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DETERMINATION OF FLOOD HYDROGRAPHS FOR STREAMS IN SOUTH CAROLINA:
VOLUME 2. ESTIMATION OF PEAK-DISCHARGE FREQUENCY, RUNOFF
VOLUMES, AND FLOOD HYDROGRAPHS FOR URBAN WATERSHEDS

By Larry R. Bohman

ABSTRACT

Knowledge of the magnitude and frequency of floods is needed for the
design of highway drainage structures, for establishing flood insurance
rates, and for many other uses by urban planners and engineers. Urban flood
hydrographs also are needed for the design of many highway drainage
structures and embankments and floodwater storage structures. This report
describes methods that can be used to estimate peak-discharge-frequency
relations, flood hydrographs, and flood volumes for ungaged urban streams in
the Piedmont and Coastal Plain provinces of South Carolina. Data from
stream-gaging stations on 34 urban watersheds in South Carolina, Georgia,
and North Carolina, ranging in size from 0.18 to 41.0 square miles, were
used in the analyses.

A rainfall-runoff model was calibrated for 23 urban drainage basins in
South Carolina. The model, long-term rainfall data, and observed and
synthetic evaporation data were used to synthesize a series of annual peak
discharges for each site. The logarithms of the annual peaks were fitted to
a Pearson Type III distribution to determine the frequency of peak
discharge. Multiple regression equations were developed for estimating peak
discharges having recurrence intervals of 2, 5, 10, 25, 50, 100, and 500
years using data from 34 gaging stations in South Carolina, North Carolina,
and Georgia. The explanatory variables affecting peak discharge were
drainage area, total impervious area, and rural discharge of equivalent
recurrence interval. Average standard errors of prediction for the
relations range from +25.6 to +34.3 percent.

A method is presented for estimating flood hydrographs by applying a
specific peak discharge and adjusted basin lag time to one of two
dimensionless hydrographs that were developed by using data from 30 stations
in South Carolina and Georgia. The standard errors of estimate for the
simulated hydrograph widths at 50 and 75 percent, respectively, of observed
peak discharge were +27.0 and +29.8 percent for basins in the Piedmont and
upper Coastal Plain and +19.8 and #24.5 percent for basins in the lower
Coastal Plain. An equation for estimating average basin lag time for use in
applying the dimensionless hydrograph technique also was developed.
Significant explanatory variables for estimating lag time were total
impervious area; the 2-year, 2-hour rainfall amount; and a variable
combining main channel length and slope (length/slope®’$). The standard
error of prediction for the lag time relation was +23.8 percent.

Two regression equations that provide average runoff volume, in inches,
for a flood hydrograph with a specific peak discharge also are provided.
The explanatory variables used in the volume equations were peak discharge,
average basin lag time, and drainage area. The standard error of prediction
for the volume equations was +18.7 percent.



The regression equations for estimating runoff volume are used to
adjust average basin lag time before application of the dimensionless
hydrograph method. This adjustment provides a more accurate estimate of the
volume associated with the simulated hydrograph than would be obtained by
using the dimensionless hydrograph method with the unadjusted average basin
lag time.

INTRODUCTION |

The design of highway drainage structures, establishment of
flood-insurance rates, and other aspects of urban planning require
knowledge of flood characteristics such as magnitude and frequency of
flood-peak discharges and the shape of flood hydrographs. These flood
characteristics for a watershed can be greatly affected as the basin becomes
urbanized. Because the amount of impervious surface area increases with
urbanization, infiltration and depression storage are reduced and the
smooth, impervious surfaces allow rapid drainage. As a result, runoff
volume usually increases and basin response time decreases. In addition,
the drainage network is often modified by enlarging, straightening, and
smoothing its channels and by installing sto%m sewers and curb-and-gutter
systems. As a consequence of the more rapid runoff produced by these
modifications, peak discharges also usually increase in comparison to rural
basins.

In selecting designs for drainage structures, urban planners attempt to
maximize flood protection and minimize costs. In cases where little or no
embankment storage (increase in backwater resulting from road fill
encroachment) is permissible, estimates of flood-peak discharge are
sufficient for the design. 1In other cases, where some embankment storage
may be allowed, risk analysis may be required to evaluate the flood hazard
to lives, property, and stream stability (Corry and others, 1980). To fully
assess these risks, a runoff hydrograph with a peak discharge of a specific
recurrence interval may be needed to estimate the length of time that
features such as roads and bridges will be inundated. In urban basins where
little or no systematic streamflow data are available, it may be necessary
to estimate the peak discharge for a specific recurrence interval or to
construct a typical or design hydrograph by using one or more hydrograph
estimation techniques. Although several techniques are available for this
purpose, the data bases used to develop them have been national or state-
specific. Due to a lack of urban flood data, no methods have been developed
for use in South Carolina, and the applicability of techniques developed
using data outside the State has not been tested. The need for this type of
information led the U.S. Geological Survey (USGS), in cooperation with the
South Carolina Department of Highways and Public Transportation, to develop
methods for estimating peak-discharge frequency, runoff volumes, and flood
hydrographs for ungaged urban watersheds in South Carolina.

|
|
|

Purpose and Scote
This report describes the results of a study to develop methods of

estimating flood characteristics for ungaged urban watersheds in the
Piedmont and Coastal Plain provinces of South Carolina. The report
presents: (1) a summary of the methods of dfta collection and analysis used



in this investigation, (2) rainfall-runoff modeling results, (3) peak-
discharge-frequency estimates for the individual stations used in the
regionalization process, (4) equations for estimating peak-discharge-
frequency relations at ungaged sites, (5) equations for estimating average
basin lag time, (6) methods for estimating the width and shape of a flood
hydrograph associated with a peak discharge having a specific recurrence
interval, and (7) equations for estimating average volume of a hydrograph
having a specified peak discharge. Limitations and example applications are
provided for using the methods presented in this report.

Previous Investigations

Putnam (1972) studied the effect of urban development on peak
discharges in the Piedmont province of North Carolina using data from 42
sites in metropolitan areas of North Carolina. Sauer and others (1983) used
data from 269 gaged basins in 56 cities in 31 states to develop flood-
frequency relations for urban watersheds in the United States. These
nationwide flood-frequency relations frequently have been used in South
Carolina due to the lack of available urban streamflow data in the State.
More recently, Inman (1988) developed regression equations using data from
45 urban drainage basins to estimate flood-frequency relations for ungaged
urban streams in Georgia.

Most traditional approaches to hydrograph estimation rely on the
unit-hydrograph method, whereby design hydrographs are computed by
convolution of the unit hydrograph with rainfall excess. This method
requires rainfall totals and actual or synthetic storm distributions, as
well as the evaluation of a number of parameters that are needed to specify
rainfall-runoff relations (determination of infiltration and other
abstractions). In this methodology, the recurrence interval of the peak
discharge and runoff are assumed to be the same as the rainfall recurrence
interval for a specific storm. This assumption is not necessarily true and
therefore may limit the utility of the unit hydrograph method for design
purposes. Hydrographs also may be estimated using computer models, but a
substantial amount of data and effort are required for proper model
calibration.

In a nationwide study, Stricker and Sauer (1982) developed a
dimensionless hydrograph that provides an easy-to-apply, direct method of
estimating an urban-flood hydrograph. The dimensionless hydrograph method
involves direct computation of a design hydrograph and requires only two
parameters, the design peak discharge and basin lag time. In this method, a
recurrence interval is assigned to the peak discharge and a typical or
average hydrograph associated with the peak is computed. The resulting
hydrograph or volume may or may not have the same recurrence interval.

Inman (1986) developed and verified a dimensionless hydrograph for rural and
urban basins in Georgia using data from 117 gaging stations (19 urban).
Inman’s hydrograph technique has been successfully applied on a nationwide
scale as well as in several state studies. Bohman (1990) used the same
techniques as those used by Inman and data from 49 rural gaging stations to
develop dimensionless hydrographs for use in South Carolina, but their
applicability to urban basins was not tested.



DATA BASE

The equations and methods developed for this investigation are based on
5- to 15-minute-interval rainfall-runoff data collected at 30 gaging
stations in South Carolina and Georgia for a period of 4 to 8 years and from
4 gaging stations in Charlotte, N.C., where 14 to 16 years of observed
discharge data were available. The basins ranged in drainage area from 0.18
to 41.0 square miles and in impervious area from 10 to 51 percent.

|
\

Concurrent rainfall and discharge data wgre collected at 28 stations in
14 cities in South Carolina. One station was deleted prior to rainfall-
runoff modeling because of deteriorating hydraulic conditions and drainage-
system modifications during the course of data collection. The data from
the remaining 27 study sites were used to calibrate the rainfall-runoff
model described later in this report. During calibration, problems not
detected earlier became apparent at four additional stations. Some of these
problems were unstable stage-discharge relations, unusual storage conditions
within the basin (such as pervasive surface ponding due to chronically
clogged street drains), and hydrographs with a significant interflow
component (the model cannot accommodate basins in which the hydrograph
recessions are protracted due to ground-water contribution).

Because of the problems mentioned above, data from 5 of the original 28
South Carolina data collection sites were deleted from the data base
(including two stations that were the only gages in two cities), leaving 23
stations in the analysis. Data from seven gaging stations in Augusta and
Savannah, Ga. were added to the data set. The final rainfall-runoff data
base used in this study consisted of approximately 1,200 flood events
observed at 30 gaging stations in 14 cities in South Carolina and Georgia
(fig. 1, table 1). In addition, frequency data from 4 sites in Charlotte,
N.C. were used in the regionalization of floog frequency.

\
|
Only simple (or noncompound) discharge hydrographs resulting from
relatively uniform, short-duration rainfall events could be used for the
hydrograph analyses (lag time, volume, and dimensionless hydrograph shape).
A total of 139 flood events meeting these specifications were selected for
use in the hydrograph analyses.
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Table 1--Stream-gaging stations with unit-value data used in the urban study

[Lat, latitude; long, longitude]

Station Period
number Station name Location of record
Town of Allendale, §.C.
02176380 Coosawhatchie River Lat 32°59'53F, long 81°19'01", 11-13-85
tributary at Allendale Cbunty, at culvert to
Allendale, S.C. on Secondary Road 129 10-03-90
City of Anderson, §.C.
02187260 Whitner Creek at Lat 34°30'55”, long 82°39’'35", 12-18-85
Anderson, S.C. Anderson County, at culvert to
on Lee Street 10-20-89
02187268 Dye Creek at Lat 34°30'01", long 82°40'13", 01-30-86
Anderson, S.C. Anderson County, at culvert to
on Market Street 11-01-90
City of Augusta, Ga.
02196570 Raes Creek Lat 33°32'19", long 82°02'34", 02-22-79
tributary No. 2 Richmond County, at culvert to
at Augusta, Ga. on Skinner Mill Road at 10-02-85
junction with Boy Scout Road
02196605 Raes Creek Lat 33°29'36", long 82°02'17", 03-23-79
tributary No. 1 Richmond County at culvert on to
at Augusta, Ga. Boy Scout Road 10-05-85
02196760 Rocky Creek Lat 33°27'07", long 82°02'57", 02-22-79
tributary at Richmond County, at culvert to
Augusta, Ga. on U.S. Highways 78 and 278 10-02-85
02196850 Butler Creek Lat 33°25'005, long 82°04'41", 02-24-79
tributary at Richmond County, at culvert to
Augusta, Ga. on Meadowbrpok Drive 02-16-82
02162093  Smith Branch Lat 34°01'38", long 81°02'31", 07-12-76
at Columbia, S.C. Richland County, at culvert to
on North Main Street present
02167020 Crane Creek Lat 34°03'02", long 81°02'05", 10-09-85
tributary at Richland County, at culvert to
Columbia, S.C. on Carola Street 10-11-89



Table 1--Stream-gaging stations with unit-value data used in the urban

study--Continued

[Lat, latitude; long, longitude]

Location

Period
of record

Lat 34°02'26", long 81°08'29",
Richland County, at culvert
on Bush River Road

Lat 33°59'41", long 81°01’'26",
Richland County, at culvert
on Pickens Street

Lat 34°00’'46", long 80°58'56",
Richland County, at culvert
on Brentwood Street

City of Florence, S.C.

Lat 34°11'00", long 79°46'12",
Florence County, at culvert
on Cherokee Road

City of Greenville, S.C.

Lat 34°53'00", long 82°18'05",
Greenville County, at bridge
on Marchant Road

Lat 34°52'42", long 82°23'52",

Greenville County, at culvert

on Southern Railroad

Lat 34°49'25", long 82°24'26",

Greenville County, at culvert

on Grove Road

City of Greenwood, S.C.

Lat 34°12'56", long 82°09'20",
Greenwood County, at culvert
on U.S. Highway 178 bypass

City of Myrtle Beach, S.C.

Station
number Station name
02168845 Saluda River
tributary at
Columbia, S.C.
02169505 Rocky Branch at
Columbia, S.C.
02169568 Pen Branch at
Columbia, S.C.
02131130 Gully Branch at
Florence, S.C.
02160325  Brushy Creek
(Enoree River
tributary) at
Greenville, S.C.
02163940 Richland Creek
tributary at
Greenville, S.C.
02164011 Brushy Creek
(Reedy River
tributary) at
Greenville, S.C.
02166975 Sample Branch at
Greenwood, S.C.
02110740 Midway Swash at

Myrtle Beach, S.C.

Lat 33°39'44", long 78°55'25",
Horry County, at culvert on
U.S. Highway 17

10-18-85
to
10-11-89

08-14-84
to
12-06-90

10-15-85
to
10-11-89

08-24-84
to
10-04-89

08-09-85
to
11-13-90

11-20-85
to
10-18-89

08-18-83
to
10-18-89

11-19-85
to
10-12-90

03-04-87
to
10-16-90



Table 1--Stream-gaging stations with unit-value data used in the urban

study- -Continued

[Lat, latitude; long, longitude]

Station Period
number Station name ocation of record
City of North Charleston, S.C.

0217206930 Noisette Creek Lat 32°52'20", long 79°59'28", 12-04-85
at North Charleston Gounty, at culvert to
Charleston, S.C. on Southern Railroad below 10-23-89

Bexley Street
City of Orangeburg,ES.C.

02173491  Hess Branch at Lat 33°30'12", long 80°52'41", 05-08-86

Orangeburg, S.C. Orangeburg County, at culvert to
on Middleton Road 10-05-90

02173495 Sunnyside Canal Lat 33°29'31", long 80°52'33", 11-14-85

at Orangeburg, S.C. Orangeburg County, at bridge to
on Riverside Street 10-19-90

02174240 Middle Pen Branch Lat 33°29'14", long 80°49'50", 11-25-85

at Orangeburg, S.C. Orangeburg County, at culvert to
on U.S. Highway 178 bypass 10-19-90
City of Savannah, Ga.

02202542 Harmon Canal near Lat 32°00'00", long 81°07'45", 06-15-79

Savannah, Ga. Chatham County, at culvert on to
Perimeter Road, within the 03-15-86
limits of Hunter Army Air-
field, 50 feet upstream from
Montgomery Cross Road

02203543 Wilshire Canal Lat 31°59'27", long 81°08'15", 04-25-79
near Savannah, Ga. Chatham County, at culvert on to

Tibet Avenu 08-28-86

02203544  Wilshire Canal Lat 31°58'25", long 81°08'20", 05-07-79
tributary near Chatham County, at culvert on to
Savannah, Ga. Windsor Roa 08-12-86

City of Spartanburg, S.C.

02156250 Chinquapin Creek Lat 34°57'344, long 81°55'29", 12-17-85
tributary at Spartanburg County, at culvert to
Spartanburg, S.C. on Pine Street 03-06-87

02159785  Fairforest Creek Lat 34°57'10", long 81°57'57", 03-13-87
tributary at Spartanburg County, at culvert to
Spartanburg, S.C. on Secondary Road 485 11-02-90



Table 1-- -ga s wit] -V a used in
study--Continued

[Lat, latitude; long, longitude]

Station Period
number Station name Location of record
City of Sumter, S.C.

02135518  Turkey Creek at Lat 33°55’13", long 80°19'43", 11-08-85
Sumter, S.C. Sumter County, at culvert on to
East Liberty Street 11-16-90

City of Rock l, S.C

02145940 Little Dutchman Lat 34°58'34", long 81°01'02", 10-25-85
Creek tributary York County, at culvert on to
at Rock Hill, S.C. Celanese Road 09-22-89
02146100 Manchester Creek Lat 34°56'03", long 81°00'11", 12-12-85
tributary at York County, at culvert on to
Rock Hill, S.C. Quantz Road 10-03-89

Site Selection

Extensive field reconnaissance was required to select the basins to be
instrumented for this study. About 500 sites were located on maps and field
inspected for possible use. Suitability for rain gage location,
accessibility for discharge measurements, a bridge or culvert with hydraulic
characteristics suitable for theoretical computation of peak discharge,
absence of ponds or lakes, and land use in the drainage basin were some
factors considered during the site inspections. Developing basins with
large areas undergoing changes in impervious area or drainage efficiency
were eliminated from the selection process. Basin characteristics such as
drainage area, main channel slope, and degree of development were determined
in the office to ensure a suitable distribution of basin characteristics.
The final sites were equally distributed between the Piedmont and Coastal
Plain physiographic provinces.



Instrumentation

A recording stage gage was installed at each station. It was housed in
a metal shelter mounted on top of a 12-inch diameter vertical pipe stilling
well that was located one structure-opening width upstream of the roadway as
required for hydraulic computations. In cases where the stilling well was
attached to the structure, an intake pipe was extended upstream to the
desired location. A float and tape in the stilling well transmit stage by
rotation of the input shaft on the recorder. Shaft rotation is converted by
the instrument into a coded paper punch-tape record (in 0.0l-foot
increments), which was collected every 3 weeks.

One rain gage was generally located near |the stage gage for each basin.
This rain gage was located so that precipitation amounts would not be
influenced by surrounding buildings or vegetation. Rain-gage recorders were
housed in shelters mounted on top of galvanized steel pipes that were
10-feet long, and 3-inches in diameter. Rain was collected by 8-inch
funnels and diverted to the stilling well where a float-type system, such as
was used to record stream stage, transmitted rainfall information to a
punch-tape. A photograph of a typical rainfall-runoff installation is shown
in figure 2.

Crest-stage indicators also were installed at each culvert site, with at
least one in the upstream approach section and one at the downstream end of
the culvert. A relation between the water-surface elevations from the
upstream and downstream crest-stage indicators was established for each
site. The fall through the culverts obtained from these headwater-tailwater
relations and the culvert geometry were used to compute a theoretical stage-
discharge relation as described by Bodhaine (1968).

The headwater-tailwater relation obtained from the crest-stage
indicators also served other purposes. The relation should remain fairly
consistent at a site. Deviations from the normal upstream-downstream
relation could indicate an accumulation of de&;is at a culvert entrance that
could produce excessive fall or a blockage downstream that would greatly
reduce normal fall. Many times highway maintenance crews removed debris
from culverts between gage-servicing trips. Plotting the upstream crest-
gage stage and the downstream crest-gage stage relation was the only
evidence of blockage.

At some sites, the stage at the recorgin[ gage was different than the
stage at the corresponding crest-stage indicator due to drawdown inside the
stilling well resulting from improper intake design or due to the location
of the recording gage in the drawdown zone near the culvert entrance. A
relation between the upstream crest-stage and upstream recorder stage was
established to enable plotting of the theoretical discharge computations, as
described above, in reference to the recorder stage. The upstream crest-
stage indicator and recorder stage relation also indicated problems with the
stage hydrograph, such as a hanging float, a float tape that jumped the
splines, or clogged intakes.
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Daily pan evaporation data were not available for the entire period of
rainfall record. The short periods of observed record for the National
Weather Service stations in Clemson, Blackville, Charleston, Clark Hill, and
Sandhills Experiment Station (Columbia) given in table 2 were used to
synthesize harmonic average evaporation data for the period of record
coinciding with the rainfall data.

Basin Characteristics

Several physical basin characteristics were required for the modeling
phase of the investigation. Other physical or climatic parameters needed in
the regionalization processes were selected in advance on the basis of
previous similar studies in the Southeastern United States. The only basin
characteristic measured but not used in any of the final estimating
equations or procedures was the Basin Development Factor (BDF) suggested by
Sauer and others (1983). The basin characteristics deemed as significant in
this investigation were determined as follows:

A Drainage area (in square miles)--The drainage area contributing
surface runoff to a specified location on a stream, measured in a
horizontal plane and enclosed by a topographic divide. This was
measured using a digitizer from USGS 7.5-minute topographic
quadrangle maps or larger-scale maps of equivalent accuracy. Storm
sewer maps obtained from city engineering or public works
departments were used when available. Basin boundaries were field
checked in areas of low relief when storm sewer information could
not be obtained.

L Main-channel length (in miles)--Computed as the distance measured
along the main channel from the gaged (or ungaged) site to the basin
divide as determined from USGS 7.5-minute topographic quadrangle
maps.

LT Average basin lag time (in hours)--The elapsed time from the
centroid of rainfall excess to the centroid of the resultant runoff
hydrograph. Equations for estimating average basin lag time are
provided later in this report.

RI2 2-year 2-hour rainfall amount (in inches)--Determined by the Weather
Bureau (1961) (now known as National Weather Service). For
convenience of the user, a copy of the plate from this publication
is presented in the supplemental data section of this report for
determining RI2.

R.QT Rural discharge (in cubic feet per second)--Estimated using
equations developed by Guimaraes and Bohman (1992) and presented in
the supplemental data section of this report.

S Main-channel slope (in feet per mile)--Computed between points,
which are 10 and 85 percent of the total main channel length
upstream from the point of interest (gaged or ungaged site), from
USGS 7.5-minute topographic quadrangle maps or larger-scale/smaller
contour-interval maps of equivalent accuracy.
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TIA Total impervious area (in percent)--The percentage of the watershed
that is impervious to infiltration of rainfall. This parameter was
measured by the grid-overlay method using aerial photography.
According to Cochran (1963) a minimum of 200 points, or grid
intersections, per area or subbasin will provide a confidence level
of 0.10. Grid intersections over points on buildings, streets, and
parking lots were counted as impervious surface points. Those grid
intersections occurring over forests, lawns, unpaved industrial
yards, and so on, were treated as pervious surface points. The
impervious points were divided by the total number of grid
intersections to compute an estimate aof the percentage of total
impervious area. Three counts of at #east 200 points per subbasin
(usually many more) were obtained and [the results averaged for the
final value.

U'QT Urban peak discharge (in cubic feet per second)--Estimated using the
equations presented in this report for use in the volume equations
or the dimensionless hydrograph techniques.

METHODS OF ANALYSIS

The following sections explain the procedures and programs used in the
rainfall-runoff modeling, peak-discharge-frequency analysis, lag time
analysis, runoff volume analysis, and the dimensionless hydrograph analysis
phases of this investigation.

The method of analysis for this investigation was to use the
rainfall-runoff data collected at a variety of basins to calibrate a
rainfall-runoff model. Long-term rainfall and evaporation data were then
used to synthesize a series of annual peak discharges for each study basin.
A frequency analysis was made using the annual peak discharges for each
basin. These results were then regionalized using multiple regression
techniques. Next, lag times, volumes, and dimensionless hydrographs were
derived for selected storms using programs written by S.E. Ryan (USGS,
written commun., 1986). Equations were again derived using multiple
regression techniques for estimating lag times and volumes. Finally,
volumes resulting from the dimensionless hydrograph technique were compared
to the regression equation volumes. An adjustment factor to be applied to
lag time was developed in order to achieve the best fit of observed
hydrograph shapes and volumes.

Rainfall -Runoff Modeling

A minimum of 10 to 15 years of observed record is usually required to
provide estimates of peak-discharge frequency at a gaging station. The use
of calibrated rainfall-runoff models significantly shortens the data
collection period required for flood-frequency analysis by synthesizing
long-term runoff records from long-term rainfall records. The method is
particularly appropriate for urban studies for which a shorter data
collection period can minimize the effect of increased urbanization within
the period.
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Model Description

A modified version of the USGS Rainfall-Runoff Model, originally
developed by Dawdy and others (1972), refined by Carrigan (1973), Boning
(1974), and Carrigan and others (1977), was used for this study. J.M.
Bergmann and others (USGS, written commun., 1990) modified the data
management and automatic parameter optimization schemes of the previous
versions and adapted the code for use on the USGS minicomputer system. This
rainfall-runoff model (hereinafter referred to as RRM) was selected over
other models because it is reliable, less costly, and not as time-consuming
in terms of data required and model calibration.

RRM is a lumped-parameter model that has three basic components:
antecedent soil-moisture accounting, infiltration, and surface-runoff
routing. Ten parameters and a parameter to account for impervious area
interact to simulate the hydrologic processes influencing runoff. The
parameters and their definitions are listed in table 4.

Antecedent conditions affecting infiltration are determined by the soil
moisture accounting component. Daily rainfall and evaporation are used with
four parameters (EVC, RR, BMSM, and DRN) to simulate the redistribution of
moisture in the soil column and evapotranspiration from the soil.

A modified form of the infiltration equation developed by Philip (1954)
is used to compute the rainfall excess (rainfall minus infiltration) for
each time interval. Three parameters (PSP, KSAT, and RGF), along with
unit-value rainfall data and output reflecting antecedent conditions from
the soil moisture-accounting component, determine the runoff volume for each
event.

The surface-runoff routing component uses three parameters (KSW, TC,
and TP/TC) and the Clark unit hydrograph method to transform the rainfall
excess into the outflow hydrograph. The routing component was modified, as
described by Carrigan (1973), to incorporate a triangularly shaped
translation hydrograph as an internal feature of the computer program rather
than an externally developed time-area histogram. This modification allowed
separation of compound peaks, which provided more events for use in the
calibration process.

Model Calibration

Model calibration is the process of adjusting the parameter values in
order to minimize differences between simulated and observed hydrographs. A
broad range of peak discharges that meet the basic model assumption of
nearly uniform rainfall over the basin is desirable for accurate model
calibration. Obviously, the uniform rainfall assumption is never met by
nature and an averaging effect is assumed to apply to the parameter fitting
process. The effect of changes in the routing parameters (TC and KSW)
remains constant for all discharges. However, changes in the runoff
volume-producing parameters (KSAT and PSP, for example) will generally have
a greater effect on larger floods, which influence the calibration bias.
Therefore, a broad range of event sizes was used to calibrate the
volume-producing model parameters, while the routing parameters were
adjusted to give weight to the larger events, because the calibrated models
were intended to synthesize relatively large events.
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Table 4.-- Rainfall-runoff model parameters

[---, indicates dimensionl%ss parameter)

Parameter

Units

Definition

BMSM

EVC

DRN

PSP

RGF

KSAT

Ksw

TC

TP/TC

EIA

Antecedent soil-moisture acqounting component

inches

inches per
hour

inches

inches per
hour

Soil moisture storage volume at field capacity.

Coefficient to convert pan evaporation to
potential evapotranspiration values.

A constant draiqﬁge rate for redistribution of
soil moisture.

Proportion of daily rainfall that infiltrates
the soil.

Infiltration component

Represents the combined effects of soil moisture
content and suction at the wetting front for
soil moisture at field capacity.

Ratio of PSP for soil moisture at wilting point to
that at field capacity.

The minimum saturated value of hydraulic
conductivity used to determine soil infiltra-
tion rates.

Surface-runoff routing component

hours

minutes

percentage

Time characteristic of linear channel
storage reservoir.

Duration of the [triangular translation
hydrograph (time of concentration).

Ratio of time-tg-peak to time of concentration.

Urbanization component

The ratio of efﬁective impervious area to total
basin area.
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Approximately 30 to 45 floods per station were initially available at
each study site for calibration. Once the event beginning times, ending
times, and baseflow were specified, the initial parameter values for the
model had to be estimated. The parameters DRN, EVC, and TP/TC were held
constant throughout calibration of each study site. Calibration of the
model proved to be very insensitive to large changes in DRN. Therefore, DRN
was set to 1.00 as was done by Alley and Smith (1982). The value of EVC was
fixed based on Class A pan evaporation values documented by Kohler and
others (1959). TP/TC was fixed at 0.50, as suggested by Mitchell (1972).
The value of effective impervious area was initially estimated as three-
fourths of the total impervious area. Starting values for KSAT were
obtained from Chow (1964) based on soil classification. Beginning values
for other soil-moisture-accounting and infiltration parameters RR, BMSM,
RGF, and PSP were obtained from Inman (1983, 1988) based on comparisons of
pPhysiographically similar basins. KSW and TC were estimated from plots of
the larger non-compound peaks and unit-value rainfall.

A first simulation using the initial parameter estimates provided a
scatter diagram of total observed rainfall and runoff volume (both in
inches). Events, where rainfall greatly exceeded runoff, or where runoff
was greater than rainfall were excluded from further use in the calibration.
Other events were deleted only when justified by anomalies in the data or in
the physiographic characteristics of the basin.

In general, the calibration process involved successive iterations of
adjustments to the parameters controlling runoff volume followed by
adjustments to the routing parameters. Manual optimization methods were
used to define the initial values for input to the automatic optimization
process of the model. Using automated parameter optimization with
physically unrealistic initial parameter values can result in final
parameter values that are even more unrealistic, despite a good fit between
observed and predicted values. Therefore, several manual adjustments were
made to those parameters affecting runoff volume and peak discharge before
the automated scheme was employed.

Bias in modeled peak discharges and runoff volumes was evaluated by
inspection of a graphic relation of computed and observed values. If the
relation showed some deviation from a line having a 1:1 slope and passing
through the origin, the calibration results were considered to be biased.
It was found that varying the routing parameters such as TC and KSW only
changed the intercept of the relation between observed and simulated peak
discharges, whereas variation of the volume parameters such as PSP, KSAT,
RGF, and EIA changed both the intercept and slope of the peak discharge and
volume relations. Therefore, volume parameters were adjusted to change the
intercept and slope of the observed-simulated relation, and routing
parameters were subsequently used to further adjust the intercept of the
peak-discharge relation.

When close agreement between average observed and simulated volumes was
obtained and when the slope of the relation of computed and observed values
was between about 0.9 and 1.1 (1.0 being the ideal value), the parameter
values were considered reasonable for use in the automated parameter
optimization phase of calibration. The computer-optimization technique is a
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trial-and-error, hill-climbing technique based on a method devised by
Rosenbrock (1960) and revised by J.M. Bergmann and others (U.S. Geological
Survey, written commun., 1990). RRM, like previous versions of the model,
allows the user to optimize parameters based on reduction of total error,
but it also can make adjustments necessary to achieve a regression slope
close to 1.0 for either peaks or volumes. Routing parameter (KSW and TC)
adjustments to obtain correct peak discharge were made manually after
visually inspecting observed and simulated hydrograph plots. Final runs
were made to fine-tune the routing parameters using the automated
optimization routines. ‘

Throughout the calibration process, the priority of fitting model
parameters and judging the quality of the simulation results were:

1) An unbiased fit of the simulated versus observed values,
2) a reasonable group of parameter values that reflect observed
conditions, and
3) minimized total error.
Final relations between simulated volumei and observed volumes and
between simulated peak discharges and observed peak discharges for all
floods at one site are shown in figures 4 and |5, respectively.

Long-Term Hydrograph Synthesis

Discharge hydrographs were synthesized for each study site using a
subroutine of RRM developed by Carrigan and others (1977). This part of the
program uses the final parameter values from the calibrated rainfall-runoff
model and long-term rainfall and evaporation records to produce a long-term
series of synthetic hydrographs. Usually, data from the closest long-term
rainfall and evaporation stations were used to synthesize the long-term
hydrographs. Tests using different evaporation stations showed little
sensitivity of volumes and peaks to the evaporation data sets. However, the
model was sensitive to the long-term rainfall record chosen in each case to
synthesize the series of annual-peak discharges for a basin. Even in cases
where both long-term rainfall stations seemed to be located in
physiographically and meteorologically similar settings, substantially
different results were obtained when each rainfall-data set was applied to
the calibrated basin models. For study basins located between rainfall
stations where such a disparity in results occurred, the discharge-frequency
estimates were interpolated by weighting the results inversely proportional
to the distance between the site and the two rainfall stations.

Determination of Peak-Discharge Frequency

Once the 3 to 5 hydrographs were synthesized for each year of long-term
record, the program selected the highest discharge for each water year. The
logarithms of the annual peaks were then fitted to a Pearson Type III
frequency distribution using guidelines from U.S. Water Resources Council
Bulletin 17B (1981). These guidelines include methods for handling low and
high outliers. The skew coefficients computed directly from the synthesized
data-frequency curves were not adjusted using the regional map skew provided
in Bulletin 17B, because the regional skews were developed from rural data
and do not represent urban conditions.
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SIMULATED FLOOD VOLUME, IN INCHES
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Figure 4.--Relation between observed runoff volumes and simulated runoff
volumes from the rainfall-runoff model calibration of Rocky Branch at
Columbia.
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SIMULATED PEAK DISCHARGE, IN CUBIC FEET PER SECOND
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Figure 5.--Relation between observed flood-peak discharge and simulated
flood-peak discharge from the rainfall-rynoff model calibration of
Rocky Branch at Columbia.
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Discharge-frequency curves for flood peaks simulated by RRM reflect
existing detention storage that may be present at upstream roadway
embankments with culverts of limited capacity, or minor flood-plain storage.
Detention storage is difficult to quantify, because its effect varies with
the magnitude of the flood. When increasing discharge causes flow over the
road, the effect of storage on peak discharge is reduced. In basins with
multiple crossings, this effect is complex and not subject to
regionalization (Inman, 1983). The user would also find it difficult to
compute this parameter at ungaged sites. Thus, the frequency and regression
analyses reflect the average storage conditions that occurred during the
events used in calibration.

It is possible for synthetic-frequency curves to be biased as a result
of the smoothing effect (loss of variance) of the rainfall-runoff model. A
reduction in standard deviation of annual flood peaks would result in a
flattening of the flood-frequency curve; thus, flood estimates for long
recurrence intervals (100 years, for example) may be considerably less than
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