 .0 NA NA NA 
VALKEITH 4982* .0 * * * 
VALKEITH 4983 .0 NA NA NA 
VALKEITH 4936 .0 NA NA NA 



APPENDIX E 

MEASURED AND PREDICTED RUNOFF HYDRO GRAPHS 



SEPTEMBER 1979 STORM AT ALIEF 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED OPTIMIZED At 
FLOVS QVFL * IS# 

DISCHARGE <CFS> 



SEPTEMBER 1979 STORM AT KEEGAN 
uses MEASURED VS. HEC1 PREDICTED 
MEASURED HEC1 TCSR HECl KTNEMA- 

FLOV DATA METHOD TIC VA YE 

DISCHARGE (CFS) 

SEPTEMBER 1979 STORM AT ROARK 
USGS MEASURED VS. HECl PREDICTED 
MEASURED HECi TCZR /£C7 KINEMA- 

FLQtf DATA METHOD TIC HAVE 

DISCHARGE CCFS) 



SEPTEMBER 1979 STORM AT GESSNER 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED OPTIMIZED At 
FLOVS OVFL * LS0 

DISCHARGE CCFS) 

SEPTEMBER 1979 STORM AT HOUSTON 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED OPTIMIZED At 
FLMS OVFL S LS0 

DISCHARGE <CFS> 



APRIL 1979 STORM AT ALIEF 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED OPTIMIZED 
FLOU DATA HECl FLOHS 

DISCHARGE <CFS> 



APRIL 1979 STORM AT KEEGAN 
USGS MEASURED VS. HEC1 PREDICTED 
MEASURED HECi TC&R HECI HINEMA- 

FLOV DA TA METHOD TIC HA VE 

DISCHARGE CCFS) 

APRIL 1979 STORM AT ROARK 
USGS MEASURED VS. HECI PREDICTED 
MEASURED HECI TCZR HECI KINEMA- 

FLQH DATA METHOD TIC HAVE 

DISCHARGE CCFS) 



APRIL 1979 STORM AT GESSNER 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED HEC1 KINEMA- 
FLO)/ DATA TIC ME 

DISCHARGE <CFS) 

APRIL 1979 STORM AT MAIN 
USGS MEASUREO VS. HEC1 PREDICTED 

MEASURED HEC1 XINEMA- 
FLOV DATA TIC ME 

DISCHARGE <CFS> 



SEPTEMBER 1983 STORM AT ALIEF 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED HECl PRE¬ 
DATA ÛÎCTED DATA 

DISCHARGE CCFS) 



SEPTEMBER 1983 STORM AT KEEGAN 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED HECt PRE- 
DATA DICTED DATA 

DISCHARGE <CFS) 

SEPTEMBER 1983 STORM AT ROARK 
USGS MEASURED VS. HECt PREDICTED 

MEASURED' HEC1 PRE¬ 
DATA DICTED DATA 

DISCHARGE CCFS) 



SEPTEMBER 1983 STORM AT MAIN 
USDS MEASURED VS. HEC1 PREDICTED 

MEASURED HEC1 PRE- 
DATA DICTED DATA 

DISCHARGE CCF5) 

SEPTEMBER 1983 STORM AT GESSNER 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED HECi PRE¬ 
DATA DICTED DATA 

HOURS. SEPTEMBER 19 



SEPTEMBER 1983 SiUKM A \ I MAIN 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED 'ira m- 
DAiA JICltD JA:A 

DISCHARGE CCFS) 

SEPTEMBER 1983 STORM AT GESSNER 
USGS MEASURED VS. HEC1 PREDICTED 

MEASURED HECl PRE¬ 
DATA DICTED DATA 

HOURS. SEPTEMBER 19 


