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Abstract 

  

Increasing populations in urban regions have prompted the development of 

areas previously undisturbed. This development has spurned the formation of 

numerous models and methods to simulate the effects of the urbanization on runoff 

processes. The engineer who must use these models and methods needs to be aware 

of their capabilities and performance. Many of the models assume that calibration will 

take place to improve the final results. Unfortunately, this is not the case for the 

majority of drainage studies. A qualitative and quantitative evaluation is made to help 

the engineer decide which model or method is applicable in certain situations. 

Simulations are performed on eight watersheds in northern Virginia. Nineteen 

models are evaluated and compared to gaged events as well as calibrated design 

storms. The models include EPA SWMM, PSRM-QUAL, TR-20, HEC-1, TR-S55, 

variations of the rational method, three unit hydrograph procedures, the USGS 

regression equations, and the Anderson method. Coverage is given for all of the 

models to outline their capabilities. Hydrographs are evaluated with respect to peak 

flow, time to peak flow, time base, volume, and overall shape. Statistical measures 

are introduced to quantitatively test the modeled hydrograph to a baseline reference 

hydrograph. 

The statistics yield many errors with the models being evaluated. A selection 

criteria is given where the models may be chosen based on their performance. The



table is limited to the range of watersheds evaluated. Trends in each model toward 

basin area, land use condition and general model type are discussed. A cross- 

calibration technique for improving accuracy of some models is verified.
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Chapter 1 
Introduction 
  

1.1 Statement of the Problem 

The recent movement of the population to urban areas has required the 

development of lands for housing, commercial and industrial uses from the previously 

abundant agricultural or undeveloped lands. (UNDIESA, 1989) Unfortunately, this 

development in small watersheds causes peak runoff increases which creates many 

problems. (Riordan et. al., 1978) The developer must hire an engineer who determines 

measures to correct the increase. This could be in the form of detention ponds, or if 

storm water quality is a problem, a Best Management Practice (BMP). In order to 

determine runoff quantity, or the extent of water quality deterioration, the engineer 

must perform calculations appropriate to the given situation. Many government 

agencies as well as many studies in the private sector have formulated equations and 

methods for determining runoff quantity and quality. A problem arises when each of 

the models or methods yield different results for the same watershed situation. The 

usual reasons for these discrepancies are the assumptions and computation errors 

imbedded within the calculation method or most likely the inappropriate use of the 

model/methods on the given design situation. (Woolhiser and Brakensiek, 1982) 
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The purpose of this research is to evaluate the so called desk-top models and 

methods and the more numerically complex models. The models are compared with 

actual rainfall/runoff data for watersheds located in Northern Virginia. A desk-top 

model incorporates such simplified methods as the United States Soil Conservation 

Service’s Technical Release 55, Urban Hydrology for Small Watersheds (SCS TR-55), 

and the Rational Method. (Kibler, 1982b) The more sophisticated models would 

include the United States Environmental Protection Agency’s Storm Water 

Management Model (EPA SWMM) and the SCS Technical Release 20, Computer 

Program for Project Formulation - Hydrology (SCS TR-20). 

There is a trend toward the use of sophisticated models for design instead of 

simpler models. Regulatory agencies and municipalities play a large role in this 

growing trend due to the increasing number of requirements concerning the allowable 

changes in runoff conditions and regionalization of storm water management facilities. 

(Hann, 1978) One use of simpler methods in municipalities and regulatory agencies is 

to verify the results from the more sophisticated models submitted for review by the 

hired consultant. (Keser, 1978) Consulting engineers need to be convinced that they 

can save their client money, in certain cases, by using the more sophisticated, and 

supposedly more accurate, models instead of the less expensive and more simplified 

desk-top models. To convince the engineer, it will be necessary to show that the 

savings can justify the initial capital investment and that the time to process the data 
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required for the more complex models is warranted. What is needed is the solid 

evidence stating which models provide the most accurate prediction of the design 

parameters while remaining simple to use and still within the consultants budget. The 

purpose of this thesis is to provide a method for chosing the models based on 

capabilities as well as performance. 

One other problem associated with the use of the desk-top models as well as 

the sophisticated models is their use in design of storm water drainage and detention 

facilities on the ungaged watershed. The shortage of data, due to lack of gaging at the 

site, is the reason calibration of the watershed model is not possible. A solution to 

this is to apply a "cross-calibration" technique to substitute for the lack of data. By 

cross-calibrating with different models or methods, the engineer can minimize errors 

under the assumption that all models will give an approximate value for the actual 

flood flow. By taking an average of the design flows from each of the methods 

applied, the engineer can obtain a better estimate of the observed flow. By 

minimizing possible errors, a more cost effective and safe alternative can be found. 

Table 1.1 lists the models and methods tested in this study. These models and 

methods were chosen because of their applicability to the developing watershed. 

Another reason is the widespread use by the consulting engineering community for the 

design or analysis of urban drainage systems. 
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Table 1.1 - Models and Methods Tested 
  

FULL HYDROGRAPH SIMULATION MODELS : 

* EPA Storm Water Management Model, SWMM 4.05 (1991) 

¢ SCS Computer Program for Project Formulation-Hydrology, TR-20 (1983) 

° US Army Corps of Engineers Flood Hydrograph Package, HEC-1 (1990) 
° Penn State Runoff Quality Model, PSRM-QUAL (1991) 

UNIT HYDROGRAPH METHODS: 

* SCS Curvilinear Unit Hydrograph (1949) 

¢ Snyder Unit Hydrograph (1938) 

* Clark Unit Hydrograph (1945) 

DESIGN RAINFALL, HYDROGRAPH METHODS: 

° SCS Urban Hydrology for Small Watersheds, TR-55 (1986) 
* Rational Method (1850) 
* Modified Rational Method (1974) 

* Universal Rational Method 

DESIGN RAINFALL, PEAK ONLY METHODS: 

  

* United States Geological Survey Virginia Regression Equations (1978) 

¢ The Anderson Method (1968) 

  

1.2 Literature Review 

There have been only a few model comparison studies in the past. 

Unfortunately none of these include the current capability of many of the more 

sophisticated models to run on the standard desktop personal computer. Most of these 

studies also failed to take into account the small developing and urban watersheds with 
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extremely short times of concentration. Many drainage engineers are using simple and 

sometimes outdated procedures as the basis for their design. Economic considerations 

are one of the single most important reasons for using a different model in the design 

of drainage and storm water management facilities. For instance, TR-55 tends to 

provide a conservative estimate of the flood peak due to the assumptions inherent in 

the method. A structure designed by this method would be sufficient, however it is 

more than likely overdesigned. An overdesigned facility is a waste of the funds that 

could have been appropriated toward the use of a more sophisticated model which 

would provide a less conservative design with possible increase in overall project 

savings. (Linsley, 1978) 

Linsley gave a critical review of the available storm water models in 1971, and 

concluded that most of the models developed at that time were for large river basins 

or agricultural watersheds and hence not relevant for the small urban or developing 

watershed. In 1973, Papadakis and Pruel tested EPA SWMM with another kinematic — 

urban watershed model on the Blood Run watershed near Cincinnati, Ohio. They 

concluded that the infiltration parameters had a very distinctive effect on the runoff 

hydrograph and that the small urban watershed is "very flashy." (Overton and 

Meadows, 1976) 

Keser (1978) conducted a comparison of two versions of the Rational Method, 

two types of synthetic unit hydrographs and six other methods which solve the full 
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dynamic equations of flow. Kinematic wave approximation models were included in 

the set of full dynamic models. Each of the models were applied on two small, highly 

impervious watersheds near Hannover, Germany. Varying results in hydrograph shape 

were shown, but the chosen rainfall distribution was found to be the greatest factor. 

When all of the models were calibrated, the full simulation models produced results 

which coincided almost perfectly. The other models contained more errors in their 

calibrations. 

A major literature search which compared models was completed by the 

American Society of Agricultural Engineers. (Renard and Fogel, 1982) This study 

compared 75 different watershed models. The authors listed the processes simulated as 

well as the geographic area and land uses where the models should be used. Of the 

models included in this list only a few are in widespread use today. Some models 

included are SWMM, TR-20, HEC-1 and an early version of PSRM. Unfortunately, 

this study did not compare each of the models quantitatively for ungaged watershed 

prediction and most of the models could only be implemented on the mainframe 

computer. 

Kibler et al (1987) completed a study comparing many different models and 

methods for design flow determination on a 95 acre site in Bellevue, Washington. 

This study mainly focused on the rainfall distributions used in the models and their 

use in developing flood frequency curves. The conclusion of the paper was that the 
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choice of the rainfall distribution is crucial, although no firm conclusion on model 

choice could be made. Giotom and Woodward (1988) evaluated the predictive 

capabilities of many of the models compared in this evaluation on the 560 acre Walnut 

Gulch experimental rangeland watershed near Tombstone, Arizona. However, only 

peak flows for design recurrence intervals were modeled and compared with the Log 

Pearson Type III (LP III) flows calculated from the observed flows. 

Kibler et al (1989) describes a continuation to a study where some desktop 

procedures are compared to a calibrated simulation model. The Penn State Runoff 

Model (PSRM) was calibrated on seven watersheds throughout Pennsylvania. Design 

storms were run through the calibrated PSRM models and the results are compared to 

some design rainfall based methods. Kibler et al concluded that both the graphical 

and tabular procedures in the current 1986 SCS TR-55 had a "... marked improvement 

..over the 1975 version..." and that the Rational Method with Rawls C-factor also did 

very well on small developing watersheds. The SCS Curvilinear Unit Hydrograph and 

the Espey 10-min Unit Hydrograph also were determined to be valid procedures in 

Pennsylvania. 

A study by Jennings et al (1989) compared SCS TR-55, USGS regression 

equations and observed flood frequency curves on four urban sites as well as other 

USGS hydrologic simulators. They found that the regression equations overestimate 

the computer flood frequency curves. TR-55 was found to not only overestimate the 
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actual frequency data, but on some watersheds to overestimate the regression equation 

flood peaks by a factor of two. 

Meadows (1989) studied the effects of TR-55 on the coastal areas of South 

Carolina. He concluded that TR-55 was applicable for areas where surface flow 

dominated the time of concentration. In areas where base flow contributes largely to 

the time of concentration calculation, TR-55 is not applicable. Also, the shape of the 

484 unit hydrograph on which TR-S55 is based was found to be inappropriate for 

coastal and lowland areas. Overton (1989) indicates that the lack of a scientific basis 

in TR-55 is a serious liability in peak flow and hydrograph calculations 
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Chapter 2 
Description of Models 
  

The first documented use of a basic hydrologic model was in 1674 in France. 

Pierre Perrault was the first person to prove quantitatively in his book De l’origine des 

fontaines that rainfall and snow melt were responsible for river flow . This discovery 

formed the basis of the concept of the hydrologic cycle, which is the basis of all 

watershed hydrologic models used today. 

2.1 Model Choice 

There are many ways in which engineers design drainage and storm water 

management structures. The choice of hydrologic model often depends on what type 

of structure and how much damage that could be caused by the destruction of the 

structure. Some models, such as the USGS regression equations, provide only peak 

flows for design rainfall events, while others, such as EPA SWMM, provide full 

hydrographs for any rainfall hyetograph. These differences require some distinction 

when comparing various models. Table 1.1 classifies the drainage models used in this 

study by the type of input required and output received. Peak discharge methods do 

not provide sufficient information for the design of a detention basin. However, the 
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use of a full simulation model is hardly justified in the design of a simple roadway 

culvert. 

Many of the inputs for the models are similar. All of the models require some 

representation of the watershed physical characteristics such as the basin slope and the 

drainage area. Infiltration and other major losses play an important role in all of the 

models studied. Some representation of precipitation, be it a design rainfall, uniform 

intensity or a time series hyetograph, is also required in all of the models presented. 

A computer program was written which requires the minimum number of input 

parameters. The program uses the minimum parameters to calculate the rest of input 

parameters for the models used in this evaluation. The Virginia Interactive Program 

for Efficient Runoff (VIPER) data manager provides an environment for which a 

minimum amount of data is entered. VIPER provides the input data files in proper 

format for most of the models in the study. In this way, consistency of watershed 

parameters between the models is maintained. 

2.2 Review of Hydrologic Capability of Models and Methods 

A simple review is presented to provide a basis for comparison and physical 

description of the differences in computational methods for each model. A listing of 

the input requirements as well as the available sources of the input is also included. 
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Finally, the level of sophistication and amount of output produced by each model is 

reviewed. 

2.2.1 EPA SWMM 

The United States Environmental Protection Agency’s Storm Water 

Management Model (SWMM) was developed in 1969-1970 by a consortium of 

contractors, Water Resources Engineers, Inc. (now Camp, Dresser and McKee, Inc.), 

Metcalf and Eddy, Inc. and the University of Florida. Since the first version was 

introduced in 1971, three major revisions were completed. The latest version, SWMM 

4.05. is perhaps the most comprehensive simulation model for the microcomputer 

today. Huber and Heaney (1981) give a very good summary of the capabilities of the 

Storm Water Management Model (SWMM) version 3, which is the major version still 

in use in the hydrologic modeling community. SWMM version 4.05, which is gaining 

popular use, is the SWMM version used in this study. 

SWMM requires about 500 kilobytes of core storage to run on the computer 

and is able to run on mainframe, minicomputers as well as microcomputers. It is the . 

ability to run on the microcomputer which has enabled SWMM to be useful to the 

typical consulting engineer. It is unreasonable to expect every consultant to be able to 

afford the more expensive hardware required by other complex simulators. SWMM 
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and many complex simulation models were developed at the same time including the 

Hydrologic Simulator Program-FORTRAN (HSPF) and the Stanford Watershed Model. 

Some recent changes to SWMM include free format of the input data cards, 

input in either English or Metric units, continuous rainfall simulation from National 

Weather Service data as well as improved input and output entry. SWMM has 

adapted at a competitive rate with the changing microcomputer technology. Other 

enhancements and refinements are referred to in the SWMM4 User’s Manual. (Huber 

et al, 1988) 

SWMM allows for many different configurations of rainfall data, including 

actual historical storms as well as design rainfall hyetographs. Varying time 

increments of precipitation is also handled by SWMM, although it is much more 

difficult to use than a constant time increment rainfall. Cumulative distributions and 

incremental distributions of precipitation are handled with the same level of ease. 

Snowfall events are also allowed, but with an increasing amount of data input 

requirements. 

The infiltration of the rainfall into the groundwater table can be accomplished 

in SWMM by one of two methods. The Horton equation, developed by Horton in 

1939-1940, was the method utilized for infiltration since the first introduction of 

SWMM. This empirical method employs a first order decay from a maximum 

infiltration rate to a minimum infiltration rate. The maximum infiltration rate allows 
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the user to specify the Antecedent Moisture Condition (AMC) of the soils. In 

continuous simulation, the infiltration rate is allowed to recover as outlined in the 

SWMM manual. (Huber et. al., 1988) The Horton equation shown in (2.1) is not 

applied directly in SWMM. The modified Horton method uses the accumulated 

rainfall volume and the accumulated infiltration volume to locate a time of ponding. 

This is found by integrating (2.1). The modified method takes into account multi- 

peaked hyetographs where the rainfall rate drops below the infiltration rate and runoff 

is not produced. The parameters required by SWMM for modeling are the maximum 

and minimum infiltration rates, and the decay constant. 

F=f. (f, ~ fe) e™ 1) 
= time in hours 

= infiltration rate at time t, in in/hr {cm/hr} 

= maximum infiltration rate in in/hr {cm/hr} 
= minimum infiltration rate in in/hr {cm/hr} 
= decay constant in hr? 

Where: t
n
 

Fe 
h
e
h
 

oh
 

The parameters for the Horton equation may be determined from soil surveys of the 

watershed and area-weighted to obtain average infiltration parameters for a given sub- 

basin. Figure 2.1 shows a graph of infiltration rates for a given type of soil. (Aron et 

al., 1992) 

The other method utilized in SWMM for infiltration is the Green-Ampt 

equation. This equation allows for a more physically based method to be employed 
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Figure 2.1 - Horton Infiltration Parameters for Various Soil Types (Aron et al., 1992)   
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while still maintaining some semblance of accuracy. The Green-Ampt equation is not 

used in this study for the SWMM models. For a full explanation of the equation, refer 

to the SWMM user’s manual. 

Evaporation and depression storage are determined separately by SWMM. If 

evaporation rates are unknown, as assumed in this study, then they are not included in 

the input file and SWMM assumes a default evaporation rate of 0.1 inches (0.25 cm) 

per month. For the event-base models typically used in drainage design, evaporation 

is essentially negligible. Depression storage is separated into the pervious area 

depression storage and the impervious depression storage. They are supplied to 

SWMM in convenient units of watershed inches (or cm). If unknown, the default 

values recommended by SWMM are 0.25 in (0.635 cm) and 0.016 in (.0406 cm) for 

the pervious and impervious areas respectively. Infiltration processes are not assumed 

to begin until the depression storage volumes are filled and evaporation of them has 

not occurred. 

Once rainfall excess volumes are determined by subtracting the losses from the 

precipitation volumes, a hydrograph can be generated. SWMM utilizes the kinematic 

wave approximation to the full dynamic equations for overland and channel/pipe flow. 

A Newton-Raphson numerical scheme is used to solve the differential equation shown 

in (2.2). The basic assumption of the kinematic approximation is that the momentum 

equation can be reduced. The reduction is found by assuming the bed slope is equal 
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to the energy slope. By using a uniform flow equation with the mas conservation 

equation one can derive the kinematic wave equation for overland flow as formulated 

in (2.2). 

q = SA aman) 9A (2.2) 
ot Ox 

Where: 

q = rainfall excess rate 

A =cross sectional flow area 

t = time 

x = distance in direction of flow 

a = constant depends on uniform flow equation used 

= 1.486/n Vs for Manning’s turbulent flow equation 
n = Manning’s roughness coefficient 

s = bed slope 

m = exponent depends on uniform flow equation used 

= 5/3 for Manning’s turbulent flow 
The kinematic wave equation is derived by making the assumptions listed in 

Table 2.1. 

The overland flow from each of the sub-basins is calculated on a flow per unit 

width of flow area basis. It is then multiplied by the width of the basin. Flows are 

routed through the main channel to the outlet of the sub-basin where they enter either 

the downstream drainage network to be combined with the other sub-basin flows or 

the outlet of the watershed. Figure 2.2 depicts an idealized subcatchment as 

computed in SWMM. 
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Table 2.1 - Kinematic Wave Assumptions 
  

* ~ Bed slope equals the energy gradient 

. Uniform flow can be defined by a friction loss equation (in the case 

of the models in this evaluation, Manning’s equation is used) 

° Roughness coefficients developed for steady flow are applicable 

° Pressure gradient is hydrostatic 

° Water surface is horizontal across cross section (No lateral 
accelerations) 

  

The width of the sub-basins can be hard to determine, especially when 

modeling natural, meandering channels or when the main channel is located to one 

side of the sub-basin. The SWMM user’s manual suggests the employment of a skew 

factor to provide an average overland flow width. (2.3) is used in this study to 

determine a "best guess" at the overland flow width. 

W=(2 -S,)L 

2.3 

Ss, = ———— 
A; + Az 

Where: W = width of overland flow 

L = length of main channel 

Sk = area skew coefficient 

Al = area to one side of the main channel 

A2 = area to the other side of main channel 
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Overland Flow 

  Infiltration 

  Q=W Qt 

To Drainage System or Outfall 

Overland Flow Width, W = (2)(L)(Sk) 
Area Skew, Sk = A,/(A, + A, )     
  

Figure 2.2 - Idealized SWMM Subcatchment 

The width of the sub-basins provides a valuable calibration parameter and is 

probably the single most important variable in determining hydrograph shape. SWMM 

divides the overland flow into unit width segments of two differing types: impervious 

areas and pervious areas. This division requires the use of three more parameters: 
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percent of impervious area and the pervious and impervious roughness coefficients. 

The impervious area is that area directly connected to the drainage network which 

provides no infiltration losses. 

Once the flows are determined at the outlets of the sub-areas, these flows are 

routed and combined in a separate block of the overall SWMM program through the 

drainage system to the outlet of the watershed. This is accomplished by kinematic 

wave routing within the channel or pipe elements. Detention storage elements utilize 

the modified Puls technique to route the flows through the reservoir by supplying the 

rating curve information. Inflows into the drainage network are only allowed at so- 

called manholes which contain no losses and are the only places where hydrographs 

can be evaluated or combined. Many different configurations of channel geometry are 

allowed including channels with irregular shape and compound roughness. The 

irregular sections require the section station-elevation information while all other 

sections are described by as many as three dimensions. 

The additional features of SWMM make it a worthwhile model to use for the 

design and analysis of complicated and unusual hydraulic structures design. SWMM 

is divided into different programming modules called "blocks." SWMM’s many other 

blocks (not described here) enable the user to model combined sewer facilities as well 

as water treatment facilities, pollutant washoff and removal processes and continual 

rainfall/runoff simulation. Separate blocks of SWMM also enable the user to model 
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different sections of the test system using different configurations without recalculating 

the previous sections over again. This capability could save time on a huge sewer 

project but hardly seems necessary for the small housing development with only a few 

drainage pipes. The overwhelming disadvantage of SWMM is the requirement for a 

large amount of data to accomplish what could be a much simpler task. On a 200 

acre watershed one would expect SWMM to model the hydrologic process well, but 

probably not within the boundaries of economic practicality. 

Table 2.2 lists the required input for SWMM to determine runoff quantity, 

mainly hydrographs, at a specific point. Also listed are the possible source maps and 

references where this data could be obtained. As can be seen in Table 2.2, the input 

data for SWMM can be overwhelming. It is this requirement that causes the typical 

consulting engineer to frown on the use of SWMM for design. If the use of such a 

functional model can be justified then maybe more common use of SWMM will result. 

The output to the SWMM model is quite extensive but can provide very useful 

information. Echoing of the input data can be accomplished depending on the options 

in the input file. Graphs of precipitation, infiltration and runoff can be provided as 

well as other options. A continuity check in each block of operations is provided 

automatically and a step-by-step listing of each calculation with daily, monthly and 

yearly summaries for each drainage element can also be requested. Separate ASCII 

files of the hydrographs can be generated for further analysis by separate post- 
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Table 2.2 - Physical Input Parameters for SWMM 
  

Input Variable 

OVERALL RUNOFF BLOCK: 
Rainfall Hyetograph 
Monthly Evaporation Rates 

FOR EACH SUBAREA COLLECTOR CHANNEL: 

Collector Downstream Element 
Type of Collector Channels 

X-Section Geometry of Collector Channels 
Length of Collector Channels 
Slope of Collector Channels 

Manning’s ’n’ of Collector Channels 
Bankfull Depths of Collector Channels 
Initial Depth of Collector Channels 

FOR EACH SUBAREA: 

Downstream Collector ID 
Overland Flow Width 

Drainage Area 
Percent Impervious 

Ground Slope 
Manning’s ’n’ on Impervious Areas 

Manning’s ’n’ on Pervious Areas 
Impervious Area Depression Storage 

Pervious Area Depression Storage 
Maximum Horton Infiltration Rate 

Minimum Horton Infiltration Rate 
Horton Infiltration Decay Rate 

TRANSPORT BLOCK OVERALL: 

Number of Nodes there is Inflow from RUNOFF 

FOR EACH ELEMENT IN DRAINAGE NETWORK: 
Three Upstream Element [Ds 

Element Type (Shape) 

Element Length 
Element Slope 
Three Characteristic Cross Section Dimensions 

Element Manning’s ’n’ 
Number of Barrels 

SPECIAL CASE: IRREGULAR (NATURAL) CHANNELS: 

Left and Right Overbank Manning’s ’n’ 
Station and Elevations of Cross Section 

FOR EACH RESERVOIR: 
Initial Elevation 
Depth-Area-Volume-Outflow Data 

Likely Source of Data 

Gage Records/Design Storm 
Local Records/Pan Testing/Default 

Drainage Network Schematic 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Topo Maps 
Site Visit/Experience/Assumption 

Drainage Network Schematic 
Topo Map/Calculation 

Topo Map 
Topo Map/GIS/Population Estimates 
Topo Map 
Topo Maps/Handbooks/Experience 

Topo Maps/Handbooks/Experience 
Tope Maps/Handbooks/Experience 
Topo Maps/Handbooks/Experience 
Soil Survey /Handbooks/Experience 

Soil Survey/Handbooks/Experience 
Soil Survey/Handbooks/Experience 

Drainage Network Schematic 

Drainage Network Schematic 

Site Plan/Topo Map 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 

Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Visit/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Visit/Assumption 
Topo Maps/Hydraulic analysis 
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processor programs, too. Table 2.15 through Table 2.20 evaluate the capabilities of 

SWMM in comparison to the other models presented in this evaluation. 

2.2.2 TR-20 

The United States Department of Agriculture, Soil Conservation Service (SCS) 

Technical Release 20, Computer Program for Project Formulation-Hydrology (TR-20) 

computer program was developed in order to automate previously published standard 

SCS procedures. Although primarily developed for agricultural watersheds, TR-20 has 

had much use in developing regions and has even been adopted by many 

municipalities as the model of choice for engineers submitting plans for review. 

(Prince William County, 1992) This popularity of TR-20 was brought on due to the 

relative ease of estimating the model parameters, and because the program was redily 

available for use on personal computers as early as 1982. 

TR-20 develops the hydrograph by the SCS curvilinear unit hydrograph 

procedure. This procedure is based on empirical studies completed by the SCS on 

experimental agricultural watersheds. The only parameters required for the procedure 

are the SCS lag time and the drainage area. The lag time has been found to be related 

empirically to the time of concentration of the basin. (Williams, 1981) The use of the 

unit hydrograph allows precipitation to be either a design storm or a recorded storm 

event. Infiltration and other losses are subtracted from precipitation using the 
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controversial-SCS runoff curve number (CN) method. The CN method is based on 

results from agricultural watershed runoff studies and empirically derived. Lists of 

curve numbers are published extensively. The curve number is a function of land use 

and SCS hydrologic soil group (HSG). The hydrologic soil groups can be found in 

local soil survey reports, which SCS has published for most of the United States. The 

controversial nature of the curve number stems from the fact that there is no physical 

basis for the curve number calculations. The only way to actually determine a curve 

number would be to back-calculate from a homogenous gaged watershed. 

Unfortunately, homogenous watersheds are not easy to come by and must be 

artificially created which brings in experimental errors. The sub-areas in TR-20 must 

be homogenous but soil and land use delineations do not always follow the sub-area 

boundaries. Therefore, an area-weighted composite of the curve number is used to 

take all land uses and soil types which may fall within a particular sub-basin. 

Once the rainfall abstractions are determined and removed from the 

precipitation, the unit hydrograph may be applied using the rainfall excess to 

determine the sub-basin outflow. Channel routing in TR-20 is accomplished using a 

Modified Attenuation-Kinematic (Mod-AttKin) methodology. This method is an 

attempt to utilize kinematic wave channel routing, which provides only translation, and 

a modified Puls (a.k.a.: storage indication) method, which provides the peak reduction 

seen in natural channels. A typical cross section for the reach of interest is developed 
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to determine the stage-storage-discharge table for input to the program. TR-20 

calculates the routing constants from the relation shown in (2.4). 

Q - xA™ (2.4) 

where Q = discharge at current elevation 

= cross-sectional area of flow at current elevation 

= routing constant coefficient 
= routing constant exponent a 

™ 
> 

The routing constants will not remain constant for irregular shaped sections or 

for compound channels. The routine in TR-20 is believed to be a simple linear 

regression of log-transformed data (the details of the method are not published). This 

method would approximate any section while still maintaining constant routing 

constants. Unfortunately, the Mod-AttKin method is frequently unstable and has a 

very weak theoretical basis. It is expected (and hoped) that the method will be 

removed in future releases of the program. Reservoir routing is accomplished by the 

modified Puls method. 

Table 2.3 lists all input required for TR-20 as well as possible sources for this 

data. TR-20 requires all input in fixed-field format ASCII files typical of many 

FORTRAN programs at the time. This inconvenience is easily remedied by a pre- 

processing program which could also be used to generate the cross section table for 

channel routing or reservoir routing tables. The number of time steps is limited to 300 
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ordinates and a minimum time step of 0.1 hours. These two limitations severely limit 

TR-20’s abilities as an effective runoff model for developing watersheds. The 

minimum time step also sets limits on minimum reach length for stable channel 

routing. The limitation on the number of ordinates sets limits on the resolution of the 

precipitation input. By increasing the time step to fit the whole storm into the 300 

ordinates, small amounts of rainfall and short duration, intense storm bursts are 

reduced or simply eliminated. One solution is to provide a cumulative rainfall volume 

curve which defines the storm. This curve would maintain the total volume but 

unfortunately would still reduce maximum intensities to lower values. 

Output from TR-20 is variable depending on the options entered in the input 

file. Complete cross section routing information can be presented if desired as well as 

the plot of the section. Complete summary tables are provided which show all results 

from the hydrologic operations, routing calculations and a listing of peak discharges at 

each sub-area and channel reach or reservoir. Input files for SCS’s economic analysis 

program as well as their flood frequency analysis program can also be created. 

Hydrographs can be output to ASCII text files for post processing or for direct entry 

into the SCS DAMS2 computer program for reservoir analysis. Table 2.15 through 

Table 2.20 summarize the capabilities of TR-20 as compared with the other models 

used in this study. 
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Table 2.3 - Physical Input Parameters for TR-20 
  

Input Variable 

OVERALL: 

Hydrological Computation Order 
Rainfall Hyetograph 

FOR EACH SUBAREA: 
Downstream Drainage Element ID 
Drainage Area 
SCS Curve Number 
Time of Concentration: 

* 2-yr, 24-hr Storm Volume 
* Sheet Flow Length 
* Sheet Flow Slope 

* Sheet Flow Manning’s ’n’ 
* Concentrated Flow Types 
* Concentrated Flow Lengths 
* Concentrated Flow Slopes 
* X-Section Area of Channel Flow 

* X-Section Wetted Perimeter of Channel Flows 
* Length of Channel Flow 

* Slope of Channel Flow 
* Manning’s ’n’ for Channel Flow 

FOR EACH ELEMENT IN DRAINAGE NETWORK: 

Element IDs 

Elevation-Cross Sectional Area-Outflow Table 

* Element Type (Shape) 

* Element Length 
* Element Slope 
* Characteristic Cross Section Dimensions 

* Element Manning’s ’n’ 

FOR EACH RESERVOIR: 

Initial Elevation 

Elevation-Surface Area-Outflow Data 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Drainage Network Schematic 
Topo Map 
Soil Survey/Land Use Maps/GIS 
SCS Segmental Method 
Local IDF Curves 
Site Plan/Topo Map/Proposed 

Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 

Drainage Network Schematic 

Calculation 
Site Plan/Topo Map 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 

Site Plan/Topo Map/Proposed 
Land Use Maps/Handbooks/Experience 

Site Visit/Assumption 
Topo Maps/Hydraulic analysis 

  

2.2.3 HEC-1 

The United States Army Corps of Engineers has combined many of the 

programs developed for hydrology and flood control into on integrated set of 

programs: HEC-1, Flood Hydrograph Package. HEC-1 uses commonly used methods 
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for stream network watershed simulation. These methods include the SCS unit 

hydrograph, Snyder’s unit hydrograph, Clark’s instantaneous unit hydrograph and the 

kinematic wave equations. For stream routing the Muskingum method, Muskingum- 

Cunge diffusion routing, kinematic wave channel routing and simple time-lag routing. 

Other features include ogee spillways and on-line pumps for reservoirs. Many 

configurations of rainfall input are included as well. They range from the actual gaged 

storm to a design probable maximum precipitation (PMP) storm. Weighting to 

account for spatial distributions of rainfall is a major advantage of HEC-1 over other 

models of its type. The many options within the HEC-1 package account for the great 

variability of hydrologic practice which, along with frequent updates and well written 

documentation, explain the popularity of the program. 

This study will refer to HEC-1 as a set of specific operations within the whole 

package. Specifically, the kinematic wave overland flow hydrograph coupled with 

Muskingum-Cunge diffusion routing is used to produce the hydrograph. This 

convention is to maintain consistency in the study by evaluating the more sophisticated 

models as well as the unit hydrographs featured in HEC-1. The kinematic wave 

routine is considered sophisticated because it requires more inputs than other 

hydrograph procedures and has a more physical basis by looking at the flow process. 

Rainfall abstractions are computed by the SCS curve number method because 

of the availability of information on the curve number and its relative popularity. The 
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number of routing methods is limited because the kinematic wave hydrograph 

generation routine in HEC-1 requires either kinematic wave channel routing or 

diffusion routing within the collector channels. Muskingum-Cunge diffusion routing is 

the routing method chosen specifically because of the physical basis of the routing 

technique. The method is also independent of the time step, unlike the kinematic 

wave routing. The pipe flow routing scheme does not, however, accurately account 

for surcharge or pressure flow. In fact, the cross sectional area of flow is allowed to 

exceed the pipe diameter. 

The HEC-1 user’s manual contains a lengthy derivation of the equations and 

explains the finite difference solution technique used in the kinematic overland flow 

equations (HEC, 1990). It is the finite difference solution technique which makes 

HEC-1 different from all the other models featured in this study which use the 

kinematic wave equations. The finite difference technique is dependent on time step 

as well as channel reach length or overland flow length. This would imply that the 

errors introduced by the method would vary with watershed size. This variation is the 

focus of the evaluation presented in Chapter 5. 

Table 2.4 lists the inputs for the HEC-1 routines used in this study and the 

possible sources of this information. Table 2.15 through Table 2.20 lists the options 

and other features included in the HEC-1 package in addition to the capabilities of the 

routines outlined here and compares these capabilities with the other models. 
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Table 2.4 - Physical Input Parameters for HEC-1 (KW) 
  

Input Variable 

OVERALL: 
Hydrological Computation Order 
Rainfall Hyetographs w/ Weighting Factor 

FOR EACH SUBAREA: 

Drainage Area 
SCS Curve Number for Impervious Areas 
SCS Curve Number for Pervious Areas 
Percent Impervious 
Overland Flow Length for Impervious Areas 

Overland Flow Length for Pervious Areas 
Overland Flow Slope for Impervious Areas 
Overland Flow Slope for Pervious Areas 

Manning’s ’n’ on Impervious Areas 
Manning’s ’n’ on Pervious Areas 

FOR EACH SUBAREA COLLECTOR CHANNEL: 

Shape of Collector Channels 
X-Section Geometry of Collector Channels 

Length of Collector Channels 
Slope of Collector Channels 

Manning’s ’n’ of Collector Channels 
Bankfull Depths of Collector Channels 
Initial Depth of Collector Channels 

SPECIAL CASE: IRREGULAR (NATURAL) COLLECTORS: 

Overbank Manning’s ’n’ 

Station and Elevations of Cross Section 

FOR EACH ELEMENT IN DRAINAGE NETWORK: 
Element Shape 
X-Section Geometry of Element 
Element Length 
Element Slope 
Element Manning’s ’n’ 
Bankfull Depths of Channels/Diam. of Pipes 

Initial Depth within Elements 

SPECIAL CASE: IRREGULAR (NATURAL) CHANNELS: 

Left and Right Overbank Manning’s ’n’ 
Station and Elevations of Cross Section 

FOR EACH RESERVOIR: 

Initial Elevation 

Elevation-Area/Volume-Outflow Data 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Topo Map 
Soil Survey/Land Use Maps/GIS 
Soil Survey/Land Use Maps/GIS 
Topo Map/GIS/Population Estimates 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 
Topo Maps/Handbooks/Experience 

Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Topo Maps 
Site Visit/Experience/Assumption 

Site Visit/Handbooks/Experience 

Site Plan/Topo Map/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Land Use Maps/Handbooks/Experience 

Topo Maps 
Site Visit/Experience/Assumption 

Site Visit/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Visit/Assumption 
Topo Maps/Hydraulic analysis 
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2.2.4 PSRM-QUAL 

The Pennsylvania State University in cooperation with the Pennsylvania 

Department of Environmental Resources and the United States Environmental 

Protection Agency developed the Penn State Runoff Quality Model (PSRM-QUAL) as 

an attempt to modify the Penn State Runoff Model (PSRM) to account for storm water 

quality as well as quantity. The new PSRM-QUAL represents a drastic change from 

the previous release of PSRM. 

PSRM-QUAL computes runoff by solving the kinematic wave equations as in 

SWMM and HEC-1. However, PSRM-QUAL computes the solution by the method of 

characteristics. This method is numerically superior to both the Newton-Raphson 

scheme and the finite difference schemes. The numerical superiority should provide 

better flood hydrograph estimation. The method uses a cascade of drainage sub-strips 

with a length which is a fraction of the overall sub-basin length in order to simulate 

sediment transport on the overland flow plane. Flow is then diverted into the channels 

which drain immediately below a sub-area where it is routed to the outlet using the 

Muskingum method. 

The Muskingum method is a marked improvement over the previous version of 

PSRM which used time lagging to route the sub-area hydrographs to the outlet. The 

Muskingum method uses an explicit equation to route flows to a downstream point 

which is documented extensively in the literature (Gupta, 1989, Viessman et al, 1977) 
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and therefore needs no further explanation. If surcharge occurs in the drainage 

element, it will bypass the element at a different rate than the fraction which flows 

through the element. This feature is somewhat unique and is a logical element of 

larger runoff events. Reservoirs are routed using the modified Puls method while 

allowing for the possibility of temporary flow bypass into a reservoir from a drainage 

element and later drainage of the reservoir. This option could be highly effective in 

the sizing of on-line detention basins which are sized based on a fixed outflow rate 

which may not be exceeded. 

The input to PSRM-QUAL is essentially the same as for SWMM and HEC-1. 

The rainfall input can be for a gaged storm or design storm. The only limitation is in 

the length of the storm and the time step. These parameters vary depending on the 

number of sub-basins within the watershed, which of course may vary from run to run. 

This limitation causes severe problems when dealing with a 24-hour storm as used by 

SCS. The time step encountered on most watersheds was found to be 20 minutes. 

This is a gross increment to use for rainfall considering that the time of concentration 

for a small 50 acre basin could be around 30 minutes. Unfortunately, limiting the 

time step also limits the duration because, depending on the number of sub-areas, the 

incremental storm volumes must be consolidated. The consolidation causes short, high 

intensity rainfall periods to be reduced, which diminishes accuracy and is not 

representative of reality. The time limitations are solely due the lack of memory 

  

2. Description of Models 31



available for PSRM-QUAL because it is written in the BASIC programming language. 

If the language were changed, making the model memory efficient, then the time 

limitations would not be a problem. 

Rainfall is allowed to vary spatially as well as temporally in PSRM-QUAL. 

An impressive routine for distributing the rainfall from multiple gages is presented in 

the users manual where the reader is referred for more information. Multiple rainfall 

"bursts" are also allowed, but the main reason for this inclusion in PSRM-QUAL is for 

quality simulations rather than quantity simulation. 

Infiltration is computed by the SCS curve number method combined with 

concepts from the Horton equation. The curve number is used to determine the soil 

infiltration capacity. The infiltration capacity is then decayed similar to the Horton 

equation but what is different is the use of a deep percolation equation for recovery of 

the infiltration rate between storm bursts. This innovative approach to infiltration is 

augmented by the addition of depression storage losses as well as a coefficient to 

adjust the initial soil storage capacity. All calculations, including losses and overland 

flow, are computed separately for pervious areas and added to the impervious area 

flows before entering the routing computations. 

One of the major disadvantages of PSRM-QUAL is the lack of output received 

from the model. Data is output in a tabular form for all temporal quantities such as 

infiltration and effective precipitation as well as the runoff. A graphical package is 
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Table 2.5 - PSRM-QUAL Physical Input Parameters 
  

Input Variable 

OVERALL: 

Hydrological Computation Order 
Rainfall Hyetographs w/ Coordinates 

FOR EACH SUBAREA: 
Drainage Area w/ Coordinates 
Total Flow Length 
Ground Slope 
Impervious Fraction 
SCS Curve Number for Impervious Areas 
SCS Curve Number for Pervious Areas 

SCS Initial Abstraction Factor 
Impervious Area Depression Storage 

Pervious Area Depression Storage 
Manning’s ’n’ on Impervious Areas 

Manning’s ’n’ on Pervious Areas 

FOR EACH ELEMENT IN DRAINAGE NETWORK: 
Ratio of In-bank to Overbank Flow Velocities 
Muskingum Weighting Factor, x 

Full Flow Capacity 
+ X-Section Geometry of Element 
* Element Slope 

* Element Manning’s ’n’ 
Full Flow Travel Time 

* Element Length 

FOR EACH RESERVOIR: 
Reservoir Type (On-Line or Off-Line) 
Initial Elevation 
Elevation-Storage-Outflow Data 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Topo Map 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Map/GIS/Population Estimates 
Soil Survey/Land Use Maps/GIS 
Soil Survey/Land Use Maps/GIS 
Soil Survey/Default Values 
Topo Maps/Handbooks/Experience 

Topo Maps/Handbooks/Experience 
Topo Maps/Handbooks/Experience 

Topo Maps/Handbooks/Experience 

Calculation from Section/Defaults 
Site Visit/Handbooks/Experience 
Manning’s Equation/Chezy etc. 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 

Land Use Maps/Handbooks/Experience 
Manning’s Equation/Chezy etc. 

Site Plan/Topo Map/Proposed 

Site Plan/Proposed 
Site Visit/Assumption 
Topo Maps/Hydraulic analysis 

  

included in PSRM-QUAL which is able to plot all of this data to the screen as well as 

provide printouts. Unfortunately this is the only data output for the model. Items 

such as a check in continuity or even an echo print of the input listing are not supplied 

by the model. This lack of output is very disconcerting because it does not allow the 

user to check for mistakes in the data or even possible instabilities in the 
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computations. One solution to this would be to provide another file with this 

information in addition to the present file. All of the options and capabilities of 

PSRM-QUAL are listed with the other models in Table 2.15 through Table 2.20 . 

Table 2.5 contains the relevant input for the model to obtain the outflow hydrograph 

for a watershed. 

2.2.5 SCS Unit Hydrograph 

The SCS unit hydrograph method (SCS UH) is the same that is used in the TR- 

20 computer program and the HEC-1 flood hydrograph package. Unit hydrographs 

can be applied in many different ways. For this study the SCS unit hydrograph is 

applied on the test watersheds as a whole as well as on a multitude of sub-basins. It 

is obvious that the SCS unit hydrograph is easier to apply to the whole watershed 

because there are fewer parameters for the designer to estimate. However, 

discretization of the watershed should give a more realistic solution by taking into 

account the spatial heterogeneity of the watershed. The Muskingum routing method is 

used to route the sub-area unit hydrograph flows to the outlet. The HEC-1 package is 

used in this study for the sub-area SCS unit hydrograph simulations while a modified 

version of a program found in the Penn State Urban Hydrology Model (PSUHM) was 

used to determine the direct runoff hydrographs on the whole basin. HEC-1 may be 

used for the whole basin simulation but the BASIC program is faster and 

  

2. Description of Models 34



Table 2.6 - Physical input parameters for SCS Unit Hydrograph (Sub-areas within HEC-1) 
  

Input Variable 

OVERALL: 
Hydrological Computation Order 
Rainfall Hyetographs w/ Weighting Factor 

FOR EACH SUBAREA: 

Drainage Area 
SCS Curve Number 
Percent Impervious 
Time Lag: 

+ 2-yr, 24-hr Storm Volume 
* Sheet Flow Length 

* Sheet Flow Slope 
* Sheet Flow Manning’s ’n’ 
* Concentrated Flow Types 
* Concentrated Flow Lengths 
* Concentrated Flow Slopes 
* X-Section Area of Channel Flow 

* K-Section Wetted Perimeter of Channel Flows 

* Length of Channel Flow 

* Slope of Channel Flow 
* Manning’s ’n’ for Channel Flow 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Topo Map 
Soil Survey/Land Use Maps/GIS 

Topo Map/GIS/Population Estimates 
From Time of Cone. (SCS Seg. Meth./Others) 
Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 

FOR EACH ELEMENT IN DRAINAGE NETWORK (SUBAREA MODELS ONLY): 

Muskingum Weighting Factor, x 
Full Flow Travel Time: 

* X-Section Geometry of Element 
* Element Slope 
* Element Manning’s ’n’ 
* Element Length 

FOR EACH RESERVOIR: 

Initial Elevation 

Elevation-Area/Volume-Outflow Data 

Site Visit/Handbooks/Experience 
From Manning’s Equation 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 

Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Visit/Assumption 
Topo Maps/Hydraulic analysis 

  

used for the whole basin simulation but the BASIC program is faster and 

computationally equivalent to the HEC-1 hydrographs using the same method. 
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2.2.6 The Clark Instantaneous Unit Hydrograph 

The Clark Instantaneous Unit Hydrograph (Clark IUH) is a variation of basic 

unit hydrograph theory (Clark, 1945). The basis of the instantaneous unit hydrograph 

lies in the time-area curve developed for a particular basin. This curve will be unique 

to all basins, but synthetic approximations to these curves are possible. The curve is 

constructed by determining iso-temporal lines where the time to reach the outlet is the 

same for all points on the line. Equal increments of time are used and the area 

between these incremental lines is determined. Cumulative area contributing to runoff 

is plotted as a function of time to complete the curve. The curve is typically S-shaped 

and serves as one of three parameters used to determine the synthetic unit hydrograph. 

A sub-area hydrograph is computed by converting the ordinates of the time-area curve 

to volumes assuming one inch of mnoff. 

The inflow hydrograph is then routed through a linear reservoir. This operation 

accounts for the storage effects of the watershed based on two parameters. The 

parameters are the time of concentration (t,) of the basin and the Clark Storage 

coefficient (R). The time of concentration is simply determined in any of the 

traditional manners while the storage coefficient is determined from experience and/or 

other references. One simple method of determining R is to calculate it as a fraction 

of the time of concentration, typically 0.5. Once the unit hydrograph is determined 
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then the direct runoff hydrograph is computed by the traditional unit hydrograph 

technique. 

Table 2.7 - Physical Input Parameters for Clark’s Instantaneous Unit Hydrograph 
  

Input Variable 

OVERALL: 

Hydrological Computation Order 
Rainfall Hyetographs w/ Weighting Factor 

FOR EACH SUBAREA: 
Drainage Area 
SCS Curve Number 

Percent Impervious 
Clark Storage Coefficient, R 

Time of Concentration: 
* 2-yr, 24-hr Storm Volume 

* Sheet Flow Length 
* Sheet Flow Slope 
* Sheet Flow Manning’s ’n’ 
* Concentrated Flow Types 
* Concentrated Flow Lengths 
* Concentrated Flow Slopes 

* X-Section Area of Channel Flow 
* X-Section Wetted Perimeter of Channel Flows 

* Length of Channel Flow 
« Slope of Channel Flow 
* Manning’s ’n’ for Channel Flow 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Topo Map 
Soil Survey/Land Use Maps/GIS 

Topo Map/GIS/Population Estimates 
Handbooks/Experience/Estimating Calcs. 
SCS Segmental Method/Others 
Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 

FOR EACH ELEMENT IN DRAINAGE NETWORK (SUBAREA MODELS ONLY): 
Muskingum Weighting Factor, x 

Full Flow Travel Time: 
* X-Section Geometry of Element 

* Element Slope 
* Element Manning’s ’n’ 

* Element Length 

FOR EACH RESERVOIR: . 

Initial Elevation 

Elevation-Area/Volume-Outflow Data 

Site Visit/Handbooks/Experience 

Manning’s Equation/Chezy etc. 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Map/Proposed 
Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Visit/Assumption 
Topo Maps/Hydraulic analysis 

  

This study will utilize the Clark instantaneous unit hydrograph found in the 

HEC-1 flood hydrograph package. As in the SCS unit hydrograph method, two 
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separate situations using the Clark instantaneous unit hydrograph are used. The whole 

basin hydrograph as well as the sub-area hydrograph are simulated in HEC-1. 

Muskingum channel routing and modified Puls routing for the reservoirs are used in 

the sub-area simulations. Since a time-area curve can be tedious to produce, HEC-1 

has a built-in synthetic time-area curve which is used throughout the evaluation. 

Therefore the only parameters required for the method in this study are the time of 

concentration of the basin and the Clark storage coefficient, R. The Muskingum 

routing parameters are also required for the sub-area models as well. 

2.2.7 The Snyder Unit Hydrograph 

The Snyder Unit Hydrograph (Snyder UH) was developed from large, typically 

undeveloped watersheds in the early stages of synthetic unit hydrograph developments 

(Snyder, 1945). The Snyder unit hydrograph method only calculates seven points on 

the unit hydrograph. The first three points are the initial time and flow, the peak time 

and flow and the final hydrograph time given as the time base with flow equal to the 

initial value. The remaining four points are derived from the hydrograph widths at 50 

percent of the peak flow and at 75 percent of peak flow. These points are used to 

located the intermediate points on the hydrograph. The method calculates these points 

and expects the engineer to interpolate a smooth curve through these points where the 

volume under the curve equals one inch of runoff on the basin. This proves to be a 
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tedious process, but HEC-1 provides an adequate solution. A synthetic time-area 

curve is generated and routed through a linear reservoir. The time of concentration 

and the storage coefficient are adjusted until the unit hydrograph produced is 

coincident with the calculated Snyder values. In this way a full unit hydrograph is 

determined while still maintaining the one inch volume constraint. This method is 

also applied separately on the basin as a whole and on individual sub-areas with 

Muskingum routing in the sub-area simulation. 

The parameters needed to calculate the Snyder unit hydrograph points are the 

Snyder lag time and the Snyder C, coefficient. The lag time is essentially equivalent 

to the SCS lag time and can be computed as a function of the time of concentration or 

by the traditional Snyder method. The traditional method of calculating the Snyder lag 

time is to relate the hydrologically longest flow path length, the distance along this 

path to the centroid and a coefficient representative of the slope of the basin. The 

exact equations in the method are well documented in the literature and need not be 

repeated here. The Cy coefficient is a measure of the storage capacity of the basin. 

Values are found in many hydrology textbooks. Table 2.8 summarizes the input 

variables necessary for development of the Snyder unit hydrograph within the HEC-1 

package. Table 2.15 through Table 2.20 list the capabilities of the unit hydrograph 

procedures as used in this evaluation. 
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Table 2.8 - Physical Input Parameters for Snyder’s Unit Hydrograph 
  

Input Variable 

OVERALL: 

Hydrological Computation Order 
Rainfall Hyetographs w/ Weighting Factor 

FOR EACH SUBAREA: 
Drainage Area 
SCS Curve Number 
Percent Impervious 
Snyder’s Peaking Coefficient, C, 

Soyder’s Standard Lag: 
* Total Flow Length 

* Snyder’s Slope/Storage Coefficient, C, 
¢ Length from Centroid to Outlet 

Likely Source of Data 

Drainage Network Schematic 
Gage Records/Design Storm 

Topo Map 
Soil Survey/Land Use Maps/GIS 
Tope Map/GIS/Population Estimates 
Handbooks/Experience/Estimating Calcs. 

Site Plan/Topo Map/Proposed 

Handbooks/Experience/Estimating Calcs. 
Site Plan/Topo Map/Proposed 

FOR EACH ELEMENT IN DRAINAGE NETWORK (SUBAREA MODELS ONLY): 
Muskingum Weighting Factor, x 
Full Flow Travel Time: 

* X-Section Geometry of Element 
* Element Slope 
* Element Manning’s ’n’ 
* Element Length 

FOR EACH RESERVOIR: 

Initial Elevation 

Elevation-Area/Volume-Outflow Data 

Site Visit/Handbooks/Experience 
Manning’s Equation/Chezy etc. 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 
Land Use Maps/Handbooks/Ex perience 

Site Plan/Topo Map/Proposed 

Site Visit/Assumption 

Topo Maps/Hydraulic analysis 

  

2.2.8 SCS TR-55 

The Soil Conservation Service, in an attempt to make TR-20 easier to use on 

the small developing basin, compiled Technical Release 55, Urban hydrology for 

Small Watersheds (TR-55). The method is based on the results of hundreds of runs 

using TR-20 on many different basins and configurations. The results are then 

generalized into tabular form based on few parameters. The first disadvantage noticed 

is the use of the 24 hour SCS design storm. The long storm duration is not always 
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necessary for the size of basin recommended for use by TR-55. The longer storms 

tend to produce large flood peaks and correspondingly large detention basins. TR-55 

is limited to basins with sub-areas having a time of concentration of less than two 

hours and routing travel times up to three hours. Only the most intense 8.5 hours 

contributes to the peak flow on a basin with a limiting time of concentration using the 

SCS rainfall distribution. (SCS, 1986) The use of the 24 hour storm is required 

because daily rainfall records were used in the development of the storm distribution. 

The disadvantages of TR-55 are outweighed by its ease of use for many 

engineers. This would explain its popularity for the design of hydraulic structures. 

Only six parameters need to be calculated to determine the hydrograph used for the 

design. The SCS rainfall distribution type and the 24 hour design rainfall for the 

specific frequency of occurrence are easily determined. The United States Weather 

Bureau’s Technical Paper 40 (TP-40) lists 24 hour rainfall amounts for areas east of 

the 105 meridian unless local rainfall frequency data is unavailable. For areas west of 

the 105 meridian the National Weather Service’s NOAA Atlas 2 is used. Alaska and 

Hawaii use the Weather Bureau’s TP-47 and TP-43, respectively (USDA SCS, 1986). 

The distribution type relies strictly on where the site lies within the United States. 

The other four parameters are the time of concentration of each of the sub-areas, the 

travel time to the outlet for each sub-area, the drainage area and the SCS curve 

number. The curve number is used to transform the rainfall volume into runoff 
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volume. This is accomplished according to the standard SCS procedure described in 

the National Engineering Handbook, Chapter 4 (NEH-4) published by SCS. Tables of 

the many hydrographs produced from the TR-20 runs are consulted to establish the 

portion of the outfall hydrograph contributed by a sub-area. All of these ordinates of 

the sub-area hydrographs are superposed to determine the outfall hydrograph. The 

method provides a very useful means to determine which sub-area contributes the most 

to the peak runoff. This is especially important if placement of a peak reduction 

device is desired. 

Although based on TR-20, the TR-55 method will produce a hydrograph with 

some deviation from TR-20. The deviation is mainly due to simplification and 

interpolation error in the tables. The Penn State Urban Hydrology Model (PSUHM) 

contains a very convenient working environment in which to generate the TR-55 

hydrographs and is used throughout this study. There are many versions of TR-55 on 

the market under different names. These packages are made only to provide easier 

input and better output for the TR-55 method. The output for these other programs 

ranges from simple tabular charts of the hydrograph to extensive graphics compatible 

with popular CAD packages. Table 2.15 through Table 2.20 are based on the 

maximum output that could be obtained using the TR-55 method as presented in 

PSUHM. 
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Table 2.9 - Physical Input Parameters for TR-55 (1986 Version) 
  

Input Variable 

OVERALL: 

SCS Storm Distribution Type 
Design Return Period 24-hr Storm Volume 

FOR EACH SUBAREA: 

Drainage Area 
SCS Curve Number 
Time of Concentration: 

* 2-yr, 24-hr Storm Volume 
* Sheet Flow Length 
* Sheet Flow Slope 

* Sheet Flow Manning’s ’n’ 
* Concentrated Flow Types 
* Concentrated Flow Lengths 

* Concentrated Flow Slopes 
* X-Section Area of Channel Flow 
* X-Section Wetted Perimeter of Channel Flows 
* Length of Channel Flow 
* Slope of Channel Flow 

* Manning’s ’n’ for Channel Flow 
Full Flow Travel Time to Outlet: 

* X-Section Geometry of Element 
* Element Slope 

* Element Manning’s ’n’ 
* Element Length 

Likely Source of Data 

User’s Manual/SCS NEH-4 

Local IDF Charts/TP-40 

Topo Map 
Soil Survey/Land Use Maps/GIS 
SCS Segmental Method 

Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 

Topo Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Manning’s Equation/Chezy etc. 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 

Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

  

2.2.9 The Rational Method 

The rational method is perhaps the oldest method for hydrologic design still in 

use today and perhaps the simplest to use. The rational method has origins in England 

circa. 1850. This method has been used extensively in the United States since the turn 

of the century for all aspects of urban drainage design. 

The basic idea of the method is a uniform rainfall intensity falling on an area 

with a uniform loss coefficient. This uniform rainfall intensity will cause the peak 

flow of the hydrograph at the time of concentration. The intensity is found, therefore, 
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using an intensity-duration-frequency curve at a duration equal to the time of 

concentration. This assumption implies that the frequency of the runoff event is 

equivalent to the frequency of the rainfall intensity. This implication is assumed in 

almost all of the models in this evaluation, even though it is not necessarily true. 

Perhaps the most important parameter to assess in the rational method is the 

estimation of the C-factor which represents the transformation from rainfall to runoff. 

This factor has been found not to be constant, but to be related to many factors 

including rainfall intensity, soil type, land use, slope, impervious percent and the 

recurrence interval (Rossmiller, 1980). Rossmiller has developed a formulation based 

on these factors to gain an idea of the C-factor but for many engineers, experience is 

much faster and sometimes more accurate. Tables of the C-factor for various land 

0-72 mr 
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Where: 
Cc = rational method runoff coefficient (C-factor) 

CN = SCS curve number 
RI = recurrence interval in years 

Ss = watershed slope in percent (e.g. for 2.1% slope, S=2.1) 

J = rainfall intensity in inches per hour 
IMP = impervious fraction (e.g. for 6% impervious area, 

IMP=0.06) 
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uses, Soil types and recurrence intervals have been formulated and presented in many 

textbooks also. The Rossmiller formulation is used in this study and has been found 

to be an applicable method by others for urban drainage design (Kibler et al, 1982). 

This formula is presented in (2.5). 

Table 2.10 - Physical Input Parameters for The Rational Method 
  

Input Variable 

FOR EACH SUBAREA: 
Drainage Area 
Rainfall Intensity at Time of Concentration 

C-Factor 

- Time of Concentration: 
* 2-yr, 24-hr Storm Volume 
¢ Sheet Flow Length 
* Sheet Flow Slope 
* Sheet Flow Manning’s ’n’ 
* Concentrated Flow Types 

* Concentrated Flow Lengths 
* Concentrated Flow Slopes 

¢ X-Section Area of Channel Flow 
* X-Section Perimeter of Channel Flows 

* Length of Channel Flow 
* Slope of Channel Flow 
* Manning’s ’n’ for Channel Flow 

* SCS Curve Number 
* Return Period 
* Ground Slope 
* Impervious Fraction 

* Rainfall Intensity 

(FOR SUBAREA TIME LAG ROUTING ONLY) 

Full Flow Travel Time to Outlet: 

* X-Section Geometry of Element 
* Element Slope 

* Element Manning’s ’n’ 
* Element Length 

Likely Source of Data 

Topo Map 
Local IDF Curves 

SCS Segmental Method/Others 
Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 

Topo Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Experience/Handbooks/Formulas 

Soil Survey/Land Use Maps/GIS 
Design Conditions 
Site Plan/Topo Map/Proposed 
Topo Map/GIS/Population Estimates 

See Above Calculation 

Manning’s Equation/Chezy etc. 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Map/Proposed 

Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

  

One procedure for applying the rational method involves application to the sub- 

areas followed by routing downstream. A triangular hydrograph is used where the 
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Figure 2.3 - The Rational Method applied on Subareas 

peak happens at the time of concentration. The base of the hydrograph lies at twice 

the time of concentration, assuming the uniform rainfall intensity stops at the time of 

the peak occurrence. The sub-area triangular hydrographs are lagged by the amount of 

travel time to the outlet where all are then summed to form the outfall hydrograph. 
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The rational method applied on the sub-areas is illustrated in Figure 2.3. An 

extremely conservative design is established because of the implication that the rainfall 

intensity is not uniform over the whole watershed but only over the sub-areas. An 

assumption is made where the worst case of rainfall intensity occurs simultaneously on 

all the sub-areas. This assumption gives the most conservative estimate possible. 

Although not hydrologically correct, this technique of applying the rational method to 

the sub-areas is used in this evaluation to determine its usefulness in urban drainage 

design. The input requirements for the rational method are listed in Table 2.10. This 

list is probably the maximum data required for the method especially when only three 

parameters are required. 

2.2.10 The Modified Rational Method 

Another variation of the rational method has been developed mainly for the 

design of detention facilities in urban areas for peak reduction and/or pollutant 

trapping. The modified rational method, as it is called in this study, is simply 

application of the rational method while using a fixed rainfall duration. This 

recognizes the effect of rainfall duration changing which in turn changes the volume 

of rainfall moving through the detention facilities. The modified rational method is 

simply a trapezoidal hydrograph with the first point being the start of rainfall 

occurrence, the second is the peak flow at the time of concentration of the basin, the 
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Figure 2.4 - The Modified Rational Method Hydrograph. 

third being the peak flow at the maximum rainfall duration and the forth being zero 

flow at the time of concentration plus the rainfall duration. See Figure 2.4. This 

method is applied in the same way as the rational method and requires the same 

amount of input with the addition of the rainfall duration which depends on the 
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Table 2.11 - Physical Input Parameters for the Modified Rational Method 
  

Input Variable 

FOR EACH SUBAREA: 
Drainage Area 
Rainfall Duration 

Rainfall Intensity at Time of Concentration 
- Time of Concentration: 

¢ 2-yr, 24-hr Storm Volume 

* Sheet Flow Length 
* Sheet Flow Slope 
¢ Sheet Flow Manning’s ’n’ 

* Concentrated Flow Types 
* Concentrated Flow Lengths 

* Concentrated Flow Slopes 
* X-Section Area of Channel Flow 

* X-Section Perimeter of Channel Flows 
* Length of Channel Flow 

* Slope of Channel Flow 
* Manning’s ‘na’ for Channel Flow 

C-Factor 
* SCS Curve Number 

* Return Period 
* Ground Slope 

* Impervious Fraction 
* Rainfall Intensity 

(FOR SUBAREA TIME LAG ROUTING ONLY) 

Full Flow Travel Time to Outlet: 
+ X-Section Geometry of Element 

* Element Slope 
¢ Element Manning’s ’n’ 
* Element Length 

Likely Source of Data 

Topo Map 
Design Conditions 

Local IDF Curves 
SCS Segmental Method/Others 
Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 

Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Experience/Handbooks/Formulas 
Soil Survey/Land Use Maps/GIS 

Design Conditions 
Site Plan/Topo Map/Proposed 
Topo Map/GIS/Population Estimates 
See Above Calculation 

Manning’s Equation/Chezy etc. 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Map/Proposed 
Land Use Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 

  

requirements of the user. One example would be the iterative calculation of the 

rainfall duration which produces the maximum storage requirement for detention basin 

sizing. The modified rational method is also applied to the sub-areas in much the 

same way as the rational method as shown in Figure 2.3 . This use carries the same 

implications and assumptions as applying the rational method on the sub-areas and 

should be viewed accordingly. 
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2.2.11 The Universal Rational Method 

Yet another modification of the original rational method is the universal 

rational method. This method takes advantage of the implications found in the 

intensity-duration-frequency (IDF) curve. The IDF curve implies that for a given 

recurrence interval an average intensity of rainfall will fall within the duration found. 

A design rainfall hyetograph can be constructed with increments equivalent to the time 

of concentration of the basin. This is accomplished by determining the cumulative 

rainfall volume at each time interval from the IDF curve. The cumulative rainfall 

volumes are then transformed into incremental volumes which are then transformed to 

intensities. These are then ranked in a specific order and the rational method is 

applied for each increment. The ranking is to accommodate the typical shape of a 

hydrograph. The peak flow will occur at a time equal to three times the time of 

concentration. The universal rational method was developed as an alternative method 

to the modified rational method for detention basin sizing. Therefore the volume of 

the hydrograph will be important in the model evaluation. 

Since most local IDF curves do not provide an adequate duration for the 

‘universal rational method, a synthetic Yarnell IDF curve is developed. The SCS 

rainfall distributions can also be modified to determine IDF relations for use in the 

universal rational method. The Penn State Urban Hydrology Model (PSUHM) 

contains both the Yarnell and the SCS relations for use in the universal rational 
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Table 2.12 - Physical Input Parameters for The Universal Rational Method 
  

Input Variable 

FOR EACH SUBAREA: 
Drainage Area 
Rainfall Duration 

Rainfall Intensities at Increments of Tc 
- Time of Concentration: 

° 2-yr, 24-hr Storm Volume 
* Sheet Flow Length 
* Sheet Flow Slope 
* Sheet Flow Manning's ’n’ 
* Concentrated Flow Types 
* Concentrated Flow Lengths 
* Concentrated Flow Slopes 
« X-Section Area of Channel Flow 

* X-Section Perimeter of Channel Flows 
* Length of Channel Flow 
* Slope of Channel Flow 
* Manning’s ’n’ for Channel Flow 

C-Factors 

* SCS Curve Number 

* Return Period 
* Ground Slope 
* Impervious Fraction 
* Rainfal) Intensity 

Likely Source of Data 

Topo Map 
Design Conditions 

Local IDF Curves/Yarnell Curves/SCS Dist. 
SCS Segmental Method/Others 

Local IDF Curves 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Topo Maps/Handbooks/Experience 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Map/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Site Plan/Topo Maps/Proposed 

Site Plan/Topo Maps/Proposed 
Topo Maps/Handbooks/Experience 
Experience/Handbooks/Formulas 
Soil Survey/Land Use Maps/GIS 
Design Conditions 
Site Plan/Topo Map/Proposed 
Topo Map/GIS/Population Estimates 
See Above Calculation 

  

method although under the name of the modified rational method. A modified form of 

the program contained in PSUHM was created for this study to run in a batch file 

mode to eliminate waiting on the computer. The computations in the altered program 

are equivalent to those found in PSUHM and the inputs are listed in Table 2.12. 

2.2.12 The USGS Virginia Regression Equations 

The United States Geological Survey has developed regression equations for 

determination of peak flood levels for various recurrence intervals. These equations 
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were developed in 1978 for the Commonwealth of Virginia based on flow records 

from 299 sites for recurrence intervals of 2, 5, 10, 25, 50 and 100 years. The 

equations show flow as a function of drainage area, watershed slope, and a regional 

factor to account for the differences in regional climates. These equations were 

developed for streams with drainage areas from 0.1 to 8,000 square miles and slopes 

from 1.6 to 1,320 feet per mile. The equations are not applicable to watersheds with 

impoundments, channelization or urbanization. This last limitation is adjusted to add 

the effects of the developing watersheds. 

The effects of urbanization are introduced by using the equations found in the 

USGS Water Supply Paper 2207, Flood Characteristics of Urban Watersheds in the 

United States. (Sauer et al., 1983) These equations, developed for use nationwide, add 

the effects of drainage area, imperviousness, the 2-yr, 2-hr rainfall volume, basin 

storage, slope and a "Basin Development Factor" (BDF). These factors are regressed 

with the rural flow, obtained from the Virginia equations, to obtain the urban 

regression equations. Two separate sets of equations were developed to make their 

use easier. One set of equations contained all seven parameters, while the other only ~ 

contained the most significant three. The three parameter equations use only the basin 

area, the BDF and the rural flow as parameters. These equations require much less 

data yet have about the same standard error as the seven parameter equations. 
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Perhaps the most difficult parameter to estimate is the basin development factor 

(BDF). The procedure involves splitting the basin into thirds, the upper, the middle 

and the lower, with the lower being the furthest downstream and the upper being the 

furthest upstream. Four factors are then checked on each third to determine the level 

of channelization and development. Each factor increases the BDF by one, therefore 

the rural condition would contain a BDF of zero while a fully urban basin would have 

a BDF of 12. USGS Water Supply Paper 2207 should be consulted for the exact 

content of the BDF conditions. 

The main disadvantage of using the equations is the lack of a hydrograph for 

use in detention basin design or flood routing analysis. They are very useful in the 

design of small structures, such as roadway culverts, where only the peak flow is 

required. The regression equations also only estimate the frequency of occurrence for 

design stream flows and not the results of actual rainfall or runoff events. The 

equations do, however, estimate the flood frequency without assuming that the 

frequency of the rainfall is equivalent to the stream flow frequency. This assumption 

is used in most hydrologic models. 

Plans to computerize the rural and urban regression equations for all of the 

United States is now in progress by the USGS. The National Flood Frequency (NFF) 

program should prove to be a valuable resource for engineering designers and planners 

as well as the portable computer equipped field engineer (Jennings and Cookmeyer, 
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Table 2.13 - Physical Input Parameters for the USGS Virginia/Urban Equations 
  

Input Variable 

FOR WHOLE WATERSHED: 

FOR RURAL FLOW (VIRGINIA EQUATIONS): 
Drainage Area 
Ground Slope 
Regional Factor 

FOR 3-PARAMETER URBAN EQUATIONS: 
Basin Development Factor (BDF) 
Drainage Area 
Rural Flow 

FOR 7-PARAMETER URBAN EQUATIONS 

Basin Development Factor (BDF) 
Drainage Area 

Rural Flow 
Impervious Area 
2-yr, 2-hr Storm Volume 

Percent Permanent Storage Area 

Likely Source of Data 

Topo Map 
Site Plan/Topo Map/Proposed 
State Map of Factors 

Prescribed BDF Procedure 

See Virginia Equations Above 
From Virginia Equations Above 

Prescribed BDF Procedure 
See Virginia Equations Above 

From Virginia Equations Above 
Topo Map/GIS/Population Estimates 
Local IDF Curves/TP-40 
Site Plan/Topo Map/Proposed/Estimate 

  

1989). For this comparison the Virginia and the national urban equations were 

computerized to allow for easier analysis and to maintain consistency with the 

watershed physical parameters. 

2.2.13 The Anderson Method 

The Anderson method is a set of regression equations derived from stream flow 

data recorded at sites in the northern Virginia area. The method was developed in 

1968 by Daniel G. Anderson of the United States Geological Survey. The equation is 

simple to use and is based on four parameters: the drainage area, the time lag, a 

coefficient of imperviousness and a flood frequency ratio. The time lag is a function 
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Table 2.14 - Physical Inputs Parameters for The Anderson Method 

Input Variable Likely Source of Data 

FOR WHOLE WATERSHED: 

Drainage Area Topo Map 
Anderson Time to Peak: Prescribed Equations 

* Land Use Condition Site Plan/Proposed 
* Total Flow Length Site Plan/Topo Map/Proposed 

* Ground Slope Site Plan/Topo Map/Proposed 
Flood Frequency Ratio: Prescribed Chart 

* Return Period Design Conditions 
* Percent Impervious Area Topo Map/GIS/Population Estimates 

Anderson’s Coefficient of Imperviousness Prescribed Equation 
* Percent Impervious Area From Flood Frequency Ratio Calculation 

  

of the length and slope of a basin as well as the development condition. Three 

separate calculations of lag time are given for three different conditions: rural 

(undeveloped), developed with partial channelization, and completely developed 

basins. The coefficient of imperviousness is simply a function of the percent 

impervious area. The flood frequency ratio is a function of return period and percent 

impervious area. The Anderson method is based on basins up to 570 square miles in 

drainage area and all ranges of development. This method, like the USGS equations, 

estimates the flood frequency without the assumption of equivalent rainfall frequency. 

Also like the USGS equations, the Anderson method only provides the peak flow for a 

given recurrence interval without a hydrograph. 
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2.3 Model Capabilities 

The following tables list the capabilities of all of the models listed according to 

their limitations. The listing covers all qualitative aspects of the models without 

considering performance. Each table covers a separate topic of rainfall-runoff 

modeling such as rainfall, infiltration and hydrograph development. 
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Table 2.15 - Capabilities of Models - Rainfall Options 
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Table 2.16 - Capabilities of Models - Precipitation Loss Options 
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Table 2.17 - Capabilities of Models - Hydrograph/Peak Generation Methods 
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Tablé 2.18 - Capabilities of Models - Reach/Reservoir Routing Options 
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Table 2.19 - Capabilities of Models - Computer Requirements and Options 
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. Table 2.20 - Capabilities of Models - Other Model Options 
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2.4 VIPER as a preprocessor 

The similarity of the input parameters required for each of the models is 

obvious from the data shown in the preceding tables. To facilitate the input of the 

models and to maintain consistency of parameters across the watershed, the author 

developed a computer program which creates the input files for each of the models. 

The Virginia Tech Interactive Program for Efficient Runoff data management (VIPER) 

was written to accommodate this need. Written in a compiled BASIC programming 

language, VIPER is able to minimize the number of inputs required for all of the 

models by calculating some required model parameters. For the fixed-format models, 

Table 2.21 - Model Files Created by VIPER 
  

WITHIN VIPER PROGRAM: 
SWMM 4.05 

TR-20 
HEC-1 (KW) 
TR-55 (PSUHM File) 

Rational Method (with Modified Rational) 
1978 Virginia Regression Equations w/ Urban Equations 

SUPPLEMENTAL VIPER PROGRAMS: 
PSRMVIPE _ - Creates PSRM-QUAL 1991 Input File 
URATVIPE _ - Universal! Rational Method Calculations 

UHVIPE - Creates all SCS, Snyder and Clark UH files for HEC-1 

  

all inputs are placed in their proper fields in approximate record order with a 

minimum of user editing. Table 2.21 lists the models that VIPER is able to process. 
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Other separate utility programs compatible with VIPER were created to add the lesser 

used models to VIPER’s capabilities while still using the same data files. 

The supplemental VIPER programs require a completed VIPER data file and 

some form of precipitation file. Some of the files created by VIPER require editing. 

TR-20 and HEC-1 require rearranging of the data file records so that they are in the 

proper hydrologic computation order. Other manipulation, such as the addition of 

rainfall records, is also required. Even with all of the required file manipulation, 

VIPER proves to be invaluable. Table 2.22 list the required input for VIPER to create 

the runoff model input files. All of the values are not listed, but are required for input 

in some of the models. The missing values are calculated from the listed inputs based 

on proven hydrologic concepts. 

As can be seen in Table 2.22 input for VIPER is very extensive depending on 

the amount of detail required in the models. All of this data, however, is used to 

create the data files. For example, to determine the time of concentration for the 

entire watershed, VIPER calculates the sub-area time of concentrations and the travel 

time to the outlet by the SCS segmental method. The maximum sub-area time of 

concentration plus the travel time to the outlet is the basin time of concentration, 

which is used in any number of models. VIPER thus provides a very efficient means 

of calculating all model parameters. 
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Table 2.22 - VIPER Input Parameters 
  

Watershed Variables: 

Watershed Name 
Number of Subareas 

2-yr, 24-hour Storm Volume 
Design Return Period 

Design Storm Volume 
Subarea Variables: 

Hyetograph Number 
Total Drainage Area 

Drainage Area to One Side of Main Channel 
Directly Connected Impervious Area 
SCS Curve Number (CN) 
Impervious Depression Storage 

Pervious Depression Storage 
Horton Maximum Infiltration Rate 

Horton Minimum Infiltration Rate 
Horton Infiltration Decay Rate 
Overland Sheet Flow Length 
Overland Sheet Flow Slope 
Overland Sheet Flow Manning’s Roughness 

Number of Concentrated Flow Sections Within Subarea 
Number of Channel Sections Within Subarea 

Concentrated Flow Variables: 

Concentrated Flow Section Type (Paved or Unpaved) 
Concentrated Flow Length 

Concentrated Flow Slope 
Downstream Channel/Pipe Element Number 

All Channel Flow Variables: 
Channel/Pipe Element Number 

Downstream Channel/Pipe Element Number 
Length of Flow 

Channel/Pipe Slope 
Manning’s Roughness 
Initial Depth of Flow 
Trapezoidal Channel Flow Variables: 

Bottom Width 

Right Side Slope (looking downstream) 
Left Side Slope (looking downstream) 
Bankfuli Depth 

Semicircular Channel/Pipe Flow Variables: 
Bankfull Depth (Radius) 

Parabolic Channel/Pipe Flow Variables: 
Maximum Top Width 
Bankfuil Depth 

Natural Channel Flow Variables: 
Overbank Manning’s Roughness 
Left Overbank Station 

Right Overbank Station 
Number of Points on X-section 
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VIPER also provides full printing of the data as well as plotting of the cross 

sections for the natural channels and rating curve plots for the detention storage 

elements. Other parameters that are not generalized, and therefore model specific are 

input manually by the user when required. Intensity-duration-frequency curve data 

files are used by some of the methods for determination of the model parameters. 

These files contain points along the curve on which VIPER linearly interpolates when 

calculating parameters. The calculation of the Anderson method is completed on a 

single sheet of paper for each watershed. All of the required data is obtained from 

values calculated by VIPER and therefore consistent with the other models. A 

description of how the data is obtained for entry into VIPER is given in Chapter 3. 
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Chapter 3 
Gaged Data and 
Description of Watersheds 

  

Because this project is sponsored by Prince William County, the watersheds 

chosen for the model evaluation are located in northern Virginia. They are centered 

around Prince William County. The northern Virginia area consists of many land uses 

ranging from the urban streets immediately surrounding Washington, D.C. to the 

farmland of rural Loudoun County. Development during the 1970s and 1980s was 

Table 3.1 - List of Watersheds 
  

Watershed Name Land Use Condition 

Broad Run Tributary at Buckland (USGS 01656600) Rural Undeveloped Woodlands 
South Fork Broad Run at Arcola (USGS 01644250) Rural Undeveloped Farmlands 

Snakeden Branch at Reston (USGS 01645784) Partially Developed Suburbs 

Smilax Branch at Reston (USGS 0164295) Partially Developed Commercial/industrial Area 
Stave Run near Reston (USGS 01644291) Partially Developed Commercial/[ndustrial Area 

Holmes Run 1 (OWML Gage) Fully Developed Suburban/Commercial areas 

Holmes Run 2 (OWML Gage) Fully Developed Suburban/Commercial areas 
Holmes Run 4 (OWML Gage) Fully Developed Suburban/Commercia} areas 

  

overwhelming in certain sections of the region. It is during this development period 

that most of the data was obtained for this study. Being close to the nation’s capitol 
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and many of the government agencies which monitor stream flow, the northern 

Virginia area contains an abundance of stream gages. Unfortunately, only a few 

stream flow gages are located on watersheds that are considered comparable to a 

"typical" housing development or subdivision. Even fewer contain sufficient 

precipitation data to reconstruct the hydrograph with the models. The stream flow 

data must also be detailed enough to distinguish a hydrograph which eliminates even 

more stream flow data for analysis. The watersheds described in this chapter and the 

data presented represent the culmination of an intensive search for hydrologic data on 

small developing watersheds in northern Virginia. Figure 3.1 depicts the location of 

the watersheds on a regional map. 

3.1 General Watershed Locations and Regional Descriptions 

Six of the watersheds in the study are located in Fairfax County, the other two 

are located in Prince William County and Loudoun County. The general climate of 

these counties is a humid continental and tempered by the Chesapeake Bay in the 

eastern regions. Temperatures average about 75 degrees fahrenheit in the summer to 

around 35 degrees fahrenheit in the winter. Average annual temperature is a 

comfortable 57 degrees fahrenheit. Precipitation takes place all year long but tends to 

increase in the spring and summer months. Some snowfall occurs during the winters 

but usually doesn’t accumulate in significant quantities. mean Annual snowfall for the 
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Figure 3.1 - General Watershed Location Map 
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region is around 15 inches. Mean annual rainfall in the region is around 40 inches, 

with about 9 inches falling in July and August. 

Fairfax County is perhaps the most developed county in Virginia. This is 

because the county is located in the Washington, D.C metropolitan area and contains 

many suburban towns for commuters to and from the city. The county is divided into 

five general physiographic regions, the Piedmont Lowland, the Piedmont Upland, the 

Mixed Piedmont Upland and High Coastal Plain Terraces, the High Coastal Plains, 

and the Low Coastal Plain Terraces. The watersheds which are located in Fairfax 

County are found principally on the High Coastal Plain and the Piedmont Lowland. 

Three watersheds are located in series on Holmes Run while the other three lie 

adjacent to one another in the Reston, Virginia vicinity. The Reston watersheds are 

situated in the Piedmont Lowland physiographic province. This province covers about 

18 percent of the whole county. The soils in this province were deposited in the 

Triassic period over sedimentary rocks consisting of sandstone, shale and 

conglomerate. The general relief in the Reston area is between 250 to 300 feet above 

sea level and consists of small rolling hills with steep sections near the larger streams. 

The Holmes Run watersheds are located just east of Falls Church, Virginia in 

the High Coastal Plain physiographic province. The High Coastal Plain comprises 

about 22 percent of the county and, because of the proximity to Washington, D.C., is 

the most developed of all the physiographic provinces. Soils are mostly coastal plain 
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sand, silt and clay of marine or fluvial origin overlying mostly granite gneiss and 

sericite schist. Relief is generally from 60 to 330 feet above sea level within this 

province. Wetlands are sparse due to the many undulating and rolling hills found in 

the province. The drainage pattern is dendritic and well developed in the High Coastal 

Plain. Interstates 66 and 495 (the Capital Beltway) cross the province and contribute 

to the relatively high impervious areas in the suburban region. 

The South Fork Broad Run at Arcola basin is located in eastern Loudoun 

County near the Fairfax and Prince William County lines. The watershed is also 

located in the Piedmont Lowland and has similar physiographic properties as the 

Reston watersheds. The general relief for this province ranges from 180 to 400 feet 

above sea level. Hardwood forest covered all of the county originally but have since 

been cleared for farmlands on over 85 percent of the county. Loudoun County is 

renowned for its thoroughbred horse farms which are scattered throughout the county. 

Recent development in the vicinity of Dulles international airport and near the Fairfax 

County line has converted much of the farmland into developed industrial areas and 

suburbs. 

Prince William County lies south of both Fairfax County and Loudoun County. 

Broad Run Tributary lies in the extreme western end of Prince William near the 

Fauquier County line. The watershed lies within the boundaries of the Piedmont 

Upland physiographic region. This region is similar to the Piedmont Lowland region 

  

3. Gaged Data and Description of Watersheds 71



except that the drainage pattern is more organized. The relief is wide between streams 

and undulating and rolling except near the lower tributaries of lower streams. The soil 

is underlain by sedimentary rocks composed of siltstone, sandstone and conglomerate. 

The western end of Prince William is dominated by hardwood forest. Some of the 

land is also used for grazing of farm animals. A high clay content and slow drainage 

limits much of the development of the land for housing or commercial ventures. 

3.2 Broad Run Tributary at Buckland 

Broad Run Tributary is one of two watersheds in the analysis considered to be 

in the rural or undeveloped condition. The gage was placed on the upstream side of 

US Route 29/15 near the intersection where US 29 and US 15 split in western Prince 

William County. The USGS maintains the gage and has used the watershed for 

hydrologic modeling studies in the past. Six events were extracted from the data used 

for a USGS study instead of trying to extract the data from the whole period of record. 

Old computer printouts of the data was found in the basement of the USGS Virginia 

office and dusted off for reentry into the computer for use in this investigation. The 

small time increment and the accompanying rainfall allowed this data to be the best 

available for this watershed. The hydrographs are presented in Appendix A along with 

the rainfall causing the event. This watershed is unusual because the volume in the 

hydrograph exceeds the volume of rainfall recorded. This is physically impossible and 
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poses immediate problems with the calibration of the model to these events. The 

possible problem with the data is that the rainfall gage may have been located at or 

near one end of the watershed and did not record the spatial variability of the rainfall. 

By raining harder on the opposite end of the watershed than where the gage is located, 

the volume in the hydrograph would be higher than recorded by the rain gage. The 

storm events used are shown graphically in Appendix A. 

The land use conditions on the Broad Run Tributary are obtained from aerial 

photographs of Prince William County for the time period of the rainfall/runoff data. 

The land use and soils maps presented in Folio A and topographic maps are used to 

determine the general watershed parameters listed in Table 3.2. The soils data are 

obtained from the county soil survey and the topographic maps are provided by Prince 

Table 3.2 - General Watershed Data for Broad Run Tributary at Buckland 
  

Drainage Area: 504.709 Acres 

Percent Impervious: 4.61 Percent 

Average SCS Curve Number: 75 

Average Slope . 0.0168 ft/ft 
USGS Basin Development Factor: 3 
Maximum Elevation: 433 feet MSL 

Minimum Elevation: 295 feet MSL 
Number of Sub-Basins: 5 

Number of Drainage Elements: 10 
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William County. Most of the watershed consists of farmland and woods. The 

impervious fraction is from roads and rooftops. A farm pond located on-line with the 

stream also serves as the point where the main channel comes together from two 

separate tributary channels. Meandering is not present on any of the channels on the 

watershed and provides a unique property among the watersheds in this study. A 

roadside ditch serves as the main channel on one side while a straight channel flows 

through the woods on the other. Five approximately equal sized sub-areas are 

delineated for modeling based on homogeneous channel shapes. Soils on the 

watershed are somewhat random and seemed to have only a small correlation to the 

stream bed locations. Hydrologic soil group D soils are abundant closer to the stream 

beds while hydrologic soil group B soils tend to lie near the ridges, although not 

always. The hydrologic soil group C soils are scattered in large patches throughout 

the rest of the watershed. Hydrologic soil group A Soils were not found on the 

watershed. 

3.3 South Fork of Broad Run at Arcola 

The South Fork of Broad Run at Arcola lies in southeastern Loudoun County 

within a rural region with very active farming operations. The USGS maintained a 

stream flow gage on this stream in the period of 1974 to 1975 when continuous data 

was recorded for use in a regional modeling study. Rainfall and runoff data is 
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extracted from the USGS model study for use here, as in the Broad Run Tributary. 

Despite the similar name and relative closeness, the two Broad Runs are not the same 

and should not be confused with one another. Six events are chosen from the USGS 

model study and are presented in Folio A. 

The South Fork of Broad Run gage is located at the upstream side of a culvert 

which crosses US Route 50 near the town of Arcola, Virginia. Data describing the 

watershed characteristics is presented in Table 3.3. The watershed contains numerous 

Table 3.3 - General Watershed Data for South Fork Broad Run at Arcola 
  

Drainage Area: 2591.937 Acres 

Percent Impervious: 6.55 Percent 
Average SCS Curve Number: 78 

Average Slope 0.0210 ft/ft 

USGS Basin Development Factor: 2 

Maximum Elevation: 497 feet MSL 

Minimum Elevation: 285 feet MSL 

Number of Sub-Basins: 13 

Number of Drainage Elements: 30 

  

farms, which according to the aerial photography, are mainly used for pastures and 

hay production. Much of the watershed, not used for agricultural fields, is forested. 

Wetland areas. are present on much of the fields on the many tributaries to the main 

channel. One area maintains a developed condition, but this consists of a small 

industry and does not contribute greatly to the overall imperviousness. Most of the 
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impervious area is created by the paved highways and rooftops of houses and barns 

which are scattered throughout the watershed. Soils are distributed in the pattern 

typical of northern Virginia soils. The pattern has hydrologic soil group D soils 

distributed along the streams, followed by hydrologic soil group C near the streams, 

blending to hydrologic soil group B along the ridges. The soils and land uses are 

mapped and presented in Folio A. The many distinguishable tributaries to the main 

stream necessitated a division of the watershed into a minimum of thirteen different 

sub-areas. 

3.4 Snakeden Branch at Reston 

Snakeden Branch is one of three watersheds used in this study located in 

Reston, Virginia in the vicinity of the United States Geological Survey’s (USGS) 

national headquarters. A stream flow gage was placed on Snakeden Branch by the 

USGS and designated as gage number 01645784, Snakeden Branch at Reston. The 

drainage area delineated from the Fairfax County topographic maps, at a scale of 1 

inch = 500 ft with 5 foot contour intervals, is 525.7 acres or 0.82 square miles. This 

differs from the published USGS drainage area found for the gage, 0.79 square miles. 

This difference in drainage area is acceptable because the exact location of the gage 

on the maps may be in error. The scale and contour interval of the maps also 

contribute to the difference. Human error in digitizing to area are also to blame for 
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the discrepency. The period of record for this gage is from January 1973 to October 

1978 as well as from October 1984 to August 1990 intermittently. Precipitation data 

for the watershed is also provided by the USGS for the period March 1975 to March 

1976. The rainfall gage was located near the stream flow gage. The lack of rainfall 

data severely limits the amount of useful stream flow data that can be used. The 

rainfall data is available on five minute intervals while the stream flow data is only 

available on hourly increments. The hourly intervals will be sufficient for satisfactory 

simulation. Storms are chosen which provide enough detail in the hydrograph to be 

evaluated successfully. A large amount of error is expected on this watershed solely 

due to the hourly flow data. It is obvious that the peak flows will not always occur 

exactly on the hour. The limitation of the amount of rainfall data allows only five 

events to be useful from the data obtained. Appendix A contains the hydrographs and 

the hyetographs chosen for simulation on Snakeden Branch. 

Table 3.4 lists general watershed parameters for Snakeden Branch model 

development. Land use maps are developed from 1976 aerial photographs, obtained 

from Fairfax County, for the region. Soils maps and topography are also obtained 

from Fairfax County. Six sub-areas are delineated based on the drainage pattern. 

Eight drainage elements are delineated based on consistency in their cross sections. 

The general topography gradually slopes toward the main stem of the stream which 

approximately bisects the watershed. The land use is mostly multi-family residences 
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Table 3.4 - General Watershed Data for Snakeden Branch at Reston 
  

Drainage Area: 525.71 Acres 
Percent Impervious: 42.88 Percent 

Average SCS Curve Number: 80 

Average Slope 0.0252 ft/ft 

USGS Basin Development Factor: 9 
Maximum Elevation: 469 feet MSL 

Minimum Elevation: 322 feet MSL 

Number of Sub-Basins: 6 

Number of Drainage Elements: 8 

  

with some single family home lots and a small amount of commercial areas except in 

the immediate area of the stream bed. This area is mostly wooded, but most likely 

with light brush and wetlands surrounding the stream itself. The watershed is 

considered partially developed in this study because of the additional presence of 

construction within the watershed on areas that were previously undeveloped. Most of 

the development on the watershed takes place in the span of less than 4 years but the 

level of development stays fairly constant for the period being modeled. The storms 

occur from late 1975 to early 1976. Aerial photographs from 1976 are obtained to 

determine the land use at the time of the events being analyzed. The hydrologic soil 

groups (HSG) on the watershed are consistent with other watersheds in the Northern 

Virginia region. Soils of group D are situated in the proximity of the stream bed 

followed by hydrologic soil group C on areas further upstream. Hydrologic soil group 

B soils cover the watershed in areas not in the immediate area of the stream bed. 
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Hydrologic soil group A soils are located in only one isolated spot within the whole 

basin. The maps of watershed delineation, land use, and hydrologic soil group are 

digitized for analysis and are presented in Folio A. 

3.5 Smilax Branch at Reston 

Smilax Branch is also a gaged watershed which drains the area occupied by the 

USGS national center. The gage, which drains the northeastern part of the USGS 

center and is designated as gage 01644295 - Smilax Branch at Reston, is located 

upstream of a culvert under the Dulles airport access road. Most of the wooded 

portion of the watershed is located on the USGS property. The developed portion of 

the land consists of multi-family homes in the upper portion of the watershed and a 

wide USGS center access road running down the middle. Two branches of the main 

stream flow from the upper regions of the watershed where the USGS road forces 

them together to form the main stem of Smilax Branch in the ditch adjacent to the 

road. The main stem flows roughly in the center of the watershed to the gage site. 

Two other smaller tributaries join the main stem along the way which sets the stage 

for the sub-area delineation. Five sub-areas are delineated from the topographic maps 

of Fairfax County. Facts describing the overall watershed are outlined in Table 3.5. 

The record of stream flows for Smilax Branch begins on March 1967 and ends 

in October 1978. Daily discharge values are available for the whole period, but hourly 
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Table 3.5 - General Watershed Data for Smilax Branch at Reston 
  

Drainage Area: 200.757 Acres 
Percent Impervious: 22.58 Percent 

Average SCS Curve Number: 73 

Average Slope 0.0325 ft/ft 

USGS Basin Development Factor: 7 
Maximum Elevation: 478 feet MSL 

Minimum Elevation: 360 feet MSL 

Number of Sub-Basins: 5 

Number of Drainage Elements: 9 

  

flows are only available for the period of October 1972 to September 1975. These 

dates luckily coincide with the period of the rainfall record for the nearby Snakeden 

Branch. The rainfall data recorded at Snakeden Branch is the only precipitation data 

available for the Reston watersheds and the stream flow data is limited to the period 

of record of the precipitation data. The proximity of the precipitation gage is justified 

for use on Smilax Branch. Six individual hydrographs on hourly increments are 

extracted from the record and are presented in Appendix A. The hydrologic soil 

groups on Smilax Branch have the same patterns as found on Snakeden Branch. The 

soils, land use and watershed delineation maps are displayed in Folio A. 

3.6 Stave Run near Reston 

Stave Run is the smallest watershed in the investigation and also contains the 

highest percent impervious area. The 50.38 acre watershed drains the southeastern 
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Table 3.6 - General Watershed Data for Stave Run near Reston 
  

Drainage Area: 50.375 Acres 

Percent Impervious: 56.40 Percent 

Average SCS Curve Number: 84 
Average Slope 0.0333 ft/ft 

USGS Basin Development Factor: 8 

Maximum Elevation: 463 feet MSL 

Minimum Elevation: 359 feet MSL 

Number of Sub-Basins: 1 

Number of Drainage Elements: 1 

  

portion of the USGS National Center at Reston. The main building housing the USGS 

offices is located on the watershed and, along with the parking lot, covers half of the 

basin. Table 3.6 lists the overall watershed parameters for Stave Run. Stave Run is 

not split into sub-areas due to the relative homogeneity of the watershed parameters 

and only one discernable drainage channel. The watershed is still considered partially 

developed because of the undeveloped nature of the lower half of the watershed. 

Precipitation data from Snakeden Branch is again employed for use on Stave Run and 

correlated with the stream flow data. Daily discharges are recorded for Stave Run for 

the period of October 1971 to April 1982. Unit values for the stream flow data must 

be on small increments because of the size of the basin. Hourly stream flow values 

are available for most of the period of record from October 1971 to September 1974 

and from September 1978 to the end of the record. This coincides with the 

precipitation data from Snakeden Branch nicely. Unfortunately only three events have 
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enough detail to obtain a hydrograph. One other hydrograph is available on an analog 

strip chart and is added to obtain a total of four storm events. The time period of the 

events coincides with the construction of the USGS building. The construction 

contributes to the classification of partial development. The maps characterizing the 

watershed are furnished in Folio A, while the storm events extracted from the stream 

flow record and the precipitation data are located in Appendix A. 

3.7 Holmes Run 

The three fully developed basins are the only basins where the data is not 

provided by the USGS. The Virginia Tech Occoquan Watershed Monitoring 

Laboratory (OWML) provides the data for three gages located on the Holmes Run 

basin near Falls Church, Virginia. Gages 1 and 2 have been in operation since 1985 

and are providing stream flow data on small increments, 15 minutes during events and 

hourly between events. Table 3.7 lists the watershed characteristics of the land 

contributing to each of the three gages. Obviously Gage 1 contains the sub-areas from 

Gage 2 which, in turn, contains sub-areas from Gage 4. The remainder of this 

description of the Holmes Run watershed will describe the watershed contributing to 

Gage 1 since this also describes portions of Gages 2 and 4. The watersheds are 

treated separately for analysis but contain the same data for the common sub-areas and 

will be termed based on their gage number. The obvious correlation between the 
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Table 3.7 - General Watershed Data for Holmes Run 
  

Upper Gage (#4): 

Drainage Area: 1669.281 Acres 
Percent Impervious: 33.20 Percent 
Average SCS Curve Number: 77 
Average Slope 0.0270 ft/ft 
USGS Basin Development Factor: 10 

Maximum Elevation: 399 feet MSL 
Minimum Elevation: 295 feet MSL 
Number of Sub-Basins: 5 
Number of Drainage Elements: 15 

Middle Gage (#2): 
Drainage Area: 3163.250 Acres 

Percent Impervious: 33.20 Percent 

Average SCS Curve Number: 77 

Average Slope 0.0270 ft/ft 

USGS Basin Development Factor: 10 

Maximum Elevation: 399 feet MSL 

Minimum Elevation: 248 feet MSL 
Number of Sub-Basins: 14 

Number of Drainage Elements: 38 

Lower Gage (#1): 

Drainage Area: 4114.813 Acres 

Percent Impervious: 32.78 Percent 
Average SCS Curve Number: 77 

Average Slope 0.0270 ft/ft 

USGS Basin Development Factor: 11 

Maximum Elevation: 499 feet MSL 

Minimum Elevation: 228 feet MSL 

Number of Sub-Basins: 22 

Number of Drainage Elements: 52 

  

watersheds will not cause much of a problem with the model comparison analysis. 

Errors within each watershed across all models will be addressed separately and 

  

3. Gaged Data and Description of Watersheds 83



"filtered" out-of the comparison between the models. The natural correlation between 

the Holmes Run watersheds will thus be eliminated. 

Development has occurred on the Holmes Run watershed extensively and is 

fairly constant throughout. The land use consists of single-family homes, apartment 

buildings, golf courses, commercial strip malls, large industrial complexes and 

interstate highways. Only in the direct vicinity of the main stream bed is development 

halted. A park was created to allow a buffer zone between the development and the 

stream bed. Folio A includes the land use map of the Holmes Run watershed. The 

sub-areas are delineated based on the drainage pattern found on the watershed. Soils 

for the Holmes Run watershed present a unique problem. Due to the extent of 

development, most of the soils have been altered such that the initial characteristics of 

the soils are not retained. Most of the soils on the watershed are classified as "blank" 

on the Fairfax County soil maps because of the modified soil profiles. This 

modification requires an assumption on the part of the modeler. It has been shown 

previously on the other watersheds in this study that most of the soils in northern 

Virginia contain a similar pattern. Assuming the pattern holds true for the Holmes 

Run watershed, a hydrologic soil classification which lies between hydrologic soil 

group B and hydrologic soil group C is used where the soil is classified as "blank". 

The rest of the soils which are classified do follow the pattern of the other basins and 

help validate the assumption. 
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3.8 Watershed Data Acquisition 

The VIPER program described in Chapter 2 is used as the media for storing 

and manipulating the watershed data for input into the various models. Topographic 

maps, aerial photographs and soils survey maps form the basic elements where the 

data is obtained. Aerial photographs are used to determine land use maps and 

manning’s roughness values. Topography is used to delineate the watersheds into sub- 

catchments as well as determining flow lengths and slopes. Channel shapes are 

determined from the topographic maps as are the detention storage elements within the 

drainage network. Detention storage values are held constant at 0.016 for impervious 

areas and 0.25 inches for pervious areas. These values are based on defaults as 

specified in the SWMM user’s manual. Overland flow Manning’s roughness values 

are found based on values suggested in the PSUHM program. Channel Manning’s 

roughness values are calculated based on the charts and method described by Chow 

(1959). 

The Horton infiltration parameters, the impervious fraction and the SCS curve 

numbers are calculated based on weighted averages of land use and hydrologic soil 

groups for each sub-area to obtain an average parameter for the sub-area. A 

Geographic Information System (GIS) developed at the Information Support Systems 

Laboratory at Virginia Tech is employed to discretize each land use/HSG element. 

Fourteen categories are used in the land use examination. These categories, listed in 
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Table 3.8 - Land Use Classification Categories 
  

Category Code 

Main Sub-Category Code 

1. Urban < 1/2 Acre Single Family Residential 111 
> 1/2 Acre Single Family Residential 112 

Multi-Family Residences (Apartments, etc.) 113 
Commercial 12 

Industrial 13 

Transportation (Highways, Railroads, etc.) 14 
Industria! Commercial Complexes 15 

Mixed Urban 16 

Other (Schools, etc.) 17 
2. Agricultural Cropland/Pasture (incl. Golf Courses) 21 

Orchards/Groves/Vineyards 22 

Other 23 

3. Rangeland 3 

4. Forest 4 

5. Water Streams/Canals S1 

Lakes/Reservoirs 52 

6. Wetlands 6 

7. Barren Lands Sandy, Other Than Beach 73 

Exposed Rock 74 

Transitional Lands (Construction Sites) 76 
Mixed Barren Lands 77 

  

Table 3.8, are based on the USGS system described by Anderson (1976). The land 

use maps are digitized onto the computer along with the soils and sub-area delineation. 

maps. Each of these images are then rasterized onto a common grid where each raster 

contains information about its land use, hydrologic soil group, and sub-area number. 

A cross-tabulation is calculated whereby all of the land use/HSG areas can be 

determined for each sub-area within a watershed. Each of the land use/HSG groups is 

  

3. Gaged Data and Description of Watersheds 86



assigned a curve number as found in the TR-55 manual. Horton parameters are 

determined for each based on Figure 2.1 . The Horton decay rate is kept constant at 

0.0115 per hour as recommended in the SWMM manual. Since Figure 2.1 gives a 

range of Horton parameters for a given hydrologic soil group, then a linear 

interpolation of the parameter based on the curve number variation within each land 

use/HSG is used. This allows the Horton parameters to vary with the land use. 

Impervious fractions for each land use category are found based on values listed in the 

TR-S5 manual and other references. Area-weighted composite parameters are obtained 

for the impervious fraction, Horton parameters and curve numbers. Without the 

capabilities of the GIS, the break down of the land use/HSG categories is less complex 

and would probably be done by hand with more error introduced. A more accurate 

estimate of these parameters is found using the system with much less effort than 

required by traditional methods like the planimetering of areas. 
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Chapter 4 
Basis for Comparison 

  

4.1 Measures of Comparison 

In order to quantify differences between a models output and a stream gage 

tecord or another calibrated model, certain points along the respective hydrographs 

need to be determined. There are many ways to compare hydrographs. Measures of 

the shape of the hydrographs, as well as differences at specific hydrograph points must 

be computed. To maintain a common reference for all of the measures, one must 

define a set of normalized quantities. Yen (1981) gives various measures of peak 

flow, time to peak, volume and overall fit of the hydrograph. Systematic errors as 

well as overall errors need to be identified and quantified. 

Throughout this chapter the terms "reference hydrograph" and "comparison 

hydrograph" are used. The comparison hydrograph is simply the hydrograph 

calculated by the models using only the raw physical data from the watershed. The 

reference hydrograph is a flood hydrograph measured by the gages on the watersheds 

or computed by a calibrated model. The calibrated model is required for comparison 

of models which are based solely on a design storm. The calibrated models are also 

used to determine the effects of a design storm on models which can handle a gaged 

rainfall as the precipitation input. The calibrated model uses the gaged rainfall and 

  

4. Basis for Comparison 88



runoff for calibration and verification and is then extended to the design rainfall 

events. It must be assumed that the design rainfalls are within the calibrated model’s 

range of sensitivity, since there is insufficient runoff data to compute a frequency 

curve to determine the frequency of the gaged runoff peaks. 

The average error (or bias) of a parameter estimate is the systematic 

overprediction or underprediction of a particular model when tested on a variety of 

watersheds and storm events. The bias measured for a particular watershed across 

many models will measure the systematic errors in determining the watershed 

parameters. These, in effect, are errors made by the modeler. The systematic errors 

are evaluated along with the errors found in the models. The normalized error is 

defined in (3.2). 

X.:.-Xp: 
e, = Rt (3.2) 

XR,i 

Where: 
e; = normalized error for event i 

Xj = comparison hydrograph parameter for event i 

Xp i = reference hydrograph parameter for event i 

The parameters, X,; and Xg j, should define the shape of the hydrograph as well as 

have significance to engineers for design. The peak flow is the most obvious of the 

points on a hydrograph to evaluate. The time to peak and the volume are also 

significant values which need to be compared. The time base of the hydrograph could 
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be a significant factor when looking at studies where the inter-event time is important. 

All of these are easily determined from the hydrographs generated in the models. 

A measure of the overall accuracy of a model at a point is given by the 

standard error as shown in (3.3). 

  

    

N 2 . 
SE. = 1 > XC “XR j (3.3) 

>¢ — — SS 

N j=i || Ari 

Where: SEy = normalized standard error of parameter X 

N = number of hydrograph pairs compared 
Xo; = computed parameter for event i 

XR I = reference parameter for event i 

The standard error is also normalized by the reference quantity which is either the 

gaged value of the parameter or the value computed from the calibrated model based 

on the compared design rainfall event. Averaging the errors across different 

watersheds yields the accuracy for the model, while averaging the error across the 

models would yield the accuracy of the modeling efforts on a particular watershed. 

Taking these facts into account, it will be easy to determine if basin size or number of 

sub-catchments inhibits the modeling process by introducing unwanted errors. 

The overall fit, or shape, of the hydrograph is also an important quantity to 

consider when comparing models. Deviations from the reference hydrograph can be 

found by comparing individual points on the hydrograph. The difference in time step 

is treated by using a time step common to both hydrographs. Linear interpolation 
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between hydrograph points is necessary to determine the flow at points where the 

comparison time step is between the hydrograph’s known points. A time step of 1 

minute will account for every possible model time step. The linear connection 

between known points is necessary and would explain some of the differences 

observed in the models. 

A good measure of fit of the hydrographs is found in the volume-shape error. 

This is simply the ratio of the difference in volume to the reference volume. The 

volume-shape error also measures the shape of the hydrograph incrementally over 

time. An exact match will yield a result of zero. An absolute value is used in order 

to measure the total error in volume. Therefore even though the volumes of two 

hydrographs are the same, the volume-shape error will be non-zero. This measure is 

calculated using (3.4). 

N 
ey = = Yo [Qcy - Opi] At (3.4) 

Ve i=l 

Where: 
Evs = volume-shape error 

N - = number of time increments = T,/At 
Qc; = flow for comparison hydrograph at time increment i 

Qk Ji = flow for reference hydrograph at time increment i 

= total reference hydrograph volume 

Ty = largest time base of two hydrographs 

At = time increment (1 minute for all calculations) 
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In order to provide a number of time increments between hydrographs with 

different time bases, the shape parameters are computed to the largest time base. The 

values for the hydrograph with the shorter time base are assumed to remain constant at 

a final flow rate for times exceeding it’s time base. The final flow rate is the lesser of 

1% of the peak flow or the last value in the model’s computations. If neither of these 

values are achieved (possibly by the models time constraints) then a straight line is 

extrapolated between the last two points on the hydrograph to 1% of the peak flow. 

The estimate of the base flow will determine a satisfactory estimate of the volume and 

the time base. Overestimation and underestimation of both the volume and the time 

base is possible depending on where the hydrograph estimate is required. See 

Figure 4.1. 

A better measure of the error in hydrograph shape ts the root-mean-square error 

(RMS). For simulations where the shape of the hydrograph is paramount, this 

measure would provide the most use. The root-mean-square of the comparison 

  

t N 

ene = vs ¥ (cy ~ Oy)? At 3.5) 
Ve i=1 

Where: ERMS = root-mean-square error 

N = number of time increments = T,/At 

Qj = flow for comparison hydrograph at time increment i 

QRi = flow for reference hydrograph at time increment i 
Ve = total reference hydrograph volume 

Ty = largest time base of two hydrographs 

At = time increment (1 minute for all calculations) 
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Figure 4.1 - Hydrograph Time Base Estimation 

hydrograph is calculated and divided by the mean flow from the reference hydrograph 

to normalize the quantity. The root-mean-square error is given in (3.5). 

HEC-1 uses a measure of the shape of a hydrograph in it’s optimization 

routine. The optimization routine is used to compare a computed hydrograph to an 
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observed event for calibration. (HEC-1, 1990) The weighted shape standard error, as 

it will be called here, is simply the squared difference between each point multiplied 

by a weight to bias the result toward the peak. The weight is given by (3.6). 

Wt = (Qrs * Qcy) 
(3.6) 25 Q 

Nia ™ 

Wt = weight at time interval i 

Qc; = flow for comparison hydrograph at time increment i 
QR = flow for reference hydrograph at time increment i 

= number of time increments = T,p/At 
Tor = reference hydrograph’s time base 

At = time increment 

The term in the denominator of (3.6) is simply the average flow in the reference 

hydrograph. This weighting procedure biases the standard error toward peak flows 

and away from the low flows by assigning a larger weight to the larger flows. This is 

supposed to result in a hydrograph with more predictability of the peak while 

maintaining shape with much less attention emphasized on the trailing end of the 

hydrograph. The weighted shape standard error is normalized to provide a standard 

means of comparing the hydrographs. 

The normalizing measure used in this study is the average flow for the 

reference hydrograph. The average flow was chosen over the reference incremental 

flow because of the possibility of the reference incremental flow being zero. The 

average flow also weights each increment equally while the incremental peak flow 
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would contain smaller errors in the larger flows and larger errors in the smaller flows. 

This would essentially negate the effect of the HEC-1 weighting procedure. The 

equation for the weighted shape standard error is given by (3.7). 

  

  

sE,, = |$o|( Sec Quy ME G.7 
m it |\  Qravg N 

Where: SEvis = weighted shape standard error 

Qc; = flow for comparison hydrograph at time increment i 
Ri flow for reference hydrograph at time increment i 

Qravg = average flow for reference hydrograph 
= weight from (3.6) at time increment i 

N = number of time increments = Tj, ,,,/At 
Ty max = ~‘Maximum time base of two hydrographs 

At = time increment (1 minute for all calculations) 

An unweighted standard shape error will show the difference in the hydrograph 

shapes without being biased toward the peak. This standard error measures the overall 

accuracy of the fit of the hydrograph with equal weight. The shape standard error is 

given in (3.8). 

  

SE - x Qos Qa 1 (3.8) 
° i=] Qravg N 

Where: SE, = shape standard error 

Qe; = flow for comparison hydrograph at time increment i 
Ri = flow for reference hydrograph at time increment i 

QR avg = average flow for reference hydrograph 

= number of time increments = Ty, ,,,,/At 
Ty max = Maximum time base of two hydrographs 

At = time increment (1 minute for all calculations) 
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The shape bias (or error) shown in (3.8) measures the accumulated systematic 

differences in the shape normalized by the average reference flow. This also serves as 

a measure of the fit of the hydrographs while showing if the comparison hydrograph 

flows are generally larger or smaller than the reference hydrograph. 

N 
_ Qej~ Pry (3.9) 

fg 

i=] Qrave 

Where: E, = shape bias (or error) 

OF = flow for comparison hydrograph at time increment i 
Qr i = flow for reference hydrograph at time increment i 

QR avg = average flow for reference hydrograph 
N = number of time increments = Ty, ,,,/At 

Ty max = ‘Maximum time base of two hydrographs 

At = time increment (1 minute for all calculations) 

The average of each of the preceding measures is employed to determine an 

effective means of measuring tendencies across watershed type or model. These 

averages also imply a measure of the spread or standard deviation of the measures. It 

is the average and the standard deviation of the measures which provide the means of 

comparing models and ‘quantifying the tendencies of each model. A large average 

with a small standard deviation for a certain model would imply that the model has a 

tendency away from the objective of the measure being analyzed. Small averages 

would seem to imply exactly what the measure is suggesting. However, a large 

standard deviation would imply that other factors are causing the tendency implied by 
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the average. The average error and standard deviation calculation are shown in (3.10) 

and (3.11), respectively. 

N 

d, M,, (3.10) 

=| iN   

(3.11) 

  

Where: M = the i measure being analyzed (e.g., volume bias) 

N = the number of measures being analyzed 

Mx = the average of the measures being analyzed 

Sx = the standard deviation of the measures being analyzed 

4.2 Example of Statistics 

Figure 42 shows two hydrographs superimposed for evaluation. These 

hydrographs provide an example of the analysis measures. In order to effectively 

evaluate the measures described in this chapter, the results of the example analysis are 

shown in Table 3.2. Numerous evaluations, like that shown in the example, are used 

to compute the summary statistics in Appendix B. 
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Figure 4.2 - Statistical Measures Example Hydrographs 

4.3 Design Rainfall Distributions 

The methods chosen for this study rely on many types of parameters, but an 

important input not yet discussed is the rainfall distribution. While the sophisticated 

models and the unit hydrographs are able to use a gaged storm, the other methods are 

not. A gaged storm is not always available at each and every site where hydrologic 

analysis is to take place. A design storm approach is taken in many engineering 

designs due to the lack of gaged data and the relative ease at which to construct the 
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Table 3.2 - Example Analysis Results 
  

  

HYDANALZ.BAS 
Hydrograph file Analyzer 

Version 1.0 
April 1993 

Written in QuickBASIC 4.5 (c) Microsoft Corp. 
Written and compiled by Aaron B. Small, copyright(c) 1993 
  

Watershed: South Fork Broad Run at Arcola 

Storm: Gaged Storm 1 
Model: SCS Unit Hydrograph (Whole Basin) 

Reference Comparison 
Hydrograph Hydrograph 

Qp (cfs) = 298.000 326.400 
Tp (min) = 500.000 609.000 

Tb (min) = 1070.000 987.000 
Vol (Ac-ft) = 158.691 122.018 

Peak Flow Bias = 0.0953 
Volume Bias = -0.2311 

Time to Peak Bias = 0.2180 
Time Base Bias = -0.0776 

Peak Flow Standard Error = 0.0953 
Volume Standard Error = 0.2311 
Time to Peak Standard Error = 0.2180 
Time Base Standard Error = 0.0776 

Volume-Shape Error = 0.6352 
Root-Mean-Square Error = 0.8187 
Shape Bias = (9.2339 
Shape Standard Error = 0.8259 

Weighted Shape Standard Error = 0.8614 

  

design rainfall. Two basic types of design rainfall generation methods are employed 

in order to compare all of the models equally. 

The SCS has developed a 24 hour duration rainfall event for locations 

throughout the United States. The four rainfall distributions are created to provide a 
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maximum amount of runoff potential by placing an intense peak centrally located 

within the storm. The SCS rainfall distributions for the Prince William County 

vicinity are listed in Appendix A. The northern Virginia region uses the Type II 

distribution as specified by SCS. The rainfall volumes for the SCS distribution is 

from the National Weather Service’s Technical Paper 40 (TP-40) (Hershfield, 1961). 

The volumes in TP-40 are calculated from daily rainfall frequency analysis for the 

entire United States. Six design frequencies are used in the models to simulate runoff 

events. The frequencies most common to engineering design are the 2, 5, 10, 25, 50, 

and 100 year recurrence intervals. These return periods cover a wide range of design 

situations. 

Yarnell developed a method of constructing a synthetic rainfall distribution. 

Found in the Penn State Urban Hydrology Model (PSUHM), this method is limited to 

a maximum 2 hour duration and minimum 5 minute increment. Because of the 

association between the rainfall duration and the time of concentration of the basin, 

both 1 hour and 2 hour duration storms are generated using this method. Appendix A 

contains the hyetographs produced by the Yarnell method. The same six return 

periods are used for both the 1 hour and 2 hour storms for a total of 12 Yarnell design 

events for input into the watershed models. These storms compare with the models 

using similar durations and with the runoff peak methods. All of the design rainfall 

hyetographs are displayed in Appendix A. 
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4.4 Method of Analysis 

Direct comparison between a hydrograph produced by a design rainfall method 

and that recorded by the stream flow gage is not possible. In order to accomplish a 

comparison between all of the models and in order to contrast the results produced by 

a stream flow gage the author has developed a calibrated model for each of the 

watersheds. The calibrated model is based on the rainfall and runoff recorded at the 

site and then used to simulate a design rainfall. The assumption is made that the 

design storms simulated are within the range of the calibration events. The gaged 

storms are chosen to cover a wide range. Unfortunately, without a frequency analysis 

to determine the recurrence interval of the storm, a best guess at the valid range is 

attempted. None of the watersheds available for this study have the required data for 

an adequate frequency analysis. 

Table 3.3 gives the results of the calibrations for each of the watersheds. Time 

was a major factor in the calibration and is reflected in the results. Had more time 

been permitted, a better calibration might have resulted. The calibrated models are 

minimized mostly with respect to shape and volume. Different calibrations will result 

if the peak flow is the calibration target. 

Most of the watersheds contain 6 gaged events. With the addition of 18 design 

storm events (6-1 hour Yarnell, 6-2 hour Yarnell, 6-24 hour SCS), a total of 24 events 

is modeled with the sophisticated models and the unit hydrograph models. For the 
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Table 3.3 - Results of Calibration Models 

  
    

  

                
  

                    

S.F. Broad Run_f| Broad Run Trib.§' Snakeden Br. Smilax Branch Stave Run Holmes Run 1 Holmes Run 2 Holmes Run 4 

Stat Avg Std Avg Std Avg Std Avg Std Avg Std Avg Std Avg Std Avg Std 

Measure Err Dev Err Dev Err Dev Ere Dev Err Dev Err Dev En Dev Er Dev 

Ev 0.002} 0.387 J -0.066] 1.098] 0.253] 0.1799 0.161 | 0.3848 1.374] 2836] 0.271] 0.5499 0.331] 0.4299 0572] 1.506 

Eqp 0.051] 0.384 f -0.432| 0.541 } 0.104] 0.1177 0.179] 0O.877f| 0.289] 0.596] 0.067} 0554] 0.644] 0.5569 0.603) 1.674 

Etp 0.023 | 0.343] -0.148]| 0.310] -0.009|] 0.045] 0.201] 0.490] 1.325] 2.857] 0.329] 0658] -0.020] 0.052 § 0.054) 0.309 

Eib 0.002 | 0.2049 1.195] 2.1789 0366] 0.5149 -0.146] 0.2684 1.313] 3.071 | 0.039] 0.520] 0.234] 0.057 § 0.024] 0.151 

SEv 0.328! 0.1447 0.909} 0.46949 0.253) O.1799 0.340) O.201ff 1626] 2652} 0.414) 0.428) 0.365) 0.3949 0.903] 1.297 

SEqp 0.233 | 0.292 0.590] 0.3149 0.113 0.106 0.624 0.583 | 0.573] 0.171 0.453 | 0.259 0.644 0.556 0.913 1.496 

SEtp 0.241] 0.220] 0.251] 0.2167 0.033] 0.0287 0.211] 0.485 1.517| 2.727 | 0.365| 0.635 0.049] 0.018 F 0.223] 0.199 

SEtb 0.133] 0.142 1.231] 2.153] 0.491] 0.3609 0.217] 0.2024 1692] 2813 | 0.310] 0396] 0.234) 0.057] 0.101] 0.106 

Evs 0.810] 0.841 1.023] 0.519] 0.444| 0.059] 0.618] 0.188] 2.321] 3.426] 0686] 0466] 0.565] 0.3599 1.002) 1.218 

Erms 1.223] 1.260} 1.355) 0.197} 0.634] 0.1269 1.007) 0.286]) 2.402) 1.548 1.153] 0815) 1.085) 0861 1.665) 1.981 

Es 0.003} 0.384 7 -0.248| 0.572] 0.259] 0.183} 0.124] 0.346] 0.427! 0.947] 0.115] 0313] 0.209) 0.280] 0.386] 1.020 

SEs 1.229] 1.275 1.086] 0.300] 0.692| 0.249] 0.970] 0.230]] 2.308] 1.4086] 0.619] 0.361] 0646[ 05799 1.129] 1.410 

SEwts 1.824] 2.234] 1.232| 0.720] 1.072] 0.5269 1632] 0.546]] 3.903] 2.723 | 0.834] 06299 1.145] 1.378] 2.267] 3.814 

No. Storm 6 6 5 6 4 6 6 6 

Type SCS UH (sub) J) Clark [UH (sub) | Clark UH (sub) J Clark [UH (sub)!] Clark [UH (sub) |} Clark IUH (sub) J Clark IUH (sub) J) Clark [UH (sub)   
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Table 3.4 - Number of Hydrographs Computed for each Watershed and Model 
  

  

  

                  

Snakeden Stave Smilax | SF Broad Broad Holmes Holmes Holmes 
Number of Runs Branch Rua Branch | Run-ARC Run Run 1 Run 2 Run 4 

1 |SWMM 23 22 24 24 24 24 24 24 
2 |PSRM-QUAL 23 22 24 24 24 24 24 24 
3 |TR-20 23 22 24 24 24 24 24 24 
4 |HEC-1 23 22 24 24 24 24 24 24 

5 |SCS UH Whole 23 22 24 24 24 24 24 24 
6 |SCS UH Subareas 23 22 24 24 24 24 24 24 
7 {Snyder UH Whole 23 22 24 24 24 24° 24 24 
8 |Sayder UH Subareas 23 22 24 24 24 24 24 24 
9 | Clark UH Whole 23 22 24 24 24 24 24 24 

10 | Clark UH Subareas 23 22 24 24 24 24 24 24 

11 |TR-55 6 6 6 6 6 6 6 6 
12 | Rational Whole 6 6 6 6 6 6 6 6 

13 | Rational Subareas 6 6 6 6 6 6 6 6 

14 [Mod. Rational Whole 12 12 12 12 12 12 12 12 

15 |Mod. Rational Subareas 12 12 12 12 12 12 12 12 

16 | Universal Rational 12 12 12 12 12 12 12 12 
17 | USGS-3 Regression 6 6 6 6 6 6 6 6 
18 | USGS-7 Regression 6 6 6 6 6 6 6 6 
19 | Anderson 6 6 6 6 6 6 6 6     
  

  

design rainfall methods, between 6 and 12 events are modeled depending on the 

models capabilities. Only 6 runoff peaks are calculated for the peak only methods 

based on the constraints of the equations. For those methods where only six events 
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are possible, comparisons are made with the calibrated model having a storm duration 

approximately equal to the time of concentration of the basin being modeled. 

The unit hydrograph methods used to develop the calibration model were 

arbitrarily chosen. The choice was made by choosing the model which performed the 

best without calibration to the gaged flows. One may argue that the full simulation 

models would have been a better choice instead of the unit hydrographs. The full 

simulation models were tried by the time required to adequately calibrate them was 

substantially longer than the unit hydrograph models. The time requirement was the 

sole reason for not using the simulation models. If more time was allowed for the 

completion of this project, the full simulation models would have been the choice. 

Another alternative reviewed for calibration model development was a linear 

programming optimization scheme. This method stems directly from unit hydrograph 

theory. Assuming each watershed contains a single unit hydrograph describing its 

drainage characteristics, a linear program is formulated relating the gaged rainfall to 

the resulting gaged hydrographs for all of the storms recorded. This method was not 

chosen because the size of the linear program would exceed the memory capacity of 

all available computers. This method was abandoned in favor of the synthetic unit 

hydrograph methods before other memory-conservative numerical routines were 

attempted. For single hydrograph that did not exceed the memory capacity, this 

method performed almost flawlessly. 
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A bias may be introduced through the choice of the unit hydrograph methods 

instead of the sophisticated models or the linear programming approach. This 

possibility can only be addressed by using a better calibration model. The inherent 

assumptions of the unit hydrograph methods will be introduced in the calibrated design 

storm hydrographs. Linear reservoirs and superposition of routed hydrographs are 

among these assumptions. The errors shown in Table 3.3 include the errors produced 

by the unit hydrograph assumptions. These errors are offset by similar errors in the 

unit hydrograph comparison storms. This will produce a bias, but this is not 

measurable without further evaluation using a different model or method for 

calibration. 
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Chapter 5 
Analysis and Results 
  

The design and gaged hyetographs are simulated with the models where 

appropriate. The simulations produced 2,458 different hydrographs for the evaluation 

An additional 144 hydrographs were generated from the design rainfalls on the 

calibrated watershed models. The calibrations will serve as the baseline indicator for 

the design storm simulations. The model hydrographs are compared to the reference 

hydrographs using the statistics described in Chapter 4. The statistics are presented in 

Appendix B for all storms simulated with a model for a particular watershed. 

Averages of these statistics along with the standard deviations of the averages are also 

tabulated in Appendix B. These values form the basis of the graphs presented in 

Appendix C and Appendix D. 

5.1 Watershed Dependent Errors 

Under ideal conditions, a model yields results consistently across a wide range 

of watersheds. Unfortunately, each watershed is different and the modeling requires 

some skill on the part of the user. Errors introduced by the modeler into the process 

need to be identified. These errors are designated as watershed dependent errors here. 

By averaging all of the models together for each watershed these errors may be 

isolated. 
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Errors within the models themselves are examined by comparing the 

watersheds. Each of the models contain limitations and interdependency on the 

physical watershed parameters. Variation of results with respect to basin size is one 

obvious inconsistency observed. Other prevalent errors are those introduced by the 

level of urban development. It is these trends embedded within the models that are 

the focus of this study. Generalizations concerning model type are also identified for 

further evaluation. 

Appendix C contains 54 graphs which depict each statistic averaged for each 

watershed. The graphs are further broken down by model category. Another 247 

graphs are omitted. The omitted graphs would contain illustrations of each statistic 

versus the watersheds for every model. The graphs are substituted by the data 

contained in the tables in Appendix B. Another 1204 graphs could also have been 

plotted if the storm type was singled out. The results where the storm type is 

identified do not take into account the watershed errors. These values are presented in 

the next section and are graphed in Appendix D. Graphing all of the results 

independently of each other would be overwhelming and unnecessary. 

The graph showing all of the models averaged together could be slightly 

deceiving. The upper and lower lines on the graph represent one standard deviation 

and should contain approximately 68 percent of the models results. The middle line is 

the average result for each watershed. The graphs contain slight deviations from what 
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is implied. The deviations are found in all of the statistics except those describing the 

peak flow. The peak only, rational and modified rational methods on the whole basin 

models used in the project do not form a full flood hydrograph like the other methods. 

The analysis program must compute all of the statistics from a full hydrograph. This 

limitation allows for a quick and easy way of analyzing the data in a systematic 

manner. In order to achieve a full hydrograph for some of the methods a simple 

triangular form was used. The time of the peak flow for these models occurs at 1 

minute and the base time is always 2 minutes. The times are arbitrary. Using the 

time of concentration as the time to peak would have been a better choice. This 

choice was not realized until after the analysis was run. Further analysis should 

address this and provide a proper solution. To avoid biasing the results because of the 

inclusion of these imitation hydrographs, an evaluation is made by viewing the tables 

in Appendix B. Recognizing the existence of the imitation statistics removes any 

possible misinterpretation. These errors could be singled out, but would require a 

more tedious analysis. 

The peak flow is perhaps the most important quantity to isolate in drainage 

modeling. It is also, however, the harduest for the models to estimate. The modeling 

of the peak flow is evaluated using the peak flow bias and the peak flow standard 

error. Figure C.1 and Figure C.6 show the peak flow bias and peak flow standard 

error, respectively. A definite disagreement is found between the results for each 
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watershed. Holmes Run 2 is the hardest to model as the peak is grossly 

overestimated. The large variability of the peak flow bias and standard error is mainly 

due to the HEC-1 model of Holmes Run 2. This model may be flawed because of an 

off-line reservoir near the gage site. Releases from this pond may cause changes in 

the gage that is not due to direct runoff from the watershed. However, this does not 

seem to affect the other models and must be attributed solely to HEC-1. In general 

HEC-1 did very poorly on all of the Holmes Run watersheds. This poor performance 

is unsettling because of the popularity of HEC-1 and its use on urban watersheds. The 

models of Smilax Branch also did poorly overall in peak flow estimation. This is 

brought on by possible changes in the land use condition for the period of modeling. 

The hourly gaged data may also play a part in the deviations of Smilax Branch. 

Figure C.2, Figure C.3, Figure C.4, and Figure C.5 depict the peak flow bias 

for each model category. The Rational method performed very well on the small 

watersheds while the regression equations performed well on the large rural basin. 

The results of the peak only methods are unpredictable on the small developing 

watersheds. In general, the peak flow is the hardest quantity to estimate with any 

accuracy using the models on an ungaged watershed. All of the models presented here 

gave results with large standard deviations of at least 30 percent. This is especially 

disturbing considering the fundamental use of the peak flow in the design of drainage 

structures. The lack of good calibration models with respect to the peak flow also 
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contributes to the discrepancy. In order to maintain overall hydrograph shape, volume, 

and timing, the analyst usually tolerates some error in peak flow. Unfortunately, the 

loss in peak flow accuracy is usually necessary to select a single calibrated model for 

the watersheds. The alternative would be to have different sets of the model 

parameters representing storm type and size. This is not feasible in view of the 

limited number of rainfall events observed. 

An analysis of the volume bias gives an indication of errors produced in the 

infiltration and loss calculations within a model. Averaging the volume bias from all 

of the models for a given watershed shows a general underestimation for all of the 

watersheds. This tells us that losses are overestimated on each of the watersheds. 

Further analysis of each model is required to determine which calculation methods 

produce the trend. Figure C.11 depicts the volume bias averaged from all of the 

models on each watershed. Figure C.12, Figure C.13 and Figure C.14 illustrate the 

volume bias graphed according to model category. The effects caused by the whole 

basin models using the rational and modified rational methods yield a discrepency in 

the design rainfall model calculation. This is caused by the imitation hydrograph used 

for these models. These two results contribute to the underestimation and are noted. 

The sophisticated models did not underestimate as much as the design rainfall models, 

but the scatter within the models was much greater. The curve number method is used 

in the unit hydrograph methods calculation. The curve number methodology is the 
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primary reason for the underestimation of the volume for the unit hydrograph methods. 

The curve number method seems to overestimate the infiltration volume. The 

overestimate occurs because the curve numbers are derived from a defined antecedent 

moisture condition. The condition allows more initial abstraction and less volume for 

runoff. Examination of the timing of the hydrograph verifies this hypothesis. The 

results from the South Fork Broad Run models contain a smaller deviation than the 

other watersheds. The curve numbers are estimated better for this watershed because 

of the type of watershed from which the curve number is derived. In general, the 

systematic volume errors were nearly equal on each watershed. The errors were also 

found not to be dependent on watershed type or overall model type. Figure C.15 

illustrates the accuracy of the volume estimation on each of the watersheds. A 

roughly constant accuracy is recorded which is independent of watershed type, or 

model type. However, PSRM-QUAL causes a strange pattern of variability in the 

accuracy of the sophisticated model category. This is probably due to the unique way. 

in which infiltration is calculated within this model. The pattern does not seem to 

contain a trend with respect to basin size or development condition. A combination of 

these factors, or even other variables, must be the cause of PSRM-QUAL/’s variability. 

Storm magnitude is one possible variable which is not tested here. The tables in 

Appendix B show that the variability seen in the overall sophisticated model category 

is not seen individually in SWMM, TR-20 or HEC-1. 
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The timing of the hydrograph is dependent on the size and development 

condition of the basin. Hydrographs for the Stave Run and South Fork Broad Run 

models exhibit deviations from the other models. Figure C.19 and Figure C.23 

illustrate the peak time bias and standard error. The graphs show a slight 

underestimation of the peak time. However, the graphs do display an overall constant 

accuracy except for Stave Run and the South Fork Broad Run watersheds. These 

basins represent the extremes of size and development condition. Once again HEC-1 

is the main cause of the timing inaccuracy with the SCS unit hydrograph methods also 

contributing. Figure C.24, Figure C.25, Figure C.26, Figure C.20, Figure C.21, and 

Figure C.22 illustrate the peak time statistics differentiated by model category. The 

underestimation found in the peak time bias on the design rainfall methods is mainly 

due to the inclusion of the whole basin rational methods. The unit hydrograph models 

reveal a dependence of the peak time on the use of discretized models over whole 

basin models. This is most likely the reason for the Stave Run dissimilarity. The 

design rainfall models did not contain many systematic errors and did very well in 

estimating the peak flow time on all of the watersheds consistently. The time base of © 

the hydrograph contains similar trends. Figure C.27 through Figure C.34 in Appendix 

C contain the graphs of the time base statistics. 

Overall, all of the models underestimated the time base. The accuracy of the 

large rural basin was poor with respect to the design rainfall models. The large basin 
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did, however, do very weil with the unit hydrograph models. The scatter of the bias 

results is large for Stave Run and the South Fork Broad Run models. The two basins 

contain characteristics which cause deviations within the models. For Stave Run, this 

deviation is possibly caused by an inaccurate estimation of the impervious fraction or 

the fact that only one sub-area is used. The rural nature of the South Fork Broad Run 

basin may contribute to the large standard deviations recorded. More than likely, the 

overestimation of the rainfall losses discussed previously is the major cause of the 

decrease in the time base. Loss of the volume of runoff will decrease the time base 

significantly. Peak flow and peak flow timing will also be affected positively. 

The shape of the hydrograph is of value to an engineer for the design of 

detention facilities as well as quality management controls. The exact time 

distribution of the runoff is required and may be a major design consideration for 

these structures. The accuracy of the volume-shape error given in Figure C.35 to 

Figure C.38 correlates with the reasoning expressed about the overall volume 

accuracy. The measure explains that the underestimated volume is located in a 

correlating distribution with the reference hydrographs. As shown in the individual 

model tables in Appendix B, each of the sophisticated models contributes differently 

depending on the watershed. While the overall category of sophisticated models is 

relatively constant across the watersheds, the individual models are not. No set pattern 

can be discerned from this statistic as to the cause of these inconsistencies. The root- 
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mean-square error exaggerates the shape errors to produce seemingly immense 

differences on each watershed. By examining the plots in Figure C.39 to Figure C.42, 

the differences in the watersheds are obvious. These graphs give disturbing results but 

help define the differences in the model type. The Holmes Run watershed models all 

did poorly and exhibit the complexities involved in urban watershed modeling. The 

rural watershed models fared much better than the others, probably due to their 

relatively simple configurations. Smilax Branch also did poorly but this is probably 

due to a change in the land use conditions as mentioned previously. The sophisticated 

models had a particularly hard time with the urban Holmes Run basins. The category 

is plagued by having HEC-1 within its grouping. This model had severe problems 

with the urban basins and the South Fork Broad Run basin. Overall the South Fork 

Broad Run basin did the best. A reliable measure to determine how good the shape 

values are is obtained by viewing the results from the peak only imitation 

hydrographs. These results have no correlation and represent a wild guess at the 

shape. As can be seen in the tables in Appendix B, these values did fairly well as 

compared to the other models. Unfortunately, this evaluation does not say much for 

the full hydrograph models’ ability to simulate the shape of the hydrograph on the 

ungaged watershed. 

The shape bias results disclose a general trend for the models to underestimate 

the shape. An underestimate means that the ungaged flows are generally less than the 
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baseline hydrographs. Figure C.44 shows that the sophisticated models contain less 

average systematic errors on the urban watersheds but still maintain a high spread. A 

high spread is also found on the large rural watershed. This high spread is exhibited 

on the unit hydrograph methods as well as the design rainfall methods. Antecedent 

moisture condition is probably the major factor contributing to the errors on the South 

Fork Broad Run watershed. The underestimation seen in Figure C.46 on Stave Run is 

due to the trapezoidal hydrograph on the modified rational method and the triangular 

hydrograph on the rational method. These are used here only because Stave Run 

contains only one sub-area. However, the rational method applied to the sub-areas 

was very consistent, although largely underestimated. The effects of the imitation 

hydrographs from the whole watershed rational methods is also realized. Surprisingly, 

TR-55 did much better than most of the other models, regardless of category. The 

overall accuracy (standard error) of the shape statistic is seen in ? through 

Figure C.50. These show a relatively constant accuracy for all of the models across 

the watersheds. The scale of the graph was changed to reflect the increase in 

variability with this statistic. Once again the Holmes Run 2 watershed proved to be 

the most difficult to model. The small rural basin, Broad Run Tributary, maintained a 

small variability for every category of model along with the best overall average. 

The weighted shape standard error is an extremely good indicator of shape as 

well as peak flow estimating performance. As mentioned previously, the peak flow is 
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perhaps the hardest hydrograph parameter to model. The weighted shape statistic also 

reflects and indicates the overall hydrograph shape error. A major increase in scale 

for the graphs presented in Appendix C is warranted. Unfortunately, the statistic 

simply exaggerats the results from the peak flow and shape analysis without yielding 

anything new. Holmes Run 2 is again shown as being inaccurate with high variability. 

Only the unit hydrograph models displayed an approximately constant statistic with 

respect to the watersheds. For the other model categories, the small developing 

watershed (Stave Run) is easy to model, while the Holmes Run basins all proved to be 

quite a challenge. The size of the basin and development condition both contribute to 

the deviations from the baseline hydrographs. 

5.2 Model and Storm Type Error Analysis 

In order to provide a proper comparison, the models are evaluated according to 

individual storm type. The storm type refers to the one of four rainfall distributions: - 

gaged rainfall, 1-hour Yarnell design storms, 2-hour Yarnell design storms, and the 24- 

hour SCS rainfall. The statistics are calculated and averaged holding the storm type as 

a constant. These averages are then plotted, along with their standard deviations, 

against each of the models. The plots are presented in Appendix D. A true 

comparison of the models to one another is possible only when using a common 

rainfall. This common rainfall should last over a common time period and maintain 
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similar distribution properties. An overall average across all storms is also presented 

but cannot be used without due thought to the number of events at which the average 

is founded. 

Figure D.1 through Figure D.5 illustrate the peak flow bias for each of the 

models on various storms. For the overall average of all storms, HEC-1 is the model 

that stands out. HEC-1 overestimates the peak flow by approximately 200 percent. 

The standard deviation is also beyond any reasonable limit. The Anderson method 

and the modified rational method applied to the sub-areas also give high bias values 

with high standard deviations. Only the unit hydrograph models applied to the whole 

basin give values remotely close to the baseline values. However, for the gaged 

storms, the unit hydrograph models applied to the sub-areas were much closer to the 

baseline values. The whole basin unit hydrograph models underestimate the peak flow 

for these storms. TR-20 came closest to simulating the gaged storms with only slight 

systematic underestimation. Not surprisingly, TR-20 correlates very well to the SCS 

unit hydrograph models for the whole basin and the sub-areas. The SCS unit 

hydrograph models give approximately the same bias independent of whether applied 

to the sub-areas or the whole basin. Figure D.3 illustrates the effect of the 1 hour 

design storm on the peak flow. Many of the design rainfall methods and the peak 

flow methods are represented as well as the sophisticated and unit hydrograph models. 

The universal rational method performed as well as SWMM and PSRM-QUAL. The 
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unit hydrograph models preformed even better on the 1 hour storm than on the gaged 

storms. Again, HEC-1 systematically overestimated the peak flows on the 1 hour 

storm. While the peak only methods overestimated the peak flows, they did as well as 

the sophisticated models for the most part. The USGS equations performed better than 

the Anderson Method. On the 24 hour SCS storm, TR-55 achieved the same level of 

precision as TR-20 and the unit hydrograph methods. The universal rational method 

performed surprisingly well for the 24 hour event, surpassing all of the other models. 

Only on the 24 hour event did the sophisticated models reverse their relative rankings. 

In the other events TR-20 performed better than PSRM-QUAL, which, in turn, did 

better than SWMM. In the 24 hour event this is reversed with SWMM performing as 

well as the unit hydrograph events. The overall trend of the sub-area unit hydrograph 

models to perform worse than the whole basin models is held independent of the 

design storm type. HEC-1 operated with much less systematic variation on the 24 

hour event, although still maintaining the status of the worst estimator. 

The same patterns are seen in the overall accuracy of the peak estimation of 

the models as is seen in the peak flow bias plots. Figure D.6 through Figure D.10 

depict the overall accuracy of each of the models for estimating peak flows. Once 

again the unit hydrograph methods performed better than most of the sophisticated 

models. Only TR-20 achieved similar results. Also the whole basin unit hydrograph 

models were slightly more accurate than the sub-area unit hydrographs. HEC-1 again 
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performed unexpectently poor. Only the modified rational method applied on the sub- 

areas and the Anderson method performed as poor as HEC-1. The other design 

rainfall models and the peak only methods functioned at about the same level of 

accuracy. SWMM also acted at this level. PSRM-QUAL falls somewhere between 

SWMM and the unit hydrograph models. For the 24 hour events, again the universal 

rational method performed surprisingly better than expected. HEC-1 also improved for 

the longer events. TR-55 did not prove as accurate for peak flow estimation as the 

unit hydrograph models or the sophisticated models with the exception of HEC-1. 

The models selected for this investigation all perform better than anticipated on 

the volume estimation. The plots of the volume bias and standard error are listed in 

Appendix D, Figure D.11 to Figure D.20. SWMM, HEC-1, TR-55, the modified 

rational and the universal rational method provide the least systematic deviation from 

the baseline hydrographs. SWMM and HEC-1, however, also contained the largest 

standard deviations of all of the models. HEC-1 appears to contain this deviation 

independent of storm type, while SWMM only exhibited this behavior on the gaged 

storms. The modified rational method applied to the sub-areas had a spread only a bit 

smaller than SWMM and HEC-1, and this appears to be due to varying results from 

the 1 and 2 hour storm periods. The unit hydrograph models, PSRM-QUAL, and TR- 

20 all performed similarly. This is expected because all of these methods rely on the 

curve number for rainfall losses. These models have been shown previously to 
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underestimate the flows by overestimating the initial abstraction. With the 24-hr 

storms the curve number based models all did very well with almost no systematic 

errors. Again the universal rational method did surprisingly well with only a little 

systematic underestimation of the volume on the 24-hr events. The overall accuracy 

of the models are depicted with patterns similar to the volume bias results. SWMM 

provided the most accurate results but again contained a high standard deviation due to 

the gaged storms. PSRM-QUAL, TR-20 and the unit hydrograph methods produced 

approximately the same accuracy. The rational method applied on the sub-areas 

correlated well with the two sophisticated models and the unit hydrograph models for 

the 1 hour storm and even contained a tiny standard deviation for the 2 hour event 

simulations. The modified rational method proved to contain good answers for both 

the 1 and 2 hour simulations but were very different. The effect of the time of 

concentration of the basins is evident for this model. HEC-1 continued to give poor 

results except on the 24 hour SCS events. For the SCS unit hydrographs applied on 

the whole basin, the 24 hour event proved to be a challenge. The 24 hour storm 

universal rational method provided predictable results but only as accurate as the 

HEC-1 simulations. The 1 hour universal rational method simulation performed very 

well as compared with the SWMM simulation, and has approximately the same 

accuracy as the estimation of the 24 hour event. PSRM-QUAL, HEC-1 and the unit 

hydrographs all improved their accuracy with increasing storm durations. The 
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exceptions to this rule are the unit hydrograph methods applied on the whole basin 

for the 24 hour rainfall. 

The timing of the hydrograph peak was estimated very well by all of the 

methods with the omission of the rational based methods. TR-55 surpassed all of the 

models in overall performance with only a 2.9 percent systematic underestimation and 

a 3.1 percent accuracy. The standard deviations of these statistics are practically 

negligible. SWMM, TR-20, HEC-1 and the sub-area applied unit hydrographs did as 

well as TR-55, but only on the 24 hour events. The overall performance of TR-SS5 is 

reduced by this comparison since TR-55 is only based on the 24 hour event. It is 

expected that TR-55 would correlate with TR-20 if TR-55 were able to simulate 

shorter storms. The increase in storm duration increased the predictability of the 

hydrograph timing results. Only the SCS whole basin unit hydrograph method failed 

to exhibit this trend. HEC-1 did not provide the extravagant deviant results for this 

parameter, but deviated slightly from the other models accuracy on the Yarnell design. 

storms. SWMM and TR-20 proved to be the most predictable models for estimating 

the peak flow time on the gaged storms. All of the models used on the gaged storms 

overestimated the time to the peak, but underestimated the peak flow time on the 

design storms. The sub-area unit hydrographs proved to be better than the whole unit 

hydrograph models with the systematic errors but contained less accuracy at estimating 

the peak flow time. The rational method, modified rational method, and the universal 
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rational method all did poorly when compared to the other models’ peak flow 

prediction. 

The time base statistics plotted in Table B.0 to Table B.O, are a general 

indicator of the storage and transport capabilities of the models. In general, SWMM 

was the only model that did not systematically overestimate or underestimate the time 

base. All of the other models underestimated the time base for all of the storms 

except the universal rational method. This method only overestimated the time base 

on the 1 hour storm event. The 24 hour storm time base is underestimated by the 

universal rational method. The differences cause the large standard deviation observed 

on the overall storm plot of the time base statistic, Table B.0. The accuracy of this 

method is also poor, as can be seen in Table B.0. The rational method and modified 

rational method, both applied to the sub-areas, give predictable results but are less 

accurate than those observed in the other models. HEC-1, TR-20, PSRM-QUAL, and 

the unit hydrograph methods maintain a relatively constant ability to estimate the time 

base of the hydrograph. All of those models underestimate the time base with 

approximately equal standard deviations. HEC-1 did not maintain this similarity due 

to the high standard deviation observed in the gaged storms. The whole basin unit 

hydrograph only performed slightly better than the sub-area unit hydrographs in 

estimating the time base. The accuracy of the whole basin unit hydrograph models is 

better than the sub-area unit hydrographs and is also more predictable. The Snyder 
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and Clark unit hydrographs performed slightly better than the SCS unit hydrograph 

models. This is especially pronounced in the whole basin models. The trend where 

the models improve accuracy as the storm duration increases is observed on the time 

base statistics as well. 

The volume-shape error correlates with the other volume statistics. Some 

exaggeration is shown, which would be attributed to the shape. Figure D.41 to 

Figure D.45 are plotted to show the volume-shape errors distribution across the 

models. The root-mean-square error verifies the exaggeration shown in the volume- 

shape error plots. In general the whole basin unit hydrographs performed better than 

the sub-area unit hydrographs. The SCS unit hydrograph method yielded slightly 

worse results than the other unit hydrograph methods. The sophisticated models 

varied greatly when simulating the gaged storms but improved significantly on the 

design storms. HEC-1, unfortunately only showed significant improvement on the 24 

hour duration storm. Of the design rainfall methods compared, only TR-55 performed 

as well as the sophisticated and the unit hydrograph models. Large differences from 

the baseline hydrograph shapes are observed for the modified rational method applied 

on the sub-areas. The universal rational method fared the best among the rational 

based methodologies. TR-20 correlated well with the unit hydrograph models and also 

provided the best results among the sophisticated models. SWMM performed 

consistently across all storm types. PSRM-QUAL yields a better hydrograph fit than 
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SWMM for all storms except for the 1 hour events. All of the models improved the 

hydrograph shape indicators as the storm duration increased. The root-mean-square 

errors are plotted in Figure D.46 through Figure D.5O. 

The shape bias, pictured in Figure D.51 to Figure D.5S, illustrates the 

systematic overestimation or underestimation of the overall shape of the hydrograph as 

compared to the baseline hydrographs. SWMM, HEC-1, TR-55, the sub-area modified 

rational method, and the universal rational method all preserve a small systematic error 

in the shape. The other models tend to underestimate the shape. Again this may be 

associated with the volume and the time base relations already observed. Systematic 

underestimation of these statistics would, in turn, imply a general underestimation of 

the shape. The rational method applied on the sub-areas provided the worst estimate 

of the shape. The relatively large standard deviation of PSRM-QUAL shown on the 

overall shape bias plot, Figure D.51, is due to the large error on the shorter duration 

design storm. The effects of the Horton-SCS infiltration method used in this model 

are the probable cause of this anomaly. Again the SCS unit hydrograph performed 

slightly worse than the Snyder and Clark unit hydrograph models. The sub-area unit 

hydrographs performed slightly worse than the whole basin models. SWMM proved 

to contain the least systematic error for shape over all storm durations. Improvement 

is gained, however, on all of the models as the storm duration increases. 
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The standard errors of the shape follow the exact same pattern as the root- 

mean-square error plots. The shape standard error plots are shown in Appendix D, 

Figure D.56 to Figure D.60. However, the weighted shape standard error tells a 

slightly different story. A prejudice is introduced into this statistic by emphasizing the 

peak flow. A change in the plot scale for the weighted shape standard error was 

required for Figure D.61 through Figure D.65. The statistic describes how each model 

simulates the hydrograph in the region of the peak flow. For the average of all of the 

storms, HEC-1 and the sub-area rational methods did extremely poor. SWMM 

maintained an average accuracy similar to most of the other models but did not prove 

to be very predictable. Only the unit hydrograph models and TR-20 sustained a 

consistent standard deviation across all storm types. The whole basin models fared 

slightly better than the sub-area models. The SCS unit hydrograph only exhibited this 

trend on the longer duration storms. For the 24 hour duration, the universal rational 

method performed as well as the unit hydrograph methods and maintained a smaller 

standard deviation than the sophisticated models. The longer the duration of the 

storm, the more reliable the models became in predicting the shape of the hydrograph 

in the vicinity of the peak flow. 
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5.3 Generalizations 

The overall analysis of the watersheds yields some interesting results. The 

sophisticated models provide good estimates of the hydrograph measures but do so 

with large variations within each watershed. The unit hydrographs were very 

consistent and should prove to be very useful for drainage design. The curve number 

method must be used cautiously because of the trend to overestimate the rainfall 

losses. The design rainfall models performed as expected. These models work better 

on the smaller basins with errors increasing with larger basin size. The peak-only 

methods are quite inaccurate on developed basins. However, their use on the large 

tural basin is satisfactory and within the range of error expected when using these 

methods. The Holmes Run 2 watershed was the absolutely hardest to model. This is 

especially true for the HEC-1 model. The models of Holmes Run 1 and 4 also 

performed poorly. The Smilax Branch basin was also hard to model because of 

insufficient watershed data. Changes in the watershed during the simulation time may 

have occurred. Sensitivity analysis on the watersheds may be needed to determine the 

nature of the errors observed. Isolation of the exact nature of the discrepancies found 

in each model category is difficult. Further study of each model is required to isolate 

the source of the errors. 

Overall, all of the models performed well. A few generalizations can be made 

about the models based on the plots in Appendix D. HEC-1 did not perform well on 

  

5. Analysis and Results 126



the urban watersheds. This may be due to flaws in the Holmes Run watersheds. 

Because of this possibility, HEC-1 should not be dismissed as a possible alternative in 

hydrologic modeling. Definite care should be used when applying this model and 

verification of the models results is required. Another possibility which may have 

caused all of the models to deviate for the urban basins is the simplifications made in 

the modeling process. The many complex drainage systems in urban regions require 

much more effort than could be applied here. SWMM and the kinematic wave 

hydrograph in HEC-1 were designed for the complex urban basin. These models were 

applied with a limited knowledge about the sub-surface drainage network on the 

Holmes Run basins. Based on previous performance with these models, SWMM and 

HEC-1 should perform better on the more complex basin than shown here. 

Dismissing these models based solely on this study would be a mistake. 

Longer storms improve accuracy for many of the models. This is likely related 

to the infiltration and loss calculations imbedded in the models. For the longer storms, 

antecedent moisture in the soil would not play as large a role. The ratio of runoff 

volume to infiltration volume is much higher for the longer storms because the soil is 

not able to absorb the rainfall as fast later in the storm. Most of the models use the 

curve number method to estimate rainfall loss. This method has been observed to 

overestimate the loss quantity. On the longer storms, the initial abstraction is filled up 

early in relation to the storm duration. The curve number method works well on the 
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longer storms because the effect of the initial abstraction term is reduced. A better 

handle on the initial abstraction term is require for the curve number method to 

function better. 

The fact that the whole basin unit hydrograph methods performed better than 

the sub-area unit hydrograph methods for most of the indicators is easily explained. 

The two statistics where the sub-area models performed better are the volume and time 

base indicators. These two statistics are closely related to the infiltration and loss 

functions within the models. Both types of unit hydrograph models use the curve 

number method for loss estimation. Apparently the discretization of the watershed 

improves the accuracy of the curve number method. The improvement of the other 

Statistics on the whole basin models can be traced to the assumptions of unit 

hydrograph theory. Unit hydrograph theory is based on the assumption of 

superposition of linear reservoir systems. The sub-area unit hydrographs are 

superposed and routed to form the outfall hydrograph. The whole basin unit 

hydrograph model does not rely on this assumption as heavily as the sub-area models. 

The linear reservoir assumption introduces more errors into the sub-area models. It is 

the combination of the linear reservoir assumption and the weighting of the curve 

number method which differentiate the sub-area models from the whole basin unit 

hydrograph models. 
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Chapter 6 
Recommendations 
  

A quantitative evaluation of the 19 hydrologic model configurations has been 

completed. The previous sections along with the plots in Appendix C and Appendix 

D illustrate many different tendencies of the models. The peak flow, runoff volume, 

timing and the overall shape of the hydrograph are all important parameters in the 

design of drainage structures. It is up to the engineer to decide which model to use. 

This decision is based on the capabilities of the models as well as performance. The 

best performance within the capabilities of the model is desired, if economically 

feasible. The performance of a model should also be weighed against the cost of 

obtaining the required data for each model and simulating the watersheds. 

6.1 Model Performance Indicators 

Table 6.1 is formulated based on the results from the simulations performed in 

this study. This table contains each of the models ranked by overall performance. 

Additional information is provided concerning the trends toward basin size and 

development condition. Because the duration of the storm proved to be significant, it 

is also included in the table. The performance indicator is a number calculated from 

the various statistics. This number is a weighted average of the average statistic and 
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Table 6.1 - Model Performance Indicators 
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SWMM 72|87|92|84/40/ 1 | 83/86) 83/ 12/63|76/ 85/65 

PSRM~QUAL 76 | 87| 89| 83! 43 | 78 | 66 | 87 | 86 | S1| 74) 731821798 

TR-20 79 | 87 | 93 | 86 | 53/ 85/ 8&7 | 86 | 86 | 66 | 80| 79 | 80) 82 

HEC-1 (KW) 1 |62|87)684| 1 | 48|/84)79/83/55/52) 1 |72/44 

SCS UH —- Whole Basin 84184/ 86! &1/ 57/83/83 | 86) 83 | 84) 77| 80| 76) 80 

SCS UH - Sub-areas 80|87/89/| 84/55/83 | 85/ 67| 85/85 |77/ 80/81/81 

Snyder's UH — Whole Basin 86 | 86 | 88 | 85| 63 | 88 | 64 | 87/ 84 | 88 | 76/82/86) 83 

Snyder UH — Sub-areas 82/87|88|84/57| 83/84/88 | 84/85/76) 80/83/82 

Clark IUH — Whole Basin 86 | 86/ 88 | 85| 62/ 88 | 83/ 87| 84/88/76) 82/84/83 

Clark IUH — Sub-areas 80 | 87/88/84) 55] 83| 83/87/83 | 85| 75] 80! 61) si 

TR-55 89/99 1100 98|88|83| 91/89/89! 86! 0; O (79176 

Rational — Whole Basin 88| 0/0] 0] 0 |95|98/96/97/96/ 0 |95/ 0/51 

Rational — Sub-—areas 83/93/93] 90/56|77| 82/84) 81/80} 0 | 66/ O | 68 

Modified Rational — Whole Basin 89/0/00] 0 |96|98)96|97/96! 0 196) O 51 

Modified Rational — Sub-areas 65/94/94/90) 1 |63/79/83|78|70| 0 |36} O |58 

Universal Rational 91/96) 87/89] 71/83/85; 76/84/80! 0 |84/ 80/77 

USGS Regression — 3 parameter |[{/87| 0 | 0 | 0 | 0 |93/) 97/87/9694)! 0 |95/ 0 [51 

USGS Regression - 7 parameter |/|86/ 0/| 0/| 0| 0 |92/96/97/96/94| 0 |94/ 0 |50 

Anderson Method 70 0 84|90/96/91/88/ 0 | 88! 0 | 47 

“Overall Performance = Arithmetic Average of Other Performance Indicators 
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the standard deviations. The standard deviation is included to give an indication of the 

predictability of the average. The calculation is a simple average of the weighted 

Statistics over the performance class for each model. For the shape category, all of the 

shape statistics are weighted with their respective standard deviations. The weighted 

quantities are then averaged, with equal weight, for all of the shape statistics. This 

value is then normalized by an error of 3 to obtain a ratio. The error of 3 is chosen 

because it is the maximum quantity for most of the plots. The normalizing error 

represents a deviation of 300 percent. Most of the models performed within this 

range. The normalized ratio is then reset on a scale from 1 to 100 for convenience. 

The performance indicator increases with improved performance. Some of the 

performance indicators become less than zero after the final calculation. To maintain 

consistency, these values are truncated to a value of 1, being the worst on the scale. 

Performance indicators with a value of zero are not applicable within the given 

category. See the example calculation in Figure 6.1 . 

Table 6.1 is based solely on the results of this study. The lack of universal 

data limit use of this table within the range of watersheds and models modeled. More | 

research is required to expand this table and confirm or contradict the results. The use 

of this table for model selection should not be done blindly, but with much scrutiny 

because of the limited data used to generate table. Some of the results are clearly 

inappropriate. One instance is the use of SWMM for the urban watershed simulation. 
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Performance Indicator Calculation for: 

. Peak Flow Estimation 

° EPA SWMM model 

LE allt-3) + (600 | 
  

PIx,9, = 100 - 5 99 

Where: 

Pl, op = Performance indicator for model x and 
peak flow 

Mo, = Average of statistic measuring 
peak flow performance 

Sop = Standard deviation of statistic 
measuring peak flow performance 

k = Set of all statistics for model x 

Using all statistics measuring peak flow performance, we get: 

PIy,9, = 100 - ( Eo,| + | SEg |)-2 + (Seo, + Ssz,,\} 13 

Where: 

£Qp = Average peak flow bias 
S.op = Standard deviation of peak flow 

bias 
SEQ, = Average peak flow standard error 
Ssrop = Standard deviation of peak flow 

standard error 

Substituting from Table B.1, B.2, B.3, B.4: 

PIy,o, = 100 - o.310 + 0.408): 2 + (0.299 + 0.126)): 11]   
  Figure 6.1 - Example Calculation of Performance Index 
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This model was designed specifically for the case of the urban basin. The inability of 

SWMM to perform well in the urban setting is mainly due to the lack of detail about 

the drainage network within the particular watersheds used in this study. One must 

not discount the fact that the data is based on only 2 rural basins, 3 developed basins 

and 3 urban basins. Expansion of the data set is necessary to explain the errors found 

in this study. All 8 of the watersheds are located within 30 miles of each other. The 

effects of regionalization cannot be determined from the data available. Adding 

watersheds outside of the area should help explain these effects. 

To utilize Table 6.1 efficiently, the engineer should review the capabilities of 

the models as well as the required input before model selection is made. The tables in 

Chapter 2 should provide an adequate reference for this review. Depending on the 

modeling requirements of the project, some of the models may be eliminated. For 

example, if a small urban watershed is being modeled and pollutant simulation is 

required, only two models are available (SWMM and PSRM-QUAL are the only 

options for pollutant simulation). In cases, like the example, where more than one 

model is available, Figure 5.31 is used to select the model based on the performance 

for a small urban watershed. In the example, PSRM-QUAL is the optimal choice 

based on performance. While the table is adequate for effective model selection, the 

plots in Appendix C and Appendix D and the tables in Appendix B should be used for 
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more complex situations. Also, experience with each model should not be omitted in 

the selection process. 

6.2 Cross-Calibration and Other Implications 

The cross-calibration of models to obtain a more accurate estimate of the peak 

flow is verified by this study. The use of the USGS Virginia regression equations for 

verification of the results of a more advanced model is justified. Table 6.1 indicates 

that the regression equations can be used to estimate the flood peak for the short 

duration design events adequately. Cross-calibration is recommended to improve the 

accuracy of the more sophisticated models. The simple calculation procedure of the 

regression equations from actual watershed data can be accomplished in just a few 

minutes. The potential cost savings introduced in the design of hydraulic structures by 

cross-calibration could be significant. 

Other implications of this study result from isolated modeling techniques. The 

only difference in TR-20 and the SCS sub-area unit hydrograph models is the channel 

routing scheme. The slightly larger errors found for the TR-20 method imply that the 

routing scheme is the cause for this difference. The close correlation of TR-20 with 

TR-55 indicate that TR-55 is a valid simplification of the more sophisticated model. 

This is, however, limited to 24-hour SCS design event and the limits imposed by the 
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method. The rational and modified rational whole basin models also exhibit good 

performance on all of the basins for peak flow estimation. 

The USGS is ready to release new equations for use in Virginia. These 

equations are more regionalized and have improved statistical performance. We 

should expect the new equations to perform better than the 1978 equations. An 

evaluation of the new equations with the other models will need to be conducted for 

further verification of the cross-calibration technique. 

6.3 Recommendations for Further Study 

Further evaluation of the models is required in order to obtain an accurate 

estimate of model performance. This study attempted to evaluate many different 

models for many different situations. This attempt limits the results of the study 

which provides a starting point for model selection based on performance. Further 

study is required in specific areas pointed out in this evaluation. Separating out the 

individual components of the models needs to be done to truly evaluate each of the 

models. By looking at each model in detail, the differences will become apparent. 

The most obvious limitation of this study is the limited number of gaged events 

for each watershed. The lack of data is due to the geographical limitations imposed. 

By increasing the boundaries of the study area to outside of the northern Virginia 

region, more data would become available. What is required is continuous (minimum 
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5 minute increments) rainfall/runoff data for small (less than 2 square miles) 

watersheds. The Virginia Agricultural Extension Service operates many small rural 

basins with records of sufficient duration to facilitate flood frequency analysis. There 

are a few urban watersheds located in Maryland which also contain adequate data. 

Using larger, less developed watersheds will also improve the data set. 

Improvement of the calibration models would also enhance the model results 

significantly. The linear programming procedure described in Chapter 4 would 

provide a unit hydrograph with a minimum of error. Using a more sophisticated 

model for the calibration model would provide numerous variables to simulate many 

different physical processes. Either of these methods should yield a better calibration 

model but with a much greater time or computer requirement. 
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Figure A.3 - Snakeden Branch at Reston, Gaged Event 3 
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Figure A.4 - Snakeden Branch at Reston, Gaged Event 4 

158.68 

a 
‘S 98.67 

& 
ta 

  

  

  

    

Ba
in

fa
ll

 
(i
n/
hr
) 

wo
 & 

oS
 

aw 
t
e
 
p
u
r
u
s
 

    
2188 4208 

Time (min)   
  

Figure A.5 - Snakeden Branch at Reston, Gaged Event 6 
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Figure A.6 - Stave Run near Reston, Gaged Event 1 

  

15.68 

10.00 |e a on on bccstscennntenesee feces 2 

Fl
ow
 

(c
fs
) 

BAR [of \tefecerceed , siecuesestescseeeneeneteee 2 vceveeseeesntevessesneseeres 2 

  

8.68 _ _ , | 
8 248 40 72a 968 

2.88 

1.88 } | 

ll. 
8.68 ~ TT T_T “T T T 

8 488 968 
Tine (min) 

  

      

Ra
in
fa
ll
 

(i
n/

hr
) 

    
  

Figure A.7 - Stave Run near Reston, Gaged Event 2 
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Figure A.8 - Stave Run near Reston, Gaged Event 3 
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Figure A.9 - Stave Run near Reston, Gaged Event 4 
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Figure A.11 - Smilax Branch at Reston, Gaged Event 2 
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Figure A.12 - Smilax Branch at Reston, Gaged Event 3 
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Figure A.13 - Smilax Branch at Reston, Gaged Event 4 
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Figure A.14 - Smilax Branch at Reston, Gaged Event 5 
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Figure A.15 - Smilax Branch at Reston, Gaged Event 6 
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Figure A.16 - South Fork Broad Run at Arcola, Gaged Event 1 
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Figure A.17 - South Fork Broad Run at Arcola, Gaged Event 2 
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Figure A.18 - South Fork Broad Run at Arcola, Gaged Event 3 
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Figure A.19 - South Fork Broad Run at Arcola, Gaged Event 4 
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Figure A.20 - South Fork Broad Run at Arcola, Gaged Event 5 
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Figure A.21 - South Fork Broad Run at Arcola, Gaged Event 6 
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Figure A.22 - Broad Run Tributary at Buckland, Gaged Event 1 
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Figure A.23 - Broad Run Tributary at Buckland, Gaged Event 2 
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Figure A.24 - Broad Run Tributary at Buckland, Gaged Event 3 
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Figure A.25 - Broad Run Tributary at Buckland, Gaged Event 4 
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Figure A.26 - Broad Run Tributary at Buckland, Gaged Event 5 
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Figure A.27 - Broad Run Tributary at Buckland, Gaged Event 6 
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Figure A.28 - Holmes Run Gage 1 at Falls Church, Gaged Event 1 
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Figure A.29 - Holmes Run Gage 1 at Falls Church, Gaged Event 2 
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Figure A.30 - Holmes Run Gage 1 at Falls Church, Gaged Event 3 
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Figure A.31 - Holmes Run Gage 1 at Falls Church, Gaged Event 4 
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Figure A.32 - Holmes Run Gage 1 at Falls Church, Gaged Event 5 
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Figure A.33 - Holmes Run Gage 1 at Falls Church, Gaged Event 6 
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Figure A.34 - Holmes Run Gage 2 at Falls Church, Gaged Event 1 
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Figure A.35 - Holmes Run Gage 2 at Falls Church, Gaged Event 2 
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Figure A.36 - Holmes Run Gage 2 at Falls Church, Gaged Event 3 
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Figure A.37 - Holmes Run Gage 2 at Falls Church, Gaged Event 4 
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Figure A.38 - Holmes Run Gage 2 at Falls Church, Gaged Event 5 
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Figure A.39 - Holmes Run Gage 2 at Falls Church, Gaged Event 6 
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Figure A.40 - Holmes Run Gage 4 at Falls Church, Gaged Event 1 
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Figure A.41 - Holmes Run Gage 4 at Falls Church, Gaged Event 2 
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Figure A.42 - Holmes Run Gage 4 at Falls Church, Gaged Event 3 
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Figure A.44 - Holmes Run Gage 4 at Falls Church, Gaged Event 5 
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Figure A.45 - Holmes Run Gage 4 at Falls Church, Gaged Event 6 
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Figure A.48 - 10 year, 1 hour Yarnell Rainfall 
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Figure A.51 - 100 year, 1 hour Yarnell Rainfall 

  

Appendix A. Gaged Storm Events and Design Storm Hyetographs 165 

 



  

  

6.68 © 

Ra
in
fa
ll
 

(i
n/
hr
) 

        

  

    wT T 

  

    
  

  

          

  

  

128 248 
Time (min) 

Figure A.52 - 2 year, 2 hour Yarnell Rainfall 

7.68 © 

& $ - 

= - - 

= 
a - 

8.88 ~ a +———— 
8 128 248 

Tine (nin)       

Figure A.53 - 5 year, 2 hour Yarnell Rainfall 
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Figure A.54 - 10 year, 2 hour Yarnell Rainfall 

  

  

Ra
in
fa
ll
 

(i
n/
hr
) 

    
        

  

pag Po a 
8 128 248 

Tine (nin)     
  

Figure A.55 - 25 year, 2 hour Yarnell Rainfall 
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Figure A.57 - 100 year, 2 hour Yarnell Rainfall 
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Figure A.58 - 2 year, 24 hour SCS Type II Rainfall 
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Figure A.59 - 5 year, 24 hour SCS Type II Rainfall 
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Figure A.60 - 10 year, 24 hour SCS Type II Rainfall 
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Figure A.61 - 25 year, 24 hour SCS Type II Rainfall 
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Figure A.63 - 100 year, 24 hour SCS Type II Rainfall 
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Appendix C 
Watershed Comparison Graphs 
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Figure C.1 - Peak Flow Bias for All Storms, All Models 
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Figure C.2 - Peak Flow Bias for All Storms, Sophisticated Models 
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Figure C.4 - Peak Flow Bias for All Storms, Design Rainfall Models 
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Figure C.5 - Peak Flow Bias for All Storms, Peak-Only Models 
    

  

  

Appendix C. Watershed Comparison Graphs 200



  

  

All Models 
Peak Flow Standard Error, SEqp 
  

  

  

  

  
    
  

  

  

05 - 

o “ ae “ 
SNAKEDEN stive SMILAX SF BR BR THB HR 1 BE 2 HR 4 

Watersheds 

Figure C.6 - Peak Flow Standard Error for All Storms, All Models 
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Figure C.7 - Peak Flow Standard Error for All Storms, Sophisticated Models 
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Figure C.8 - Peak Flow Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.9 - Peak Flow Standard Error for All Storms, Design Rainfall Models 
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Figure C.13 - Volume Bias for All Storms, Unit Hydrograph Models 
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Figure C.15 - Volume Standard Error for All Storms, All Models 
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Figure C.16 - Volume Standard Error for All Storms, Sophisticated Models 
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Figure C.17 - Volume Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.18 - Volume Standard Error for All Storms, Design Rainfall Models 
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Figure C.19 - Time to Peak Bias for All Storms, All Models 

  

Appendix C. Watershed Comparison Graphs 207



  

  

Sophisticated 
Tobe to Peake Bie ee 
  

  

    

        
  

  

  

3 

21 
on 

i- a NN 

£ “ SN. 
we we. 

> a “teen a een a 
ee 7 aeonee __ Se 

ba, 7 = —=— —o TN FS S=S=. = 
s ” Sb aeccececes ws 

-1- s on soetosee ne 
MOF 

wee 

-e- 

-s T 
SNAKEDEN STAVE SMILAX F Be BR THIS BR i Ha 2 HR 4 

Watersheds 

Figure C.20 - Time to Peak Bias for All Storms, Sophisticated Models 
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Figure C.21 - Time to Peak Bias for All Storms, Unit Hydrograph Models 
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Figure C.22 - Time to Peak Bias for All Storms, Design Rainfall Models 
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Figure C.23 - Time to Peak Standard Error for All Storms, All Models 
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Figure C,.24 - Time to Peak Standard Error for All Storms, Sophisticated Models 
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Figure C.25 - Time to Peak Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.26 - Time to Peak Standard Error for All Storms, Design Rainfall Models 
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Figure C.27 - Time Base Bias for All Storms, All Models 
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Figure C.30 - Time Base Bias for All Storms, Design Rainfall Models 
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Figure C.31 - Time Base Standard Error for All Storms, All Models 
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Figure C.32 - Time Base Standard Error for All Storms, Sophisticated Models 
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Figure C.33 - Time Base Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.34 - Time Base Standard Error for All Storms, Design Rainfall Models 

  

  

  

    
    

All Models 
Volume—Shape Error, Evs 

3 

2.6 - 

2 7 

“m 3 a us 

- ae os od 

en wee “a 

wn ai sania a LO eee, ” 
_ 

“ef 
1- me 

“ - ” 
ene 

ws _ mn, 0.8 4 ne _— rn ae —_ wee 
neseness. ee" 

ore ad 
ws patscceenescneceneeeret ME 

a 

o 

+ 
SNAKEDEN srive sualax er mm ar isp BR 1 um 2 HE 4 

Wateraheds   
  

Figure C.35 - Volume-Shape Error for All Storms, All Models 
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Figure C.36 - Volume-Shape Error for All Storms, Sophisticated Models 
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Figure C.37 - Volume-Shape Error for All Storms, Unit Hydrograph Models 
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Figure C.38 - Volume-Shape Error for All Storms, Design Rainfall Models 
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Figure C.39 - Root-Mean-Square Error for All Storms, All Models 
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Figure C.40 - Root-Mean-Square Error for All Storms, Sophisticated Models 
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Figure C.41 - Root-Mean-Square Error for All Storms, Unit Hydrograph Models 
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Figure C.42 - Root-Mean-Square Error for All Storms, Design Rainfall Models 
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Figure C.43 - Shape Bias for All Storms, All Models 
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Figure C.44 - Shape Bias for All Storms, Sophisticated Models 
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Figure C.45 - Shape Bias for All Storms, Unit Hydrograph Models 
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Figure C.47 - Shape Standard Error for All Storms, All Models 
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Figure C.48 - Shape Standard Error for All Storms, Sophisticated Models 
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Figure C.49 - Shape Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.50 - Shape Standard Error for All Storms, Design Rainfall Models 

  

All Models 
Weighted Shape Standard Error, SEwts 
  25 : 

20+ { \ 

16 + 

10- 

  

  

    
  

25~ Rumen srlve euax ar ER Be TRB m1 me He 
Watersheds     
  

Figure C.51 - Weighted Shape Standard Error for All Storms, All Models 
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Figure C.52 - Weighted Shape Standard Error for All Storms, Sophisticated Models 
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Figure C.53 - Weighted Shape Standard Error for All Storms, Unit Hydrograph Models 
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Figure C.54 - Weighted Shape Standard Error for All Storms, Design Rainfall Models 

  

Appendix C. Watershed Comparison Graphs 225



Appendix D 
Model Comparison Graphs 

  

  

  

  

  

St
at
is
ti
c 

Va
lu
e 

5 Z a . : 

; 
i f 
ii 

DT TT OD 

12 3 4 5 6 7 8 BD 10 £1 12 13 14 15 18 17 18 1D 
Models 

    
      
  Figure D.1 - Peak Flow Bias for all models, all storms 
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Figure D.2 - Peak Flow Bias for All Models, Gaged Storms 
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Figure D.3 - Peak Flow Bias for All Models, 1-hr Yarnell Storms 
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Figure D.4 - Peak Flow Bias for All Models, 2-hr Yarnell Storms 
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Figure D.5 - Peak Flow Bias for All Models, 24-hr SCS Storms 
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Figure D.6 - Peak Flow Standard Error for All Models, All Storms 
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Figure D.7 - Peak Flow Standard Error for All Models, Gaged Storms 
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Figure D.8 - Peak Flow Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.9 - Peak Flow Standard Error for All Models, 2-hr Yarnell Storms 

  

Appendix D. Model Comparison Graphs 230 

 



  

24—hr SCS rms 
Peak Flow Marder torm: SEqp 

  

= : 

17. USGS REGRESSION — 3 PARAM. 
18. USGS REGRESSION ~ 7 PARAM 
19. ANDERSON METHOD       

  

    
Figure D.10 - Peak Flow Standard Error for All Models, 24-hr SCS Storms 
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Figure D.11 - Volume Bias for All Models, All Storms 
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Figure D.12 - Volume Bias for All Models, Gaged Storms 
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Figure D.13 - Volume Bias for All Models, 1-hr Yarnell Storms 
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Figure D.14 - Volume Bias for All Models, 2-hr Yarnell Storms 
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Figure D.15 - Volume Bias for All Models, 24-hr SCS Storms 
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Figure D.16 - Volume Standard Error for All Models, All Storms 
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Figure D.17 - Volume Standard Error for All Models, Gaged Storms 
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Figure D.18 - Volume Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.19 - Volume Standard Error for All Models, 2-hr Yarnell Storms 
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  Figure D.20 - Volume Standard Error for All Models, 24-hr SCS Storms 
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  Figure D.21 - Time to Peak Bias for All Models, All Storms 
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Figure D.22 - Time to Peak Bias for All Models, Gaged Storms 
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Figure D.23 - Time to Peak Bias for All Models, 1-hr Yarnell Storms 
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  Figure D.25 - Time to Peak Bias for All Models, 24-hr SCS Storms 
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Figure D.27 - Time to Peak Standard Error for All Models, Gaged Storms 
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Figure D.28 - Time to Peak Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.29 - Time to Peak Standard Error for All Models, 2-hr Yarnell Storms 
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Figure D.30 - Time to Peak Standard Error for All Models, 24-hr SCS Storms 
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Figure D.31 - Time Base Bias for All Models, All Storms 
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Figure D.32 - Time Base Bias for All Models, Gaged Storms 
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Figure D.33 - Time Base Bias for All Models, 1-hr Yarnell Storms 
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  Figure D.34 - Time Base Bias for All Models, 2-hr Yarnell Storms 
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Figure D.35 - Time Base Bias for All Models, 24-hr SCS Storms 
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Figure D.36 - Time Base Standard Error for All Models, All Storms 
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Figure D.37 - Time Base Standard Error for All Models, Gaged Storms 
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Figure D.38 - Time Base Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.39 - Time Base Standard Error for All Models, 2-hr Yarnell Storms 
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Figure D.40 - Time Base Standard Error for All Models, 24-hr SCS Storms 
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Figure D.41 - Volume-Shape Error for All Models, All Storms 
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Figure D.42 - Volume-Shape Error for All Models, Gaged Storms 
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Figure D.43 - Volume-Shape Error for All Models, 1-hr Yarnell Storms 
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Figure D.44 - Volume-Shape Error for All Models, 2-hr Yarnell Storms 
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Figure D.45 - Volume-Shape Error for All Models, 24-hr SCS Storms 
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Figure D.46 - Root-Mean-Square Error for All Models, All Storms 
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Figure D.47 - Root-Mean-Square Error for All Models, Gaged Storms 
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Figure D.48 - Root-Mean-Square Error for All Models, 1-hr Yarnell Storms 
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Figure D.49 - Root-Mean-Square Error for All Models, 2-hr Yarnell Storms 
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Figure D.51 - Shape Bias for All Models, All Storms 
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Figure D.52 - Shape Bias for All Models, Gaged Storms 
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Figure D.53 - Shape Bias for All Models, 1-hr Yarnell Storms 
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Figure D.54 - Shape Bias for All Models, 2-hr Yarnell Storms 
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Figure D.55 - Shape Bias for All Models, 24-hr SCS Storms 
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  Figure D.56 - Shape Standard Error for All Models, All Storms 
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  Figure D.57 - Shape Standard Error for All Models, Gaged Storms 
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Figure D.58 - Shape Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.59 - Shape Standard Error for All Models, 2-hr Yarnell Storms 
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Figure D.60 - Shape Standard Error for All Models, 24-hr SCS Storms 
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Figure D.61 - Weighted Shape Standard Error for All Models, All Storms 
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Figure D.62 - Weighted Shape Standard Error for All Models, Gaged Storms 

  

1—hr Yarnell Storms 
Weighted Shape Standard Error, SEwts 

  

  

  

  

St
at

is
ti

c 
Va

lu
e 

      
  

3~ 15. MOD. RATIONAL — SUBAREA 
16. UNIV. RATIONAL 

mene 17. USGS REGRESSION - 3 PARAM 
ey fF UG 16. USGS REGRESSION — 7 PARAM. 

i i 19. ANDERSON METHOD 
inj, ? : 

/ i 

0 “ : "7 Tv is t 

i ¢ 3 4 6 6 Y 6 9 10 {1 12 15 14 15 16 17 18 19   
Models     
  

Figure D.63 - Weighted Shape Standard Error for All Models, 1-hr Yarnell Storms 
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Figure D.64 - Weighted Shape Standard Error for All Models, 2-hr Yarnell! Storms 
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Figure D.65 - Weighted Shape Standard Error for All Models, 24-hr SCS Storms 
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