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CONVERSION FACTORS, TEMPERATURE, VERTICAL AND HORIZONTAL DATUMS,

AND ACRONYMS
Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (miz) 2.590 square kilometer (kmz)
Flow
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
cubic foot per second per square mile [(ft3/s)/mi2] 0.01093 cubic meter per second per square kilometer [(m3/s)/km2]

Volume per time
inch per year (in/yr) 2.54 centimeter per year (cm/yr)

Temperature: In this report, temperature is given in degrees Fahrenheit (°F), which can be converted to
degrees Celsius (° C) by using the following equation:

OC=

[{el}éy

X (°F-32)

Vertical coordinates: Vertical coordinates in this report are referenced to the North American Vertical
Datum of 1988 (NAVD 88).

Horizontal coordinates: Unless otherwise specified, horizontal (latitude and longitude) coordinates in this
report are referenced to the North American Datum of 1983 (NAD 8§83).

Acronyms:
GIS geographic information system
NAD 27 North American Datum of 1927
NAD 83 North American Datum of 1983
NAVD 88 North American Vertical Datum of 1988
USGS U.S. Geological Survey

Contents v



Methods for Estimating Peak Discharges and Unit
Hydrographs for Streams in the City of Charlotte
and Mecklenburg County, North Carolina

By J. Curtis Weaver

ABSTRACT

Procedures for estimating peak discharges and
unit hydrographs were developed for streams in the city
of Charlotte and Mecklenburg County in response to a
need for better techniques for characterizing the flow of
streams. The procedures presented in this report
provide the means for estimating unit hydrographs as
part of the process used in watershed modeling and(or)
design of stormwater-management structures. The
procedures include three statistical relations for use in
estimating storm peak discharge, unit-hydrograph peak
discharge, and unit-hydrograph lag time. A final
component of the procedures is the development of a
dimensionless unit hydrograph developed from
streamflow and rainfall data collected during the
1995-2000 water years at 25 streamgaging stations
and up to 60 raingages in the city and county.

The statistical relation to estimate the storm peak
discharge is based on analyses of observed peak
discharges regressed against rainfall and basin
characteristics using a database of 412 observations
from 61 storm events among the 25 gaging stations.
The rainfall characteristics included basin-average
rainfall amounts as well as estimates of the maximum
and minimum storm rainfall in the basin. The basin
characteristics consisted of land-use information and
other physical basin characteristics, such as drainage
area, channel length, channel slope, percentage of
impervious area, and percentage of the basin served by
detention. The analyses resulted in a relation that can
be used for estimating storm peak discharge based on
drainage area, basin-average rainfall, and impervious
area.

Average unit hydrographs were developed for
24 of 25 streamgaging stations, using from three to nine
storms at each site. The average unit hydrograph for
each station was converted into four classes of unit
hydrographs with durations corresponding to one-
fourth, one-third, one-half, and three-fourths of the
station-average lag time. For 23 sites, the lag-time-
duration hydrographs were then translated into
dimensionless unit hydrographs by dividing time
ordinates by the lag time and discharge ordinates
by peak discharge. For each lag-time-duration class,
the dimensionless unit hydrographs for the sites
were combined to create an average dimensionless
unit hydrograph. The four average dimensionless unit
hydrographs were later tested (with estimates of unit-
hydrograph peak discharges and lag times) for
selection of an overall dimensionless unit hydrograph
to be used at ungaged sites in the study area. The two
sites where the procedures did not produce unit
hydrographs that could be included in the development
of the overall dimensionless unit hydrograph had the
smallest drainage areas among the sites used in the
investigation.

The statistical relations for estimating unit-
hydrograph peak discharge and lag time were
developed by regressing the dependent variables
against explanatory variables that describe the basin
characteristics. The statistical analyses resulted in a
relation for use in estimating a unit-hydrograph peak
discharge based on the drainage area. The estimation of
the unit-hydrograph lag time is based on the drainage
area and percentage of land use in the basin classified
as “woods/brush.” Both relations have coefficients of
determination (R2 values) of 0.9 or better.
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The three components for estimating a unit
hydrograph are the dimensionless unit hydrograph and
two statistical relations for estimating the unit-
hydrograph peak discharge and lag time. These
components were applied by using each of the four lag-
time-duration average dimensionless unit hydrographs
to determine which would be selected as the final
overall dimensionless unit hydrograph for streams in
the city of Charlotte and Mecklenburg County.
Comparisons of the simulated and observed
hydrographs were based on the following:

(1) hydrograph width at 50 percent of the peak
discharge, (2) hydrograph width at 75 percent of the
peak discharge, (3) peak discharge, (4) time to peak
discharge, and (5) volume of direct runoff beneath the
hydrograph. Results of the testing indicated that the
one-fourth lag-time-duration dimensionless unit
hydrograph provides the best fit of data when compared
with the observed hydrographs. Thus, it was selected as
the final overall dimensionless unit hydrograph for the
study area.

INTRODUCTION

The effects of population growth and
development on runoff in the city of Charlotte and
Mecklenburg County, North Carolina, have been the
focus of water-resources data-collection and
investigation programs conducted by the U.S.
Geological Survey (USGS) since the early 1990’s.
Most of the county is located in the Catawba River
basin, which is part of the larger Santee River Basin
that drains parts of North Carolina and South Carolina
(fig. 1). The earliest records of streamflow collected in
Mecklenburg County by the USGS date back to 1924,
and a small number of other streamgaging stations
located in the county have records dating back to 1962.

More recent USGS programs in Charlotte and
Mecklenburg County have focused on the
characterization of stormwater quality and quantity
with the simultaneous collection of streamflow and
water-quality data at network sites selected to provide
a cross section of land uses throughout the county. The
effects of development long have been recognized by
local planning officials as increasing the probability of
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Figure 1.

Base from digital files of:

U.S. Department of Commerce, Bureau of Census,
1990 Precensus TIGER/Line Files-Political boundaries, 1991
U.S. Environmental Protection Agency, River File 3

U.S. Geological Survey, 1:100,000 scale

Locations of Mecklenburg County and the Catawba River basin of North and South Carolina.
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flooding. However, the occurrence of widespread
flooding in August 1995 and July 1997 that resulted in
extensive property damage and loss of lives
emphasized the need to more aggressively manage
stormwater runoff, particularly during large
precipitation events.

An understanding of the historical and estimated
stormwater characteristics in a given area allows
planning officials to have a better understanding of
stream-specific flooding potentials and to better design
more effective drainage structures as part of the overall
infrastructure, minimizing property damage during
flooding events. The increased understanding of
stormwater characteristics thus allows for effective
stormwater management and also permits emergency-
response officials to better understand the nature of
flooding during a given event, which in turn allows for
the increased safety of the public. Efforts to better
manage stormwater runoff can be divided into two
general categories: (1) the expansion of a real-time
raingage and streamflow-monitoring network to track
storms and their effects on area streams, and (2) the
development of a watershed modeling system to better
aid in the delineation of flood-prone areas for future
development conditions.

In water yealr1 2001, streamflow records were
collected at 25 gaging stations in Charlotte and
Mecklenburg County (Ragland and others, 2002). The
USGS collected rainfall data at three locations in the
county between 1988 and 1992. The network began to
expand in late 1992 with 11 additional raingages to
provide coverage for the lower two-thirds of the county.
By the end of water year 2001, the network consisted
of 67 raingages, which provided a comprehensive
coverage of Mecklenburg County and the fringes of
adjacent counties. The hydrologic network is equipped
with communications systems that automatically
transmit real-time data describing current streamflow
conditions and provide early warning to local officials
of flooding conditions.

The use of the Mecklenburg County watershed
model (developed by Mecklenburg County) to simulate
storm hydrographs requires (1) a user-defined rainfall
amount (either observed or theoretical value) along
with rainfall distribution over the duration of a storm,
and (2) procedures for estimating the peak discharges

! Water year is the 12-month period from October 1 through
September 30 and is designated by the year in which the period
ends.

and unit hydrographs. A unit hydrograph is defined as
the direct runoff (total discharge minus base flow)
resulting from 1 inch of “excess” rainfall (defined
below) generated uniformly over the basin at a uniform
rate during a specified period of time or duration. The
shape of the unit hydrograph is a function of the basin
characteristics. Unless the basin characteristics change,
the unit hydrograph does not change in its shape. For a
given unit hydrograph, two parameters are of primary
interest to the hydrologist—the peak discharge and lag
time. The lag time represents the time elapsed between
the rainfall occurrence and the occurrence of peak
discharge. More specifically, itis defined as the elapsed
time (a constant for a basin) between the centroid of
rainfall excess and centroid of the resultant runoff
hydrograph (Stricker and Sauer, 1982).

To adequately account for stormwater
characteristics specific to Mecklenburg County
streams, there is a need for area-specific procedures to
estimate peak discharges and unit hydrographs to
maintain the credibility and reliability of the watershed
model as a planning tool for city and county officials.
Therefore, the USGS, in cooperation with the City of
Charlotte and Mecklenburg County, conducted an
investigation to develop techniques that can be used to
estimate peak discharges and unit hydrographs for
Mecklenburg County streams.

Purpose and Scope

The purpose of this report is to present
techniques for estimating peak discharges and unit
hydrographs for streams in the city of Charlotte and
Mecklenburg County. Statistical (regression) relations
were developed for estimating (1) peak discharge for a
storm event based on rainfall and basin characteristics,
(2) unit-hydrograph peak discharge based on basin
characteristics, and (3) basin lag time for use in
developing a unit hydrograph.

Streamflow data and basin characteristics at
25 sites across Mecklenburg County were combined
with rainfall data from up to 61 storm events during the
1995-2000 water years to form the database used in
developing the statistical relation to estimate a peak
discharge for a given storm event. The study period
was selected to represent streamflow conditions
affected, in part, by the most current land-use patterns
available in geographic information system (GIS) map
coverages.
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Average unit hydrographs were developed for
24 of 25 streamgaging stations, which were converted
into four classes of unit hydrographs with durations
corresponding to one-fourth, one-third, one-half, and
three-fourths of the station-average lag time. For
23 sites, the lag-time-duration hydrographs were then
translated into dimensionless unit hydrographs by
dividing time ordinates by lag time and discharge
ordinates by peak discharge. For each lag-time-
duration class, the dimensionless unit hydrographs for
the sites were combined to create an average
dimensionless unit hydrograph. The four average
dimensionless unit hydrographs were then tested (with
estimates of unit-hydrograph peak discharges and lag
times) for selection of an overall dimensionless unit
hydrograph to be used at ungaged sites in the study
area. The two sites where the procedures did not
produce unit hydrographs that could be included in the
development of the overall dimensionless unit
hydrograph had the smallest drainage areas among the
sites used in the investigation.

Using estimated values of the unit-hydrograph
peak discharge and lag time, the dimensionless unit
hydrograph can be converted into a unit hydrograph for
a given basin. Then, by using the discharge ordinates
from a unit hydrograph multiplied by a time series of
rainfall excess, the unit hydrograph can be converted
into a simulated hydrograph, which can then be
compared to an observed hydrograph for an actual
storm event. Rainfall excess is that part of the rainfall
that becomes direct overland runoff to the streams.
Although this report does not present information or
techniques regarding the computation of rainfall excess
distribution, it does present an example application of
the techniques and steps required to simulate a storm
hydrograph using rainfall excess computed from
observed rainfall record for an actual storm.

Previous Investigations

Other hydrologic investigations have been
conducted by the USGS that addressed the quality and
quantity of water resources in Mecklenburg County
and its vicinity. During 1993-98, the USGS, in
cooperation with the City of Charlotte and
Mecklenburg County, collected and interpreted data
from six to nine small urban basins in the city and
county in an effort to characterize urban stormwater
quantity and quality (Robinson and others, 1996, 1998;
Sarver and others, 1999). Available data at nine sites

during the 1993-98 studies were used to investigate
the effects of land use on stormwater quality and to
develop statistical relations for estimating constituent
loads in Mecklenburg County streams (Bales and
others, 1999). Streamflow data from six of the nine
sites used in these previous studies also were used in
this investigation to develop the techniques for
estimating peak flows and unit hydrographs. Further
investigation into the effects of land use on water
quality and the transport rates of selected constituents
during 1994-98 was conducted by Ferrell (2001).

During 1994-97, the USGS, in cooperation with
the Charlotte-Mecklenburg Utility Department,
collected water-quality data in Mountain Island Lake
(Sarver and Steiner, 1998) and developed a water-
quality model for the reservoir (Bales and others,
2001). Additionally, the Catawba River Basin is part of
the larger Santee River Basin Study Unit (fig. 1)
included in the USGS National Water-Quality
Assessment (NAWQA) Program. As part of this
program, water-quality data were collected
synoptically and at fixed sites in the Catawba River
Basin. These data are now part of a national database
for assessing the patterns and trends of water quality in
major river basins across the United States (Hughes,
1994; Maluk and Kelley, 1998; Maluk and others,
1998).

The USGS has conducted investigations related
to the estimation of peak discharges, lag time, and(or)
development of dimensionless unit hydrographs in
North Carolina and other nearby states. Putnam (1972)
related peak discharges (at varying recurrence
intervals) to basin characteristics and discussed the
development of the basin lag time for urban areas in the
Piedmont of North Carolina. The methods presented by
Putnam (1972) have been used by the City of Charlotte
and Mecklenburg County as part of its planning for and
management of stormwater (Charlotte Chamber
Design Manual Task Force and others, 1993). Mason
and Bales (1996) used data collected at 50 sites to
develop techniques for determining a dimensionless
unit hydrograph for small urban streams in North
Carolina.

The USGS also has conducted similar unit-
hydrograph studies in nearby states. Inman (1987)
presented methods for simulating flood hydrographs
for Georgia streams using data collected from
117 streamgaging stations (80 sites with drainage areas
less than 20 square miles (miz) and 37 sites with
drainage areas ranging from 20 to 500 mi?). Inman

4 Methods for Estimating Peak Discharges and Unit Hydrographs for Streams in the City of Charlotte and Mecklenburg County, North Carolina



(2000) also presented relations for use in estimating lag
time in urban Georgia streams. Bohman (1990, 1992)
provided techniques for simulating flood hydrographs
for rural basins and for determining peak-discharge
frequency, runoff volumes, and flood hydrographs for
urban basins in South Carolina. Dillow (1998)
presented regional techniques for simulating peak-flow
hydrographs using data collected at 81 streamgaging
stations representing a range of drainage areas and
basin conditions located throughout Maryland and
Delaware.
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DESCRIPTION OF THE STUDY AREA

The city of Charlotte and Mecklenburg County,
located in south-central North Carolina in the southern
Piedmont physiographic province, encompass a
combined area of about 567 mi”. The county is
bounded on the west by the Catawba River and its
reservoirs—part of Lake Norman, Mountain Island

Lake, and part of Lake Wylie (fig. 2). These lakes
compose 21.9 mi? of the county area.

Charlotte is the principal municipality in
Mecklenburg County and the largest city in North
Carolina. The 2000 population for the incorporated
areas of Charlotte was nearly 541,000, and the total
population for the county was about 695,000 (U.S.
Census Bureau, 2001). These recorded populations are
higher by 36.6 and 36.0 percent, respectively, than
corresponding 1990 population values.

The Catawba River drains approximately
75 percent of the county. The remaining 25 percent of
the county is drained by the Rocky River and its
tributaries (fig. 2) in the Yadkin-Pee Dee River basin
(figs. 1, 2). The city area is about 237 mi2 (or
43.5 percent) of the county’s nearly 545-mi” land area.
Most of the metropolitan area (in the southern two-
thirds of the county) is drained by four large creeks—
Irwin, Little Sugar, Briar, and McAlpine Creeks.

Setting and Climate

The topography of Mecklenburg County is
characterized by broad, gently rolling interstream areas
and by steep slopes along the drainage ways. The
elevation of the county ranges from 520 feet (ft) at the
State line south of Pineville, N.C., to about 830 ft in the
extreme northern portion of the county (McCachren,
1980). The area is predominately underlain by granite
with some slate in the southeast (LeGrand and
Mundorff, 1952). The soils in the county are described
as well-drained sandy loams with a clayey subsoil.

The climate of the county is characterized by hot,
humid summers and short, mild winters with periods of
more moderate conditions during the spring and
autumn seasons. The monthly mean temperature
ranges from about 40 degrees Fahrenheit (°F) in
January to about 79 °F in July (National Oceanic and
Atmospheric Administration, 2000). In all areas of the
county, daily maximum temperatures in the summer
reach levels exceeding 90 °F for long periods of
consecutive days. Precipitation in Mecklenburg
County averages about 43 inches per year (in/yr).

Data-Collection Sites
Streamflow and rainfall data used in the analyses
were collected from an extensive network of

streamgaging stations and raingages located

Description of the Study Area 5
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Figure 2. Locations of major streams, the streamgaging network, and the extent of study basins in Charlotte and Mecklenburg County.

6 Methods for Estimating Peak Discharges and Unit Hydrographs for Streams in the City of Charlotte and Mecklenburg County, North Carolina



throughout the city of Charlotte and Mecklenburg
County. Twenty-five gaging stations with drainage
areas ranging from about 0.12 mi? to 92.4 mi” were
selected for this study (fig. 2; table 1). Although the
periods of record varied among the streamflow sites,
discharge data used in the analyses generally were
selected from storms during the 1995-2000 water
years. On Irwin Creek (site 7, fig. 2) and Little Sugar
Creek (site 11) near the central part of the city where a
sufficient number of raingages were in operation prior
to the 1995 water year, discharge data for a few selected
storms during the 1993-94 water years were included
in the unit-hydrograph analyses. The cumulative
drainage areas for the selected streamgaging stations is
304 mi?, or approximately 54 percent of the county
(fig. 2). Of the 25 sites, Mallard Creek (site 1) is the
only stream that drains to the Yadkin-Pee Dee River by
way of the Rocky River (fig. 2). The remaining 24
stream sites are located in the Catawba River basin.

Near the beginning of the 1993 water year, the
raingage network consisted of 14 data-collection sites
providing coverage predominantly across the southern
two-thirds of the county (fig. 3; table 2). By the end of
the study period (2000 water year), a network of 60
precipitation data-collection sites throughout
Mecklenburg County and in the fringes of adjacent
counties provided coverage for the entire county.
Although the size of the network varied during the
study period, over 25 data-collection sites provided
coverage of most of the county by the end of the 1994
water year. Rainfall data collected at these sites during
the period of study were used in the analyses to develop
a statistical relation to estimate the peak discharge for a
given storm and to develop unit hydrographs for
selected storm events. Further information on the
raingage network is provided by Hazell and Bales
(1997).

Basin Characteristics

Selected basin characteristics were compiled for
use as explanatory variables in developing statistical
relations to estimate peak discharges (for a storm event
and the unit hydrograph) and the basin lag time. The
basin characteristics used in this investigation are
divided into two general categories—land-use
information and physical characteristics of the basin.

Land Use

Land-use information used in this investigation
indicates that the 25 streams drain basins of varying
land-use characteristics; however, land use in all basins
has been affected by varying degrees of growth and
development. The information is based on data initially
obtained from 1990 aerial photography and updated in
1998 by using building-permit data (Mecklenburg
County Land Records and Mapping Services, 1998).
The data are categorized into 12 land-use
classifications (fig. 4).

The effect of having no basins in the study that
were classified as rural (as might be expected in a more
regional or statewide study) resulted in varying
percentages of classifications that are practically
unique for each basin. In other words, based on the
12 land-use classifications, there did not appear to be a
dominant land use in most of the basins. It was
considered useful, therefore, to combine some of the
classifications in these urban basins (1) to aid in
developing summary description (residential) for use in
characterizing land use (table 3) and (2) to reduce the
number of variables (residential, commercial, and
industrial) for use in developing the statistical relations
(see Methods for Estimating Peak Discharges).

The summary description was developed by
using the two highest land-use percentages in each
basin (table 3). If two or less land-use classifications
compose more than 75 percent of the basin area, the
summary description specifies the classification(s).
Otherwise, the summary description identifies the
basin land use as “mixed” (defined in this report as
having three or more classifications that cumulatively
compose more than 75 percent of the basin area). None
of the basins have land use in one classification that
composes more than 75 percent of the basin area. The
19 basins that have mixed land use (table 3) are
predominately in the southern two-thirds of the county.
A mixed land-use basin typically has a moderate-sized
or larger drainage area in which many different land
uses occur in the basin. Of the six basins having 75
percent or more land use in just two classifications,
four basins (sites 4, 14, 15, and 19, table 3) have
drainage areas that are among the smallest of the study
sites.

For the summary description, land use in the
basins with two classifications cumulatively occupying
more than 75 percent of the basin generally were
woods/brush and medium- or low-density residential
classification (sites 3, 4, 9, and 19, table 3). These

Description of the Study Area 7
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Table 1.

Summary of streamgaging stations and characteristics for study sites in the City of Charlotte and Mecklenburg County, North Carolina

[USGS, U.S. Geological Survey; mi?, square mile; NC, North Carolina (highway). Period of record indicates available record of daily value discharges for sites as of September 2000. Data used in the study
were collected during the 1995-2000 water years (except for sites 7 and 11 for which data were included for some storms in the 1993-94 water years). Unless otherwise specified, latitude and longitude are
referenced to the North American Datum of 1983]

~N

2 USGS Drainage .

::: downstream Station name Latitude Longitude area Tributary Period of record
; order number? (mi?) to

7

1 02124149 Mallard Creek below Stony Creek near Harrisburg 35°19'58"  80°42'57" 34.6 Rocky River Dec 1994 — Sept 2000
2 02142651 McDowell Creek at Westmoreland Road near Cornelius?®d 35°27'49"  80°52'36" 2.35 Catawba River May 1994 — Sept 1997
3 02142660 McDowell Creek near Charlotte®" 35°2323"  80°55'16" 26.3 Catawba River Nov 1996 — Sept 2000
4 0214266075 Gar Creek at McCoy Road near Oakdale™9-2 35°21'55"  80°53'12" 2.67 Catawba River Apr 1994 — Sept 1997
5 02142900 Long Creek near Paw Creek 35°1943"  80°54'35" 16.4 Catawba River June 1965 — Sept 2000
6 02142956 Paw Creek at Wilkinson Boulevard near Charlotte 35°14'25"  80°58728" 10.8 Catawba River Oct 1994 — Sept 2000
7 02146300 Irwin Creek near Charlotte 35°11'52"  80°54'16" 30.7 Sugar Creek May 1962 — Sept 2000
8 02146315 Taggart Creek at West Boulevard near Charlotte” 35°12'24"  80°55'19" 5.38 Sugar Creek Jul 1998 — Sept 2000
9 02146348 Coffey Creek near Charlotte 35°08'45"  80°55'37" 9.14 Sugar Creek Oct 1998 — Sept 2000
10 02146381 Sugar Creek at NC 51 near Pineville 35°05'27"  80°53'58" 65.3 Catawba River Oct 1994 — Sept 2000
11 02146409 Little Sugar Creek at Medical Center Drive at Charlotte 35°12'13"  80°50'13" 11.8 Sugar Creek Oct 1994 — Sept 2000
12 0214642825 Briar Creek near Charlotte 35°14'10" 80°46'16" 52 Little Sugar Creek Apr 1998 — Sept 2000
13 0214645022 Briar Creek above Colony Road at Charlotte 35°1031"  80°4951" 19.0 Little Sugar Creek Dec 1995 — Sept 2000
14 02146470 Little Hope Creek at Seneca Place at Charlotte 35°0952"  80°51'11" 2.63 Little Sugar Creek Dec 1982 — Sept 1990, Oct 1994 — Sept 2000
15 0214650690 Litge}:1 as.r'il(%tatg E‘iieek tributary above Archdale Drive near 35°08'54"  80°51'40" 0.12 Little Sugar Creek Dec 1993 — Sept 1998
16 02146507 Little Sugar Creek at Archdale Drive at Charlotte 35°08'53"  80°51728" 42.6 Sugar Creek Jan 1978 — Sept 2000
17 02146530 Little Sugar Creek at Highway 51 at Pineville 35°05'07"  80°52'56" 49.2 Sugar Creek June 1997 — Sept 2000
18 02146600 McAlpine Creek at Sardis Road near Charlotte 35°08'16"  80°46'03" 39.6 Sugar Creek Apr 1962 — Sept 2000
19 0214666925 Fourmile Creek tributary near Providence®1 35°03'48"  80°48'36" 0.27 Fourmile Creek June 1994 — Sept 1998
20 02146670 Fourmile Creek near PinevilleX 35°04'37"  80°4921" 17.8 McAlpine Creek Jul 1997 — Sept 2000
21 0214669980 McMullen Creek tributary near Charlotte?%! 35°08'47"  80°48'34" 0.13 McMullen Creek Dec 1993 — Sept 1998
22 02146700 McMullen Creek at Sharon View Road near Charlotte 35°08'27"  80°4912" 6.95 McAlpine Creek Apr 1962 — Sept 2000
23 02146750 McAlpine Creek below McMullen Creek near Pineville 35°04'00" 80°52'12" 92.4 Sugar Creek Apr 1974 — Sept 2000
24 0214677974 Steele Creek above State Road 1344 near Shoptonb 35°07'45"  80°57'12" 3.57 Sugar Creek Oct 1990 — Sept 1998
25 0214678175 Steele Creek at State Road 1441 near Pineville 35°06'18"  80°57'13" 6.73 Sugar Creek May 1998 — Sept 2000

2 The downstream order number (station number) is assigned by the U.S. Geological Survey and is based on a system of sequential numbers that increase in the downstream direction.

b Latitude and longitude for this site reported to North American Datum of 1927.

¢ Site CSW09, operated as part of previous water-quality investigation for sites in Mecklenburg County.
d See Robinson and others (1996, 1998), Bales and others (1999), and Sarver and others (1999) for water-quality data and other investigative results for this site.
€ Site CSW10, operated as part of previous water-quality investigation for sites in Mecklenburg County.
f See Robinson and others (1998), Bales and others (1999), and Sarver and others (1999) for water-quality data and other investigative results for this site.
& Site CSWO08, operated as part of previous water-quality investigation for sites in Mecklenburg County.

" Site number erroneously published as 02146308 in 1999 USGS annual data report.

i Site CSW02, operated as part of previous water-quality investigation for sites in Mecklenburg County. Drainage area previously published as 0.123 mi? (see references in footnote d above).
J Site CSWO07, operated as part of previous water-quality investigation for sites in Mecklenburg County. Drainage area previously published as 0.266 mi? (see references in footnote d above).
K Site name previously published as “Four Mile Creek near Pineville” in 1998-2000 USGS annual data reports.
I Site CSW04, operated as part of previous water-quality investigation for sites in Mecklenburg County. Drainage area previously published as 0.126 mi? (see references in footnote d above).
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Figure 3. Raingage network sites in Mecklenburg County, North Carolina, October 1988 through September 2000.
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Table 2. Raingage network sites in Mecklenburg County, North Carolina, October 1988 through September 2000

[WWTP, wastewater-treatment plant]

S(::n;; Station no.? Latitude Longitude Location? Drainage basin ':Z:g:‘dﬂf
1 351812080445545  35°18'12"  80°44'55" CRNOI, Fire Station 27, 111 Ken Hoffman Drive Mallard Creek 10/92-9/00
2 351954080493445  35°19'54"  80°49'34" CRNO2, Fire Station 28, 8013 Old Statesville Road Long Creek 10/92-9/00
3 0214620760 35°16'32"  80°47'05" CRNO3, Irwin Ceek at Starita Road at Charlotte Irwin Creek 10/92-9/00
4 351132080562345  35°11'32"  80°56'23" CRNO4, Fire Station 30, 4707 Belle Oaks Road Sugar Creek 10/92-9/00
5 351642080533445  35°16'42" 80°53'34" CRNO5, CMUD Admin. Bldg., 5100 Brookshire Boulevard Irwin Creek 10/92-9/00
6 02146750 35°03'59"  80°52'12" CRNO06, McAlpine Creek below McMullen Creek near Pineville McAlpine Creek 5/93-9/00
7 350351080454145  35°03'51" 80°45'41" CRNO7, Fire Station 9, 4529 McKee Road Six Mile Creek 10/92-9/00
8 350314080484945  35°03'14"  80°48'49" CRNOS, St. Matthews Church, 11515 Elm Lane? Four Mile Creek 10/92-9/00
9 351414080463245  35°14'14"  80°46'32" CRNO9, Fire Station 15, 3617 Frontenac Avenue Briar Creek 11/92-9/00

10 02146600 35°08'14"  80°46'05" CRN10, McAlpine Creek at Sardis Road near Charlotte McAlpine Creek 11/92-9/00
11 351331080525945  35°13'31" 80°52'59" CRNI11, Fire Station 10, 2135 Remount Road Irwin Creek 11/92-9/00
12 350823080505345  35°0823" 80°50'53" CRN12, Fire Station 16, 6623 Park South Drive Little Sugar Creek 3/93-9/00
13 350947080524945  35°09'47" 80°52'49" CRN13, U.S. Geological Survey, 810 Tyvola Road Sugar Creek 5/93-9/00
14 351553080562645  35°15'53"  80°5626" CRN14, Fire Station 21, 1023 Little Rock Road Paw Creek 3/93-9/00
15 351320080502645  35°1320" 80°5026" CRN15, Charlotte-Meckleburg Government Center, Little Sugar Creek 3/93-9/00
600 E. Fourth Street
16 351540080430045  35°15'40" 80°43'00" CRN16, Reedy Creek Park Environmental Center, Reedy River 3/93-9/00
2900 Rocky River Road
17 351023080435745  35°1023" 80°43'57" CRN17, Piney Grove Elementary School, 8801 Eaglewind Drive McAlpine Creek 3/93-9/00
18 02142900 35°19'42"  80°54'35" CRN18, Long Creek near Paw Creek Long Creek 3/93-9/00
19 351132080504145 35°11'32"  80°50'41" CRN19, Freedom Park, Cumberland Drive Little Sugar Creek 9/93-9/00
20 351032080475245  35°10'32" 80°47'52" CRN20, Fire Station 14, 114 N. Sharon Amity Road McMullen Creek 9/93-9/00
21 350842080572801 35°08'42"  80°5728" CRN21, Kennedy Jr. High, 4000 Gallant Lane Steele Creek 9/90-9/00
22 350623080583801  35°06'41" 80°5820" CRN22, Walker Branch Basin, Choate Circle Steele Creek 9/90-9/00
23 351302080412701  35°13'02" 80°4127" CRN23, Harrisburg Road Landfill, 7817 Harrisburg Road Reedy River 10/88-9/00
24 02142651 35°27'49"  80°52'36" CRN24, McDowell Creek at Westmoreland Road near Cornelius McDowell Creek 5/94-9/00
25 0214266075 35°21'55"  80°53'12" CRN25, Gar Creek at SR2120 (McCoy Road) near Oakdale Gar Creek 4/94-9/00
26 352432080473745  35°24'32" 80°47'37" CRN26, Bradford Airfield, Huntersville-Concord Road Clarke Creek 6/94-9/00
27 351604080470845  35°16'04" 80°47'08" CRN27, Hidden Valley Elem. School, 5100 Snow White Lane Little Sugar Creek 10/94-9/00
28 0214635212 35°06'57" 80°54'49" CRN28, Unnamed tributary to Sugar Creek at Crompton Street Sugar Creek 4/95-9/00
29 351218080331345  35°12'18" 80°33'13" CRN29, Clear Creek Boy Scout Camp, 9408 Belt Road Clear River 2/96-9/00
30 351455080374445  35°14'55"  80°37'44" CRN30, Rhyne Farm, 3600 Peach Orchard Road McKee Creek 2/96-9/00
31 350110080502045  35°01'10" 80°5020" CRN31, Elon Homes, 11401 Ardrey-Kell Road Six Mile Creek 2/96-9/00
32 351028080385545  35°1028"  80°38'55" CRN32, Bain Elementary School, 11524 Bain School Road Goose Creek 2/96-9/00
33 352000080414645  35°20'00" 80°41'46" CRN33, Mallard Creek WWTP, 12400 Hwy. 29 North Mallard Creek 12/95-9/00
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Table 2. Raingage network sites in Mecklenburg County, North Carolina, October 1988 through September 2000—Continued

[WWTP, wastewater-treatment plant]

S(::r;(; Station no.? Latitude Longitude Location” Drainage basin ’:Z:g:’dﬂ'
34 352555080574445  35°25'55"  80°57'44" CRN34, Cowans Ford Dam, 257 Duke Lane Catawba River 2/96-9/00
35 0214267600 35°20'03"  80°59'12" CRNS35, Catawba River at Mountain Island Dam Catawba River 1/96-9/00
36 352921080473245  35°29'21" 80°47'32" CRN36, West Fork substation, 20801 Shearer Road Rocky River 2/96-9/00
37 351247080592745  35°12'47"  80°5927" CRN37, Berryhill Elementary School, 10501 Walkers Ferry Road Catawba River 2/96-9/00
38 350200081020345  35°02'00" 81°02'03" CRN38, Tega Cay Town Hall, 7000 Tega Cay Drive Lake Wylie 2/96-9/00
39 350634080405245  35°06'34" 80°40'52" CRN39, Phillips Farm, 2248 Mount Harmony Church Road Crooked Creek 2/96-9/00
40 353003080591745  35°30'03" 80°59'17" CRN40, Westport Golf Course® Lake Norman 2/96-9/00
41 0214266000 35°2322"  80°55'16" CRN41, McDowell Creek near Charlotte McDowell Creek 11/96-9/00
42 353014080524945  35°30'14" 80°52'49" CRN42, Norman Shores developmentf Lake Norman 1/97-9/00
43 352440080505045  35°24'40"  80°50'50" CRN43, Huntersville Elementary School, 200 Gilead Road McDowell Creek 1/97-9/00
44 352718080484345  35°27'18" 80°48'43" CRN44, Knox Farm, 13516 Mayes Road Clarke Creek 1/97-9/00
45 350903081004545  35°09'03" 81°00'45" CRN45, 12700 Withers Cove Road Catawba River 1/97-9/00
46 352135080462045  35°21'35"  80°46'20" CRN46, Oehler Farm, 3491 Johnston-Oehler Road Mallard Creek 1/97-9/00
47 351229080460245 35°1229" 80°46'02" CRN47, Winterfield Elementary School, Winterfield Place Briar Creek 3/99-9/00
48 350637080475645  35°06'37" 80°47'56" CRN48, Olde Providence Elementary School, Rea Road McAlpine Creek 3/99-9/00
49 352224080500345  35°2224"  80°50'03" CRN49, North Mecklenburg High School, Old Statesville Road Long Creek 4/99-9/00
50 351502080512045  35°15'02" 80°51'20" CRN50, Vest Treatment Plant® Irwin Creek 3/99-9/00
51 352310080424845  35°23'10" 80°42'48" CRNS5I1, Concord Regional Airport, Aviation Boulevard Rocky River 6/00-9/00
52 351753081011745  35°17'53"  81°01'17" CRNS52, Ida Rankin Elementary School, Central Avenue Catawba River 5/00-9/00
53 351412080541245  35°14'12" 80°54'12" CRNS53, Harding University High School, Alleghany Street Sugar Creek 5/00-9/00
54 351741080475045 35°17'43"  80°47'46" CRN54, Derita Elementary School, West Sugar Creek Road Mallard Creek 5/00-9/00
55 350324080551845  35°0324" 80°55'18" CRNS55, Hammond Farm, Fort Mill Sugar Creek 6/00-9/00
56 350635080513245  35°06'35" 80°51'32" CRNS56, South Mecklenburg High School, Park Road Little Sugar Creek 5/00-9/00
57 351109080412145 35°11'09"  80°41721" CRNS57, Lebanon Road. Elementary School, Lebanon Road McAlpine Creek 4/00-9/00
58 352006080462845  35°20'06" 80°46'28" CRNS58, Highland Elementary School, Clemson Avenue” Mallard Creek 6/00-9/00
59 350624081023345  35°0624" 81°02'33" CRNS59, YMCA Camp Thunderbird, Lake Wylie Catawba River 6/00-9/00
60 351104080521845 35°11'04"  80°52'18" CRNG60, Collinswood Elementary School, Applegate Road Little Sugar Creek 4/00-9/00

Station number is assigned by the U.S. Geological Survey and is based on geographic location. The "downstream order number" system is used for sites paired with a streamflow site, and the
"latitude-longitude" system is used for stand-alone sites.
"The “CRN##" designation listed as part of the location is a site reference for the raingage established in previous investigations. See Robinson and others (1996, 1998), Bales and others (1999),
and Sarver and others (1999) for further information on the raingage network.
“Precipitation data collection is ongoing at date of publication.
dSite was relocated from McAlpine Creek Elementary School (9100 Carswell Lane) in August 1994, station number 350458080493245. Previous location references also identify site as being at
Tipton Rest Home.
€Site was relocated from Lake Norman Volunteer Fire Department (1206 Brawley School Road) in June 1996, station number 353402080543145.
fPrevious location references also identify this site as being at Horton pool house, 21509 Norman Shores Drive.
&Site was relocated from Oaklawn Elementary School (Oaklawn School of Math and Science) in October 2002, station number 351503080510145.
hSite was relocated from Highland Elementary School (Clemson Avenue) in August 2002, station number 351441080481545.



81° 80°45'

IREDELL CO.
R 1| e s S AT b S 7= R - EXPLANATION

[ 0.25- 0.5 ACRE RESIDENTIAL

[ 0.25 ACRE RESIDENTIAL/APARTMENTS
[T 0.5 -2 ACRES RESIDENTIAL

[ >2 ACRES RESIDENTIAL/OPEN SPACE
[ HEAVY COMMERCIAL

[ HEAVY INDUSTRIAL

[J INSTITUTIONAL

[J LIGHT COMMERCIAL

Y [J LIGHT INDUSTRIAL

= \ [J STANDING WATER

Il TRANSPORTATION

I w0o0DS/BRUSH

[J NO LAND-USE DATA

LINCOLN
COUNTY

GASTON

COUNTY CABARRUS

COUNTY

35°15'
Piedmont  Coastal Plain
0 5 MILES
I L |I 1 | ‘\
. 0 5 KILOMETERS . LOCATION OF MECKLENBURG COUNTY, AND
357 [— ‘\ PHYSIOGRAPHIC PROVINCES IN NORTH CAROLINA

Base from digital files of:
U.S. Department of Commerce, Bureau of Census,
1990 Precensus TIGER/Line Files-Political boundaries, 1991
Land use map from Mecklenburg County Land Records and Mapping Services (1998)
U.S. Geological Survey, 1:100,000 scale

Figure 4. Land use in Charlotte and Mecklenburg County, North Carolina.
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Table 3. Land-use data for study basins in Mecklenburg County, North Carolina, 1998
[miz, square mile; —, minimal or no land use in this category within the basin]
Percentage of basin having indicated land use
Site USGS ) Residential (lot size) Industrial Commercial
Drainage Less L
no. downstream Greater Greater ) Stand-  Trans- Summary description
(figs order area Woods/  Greater than than  thamor Institu- ing por of land use?
' mi - . b c ) c -
2.4) number (mi) brush than 05t0 025t el tional  Light® Heavy Light” Heavy® o t(ation
2 acres to 0.25
2acres 05acre
acre

1 02124149 34.6 50.7 24.1 10.4 5.0 1.6 1.2 1.0 0.3 2.7 0.9 0.5 1.6 Mixed: Forested, medium- and low-
density residential with some light
commercial uses.

2 02142651 2.35 39.6 22.5 13.7 8.9 04 1.0 0.6 04 6.9 1.5 0.1 44 Mixed: Forested, medium- and low-
density residential with some
commercial and transportation uses.

3 02142660 26.3 42.2 35.7 9.4 4.4 0.3 0.7 0.8 0.6 1.8 0.3 0.3 3.5 Forested and low-density residential:
with medium-density residential and
some transporation, light commercial
uses.

4 0214266075 2.67 56.4 29.5 10.8 2.3 — 0.6 — — — — 0.4 — Forested and low-density residential:
with medium-density residential use.

5 02142900 16.4 46.5 20.9 14.7 1.8 0.6 0.8 3.0 4.3 1.6 0.4 0.7 4.7 Mixed: Forested, medium- and low-
density residential with some
industrial, transportation, and light
commercial uses.

6 02142956 10.8 38.7 8.1 18.2 21.1 1.7 2.1 3.7 4.6 0.7 0.2 0.5 0.6 Mixed: Forested and medium-density
residential with some low-density
residential, institutional, and industrial
uses.

7 02146300 30.7 23.0 15.3 94 21.0 3.6 1.8 7.8 8.5 6.3 2.8 0.6 0.0 Mixed: Forested, medium- and low-
density residential with industrial and
some commercial uses.

8 02146315 5.38 25.7 18.7 10.9 13.4 5.1 1.4 32 74 10.5 3.7 — — Mixed: Forested, medium- and low-
density residential, and light
commercial with industrial and some
high-density residential uses.

9 02146348 9.14 47.7 27.4 9.1 2.5 0.4 0.0 1.7 1.3 2.2 6.7 0.9 0.1 Forested and low-density residential:
with medium-density residential and
some industrial and commercial uses.

10 02146381 65.3 32.1 18.5 7.6 14.2 2.9 1.0 6.1 6.6 7.2 32 0.5 0.1 Mixed: Forested, medium- and low-
density residential with industrial and
commercial uses.

11 02146409 11.8 6.8 7.9 8.0 24.3 7.6 24 7.8 16.2 10.3 8.7 — — Mixed: Varying density residential with
industrial and commercial uses.

12 0214642825 5.2 15.6 7.3 7.6 51.7 6.0 1.6 2.7 0.8 44 1.9 0.3 0.1 Mixed: Varying but primarily medium-
density residential, forested with some
light industrial and commercial uses.

13 0214645022 19.0 12.2 6.4 11.7 46.9 7.7 2.5 1.4 04 7.1 3.5 0.2 0.0 Mixed: Varying but primarily medium-

density residential, forested with
commercial and some institutional uses.
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Table 3. Land-use data for study basins in Mecklenburg County, North Carolina, 1998—Continued
[miz, square mile; —, minimal or no land use in this category within the basin]
Percentage of basin having indicated land use
Site USGS Drainane Residential (lot size) Industrial Commercial
no.  downstream 9 Greater Greater &S ) Stand-  Trans- Summary description
" area  Woods/ Greater thanor Institu- - a
(figs. order (mi2) brush 0 than than | tional Light* Heaw® Light" Heaw ™ por- of land use
2,4) number than 05tc 025t cdvd ight eavy ight eavwy"  water tation
2 acres to 0.25
2acres 0.5acre
acre

14 02146470 2.63 1.3 24 0.7 67.7 9.6 2.1 2.7 1.7 8.8 29 — — Medium- and high- density residential:
with forested, light commercial, and
some institutional and industrial uses.

15 0214650690 0.123 2.0 — — 59.2 — 7.0 — 21.7 10.1 — — — Medium-density residential/heavy
industrial: with light commercial and
institutional uses.

16 02146507 42.6 9.2 6.1 9.6 422 7.6 2.9 32 52 8.7 52 0.2 0.0 Mixed: Varying density residential,
forested, commercial, and some
industrial and institutional uses.

17 02146530 49.2 10.1 6.8 8.7 422 8.3 2.8 2.8 4.7 8.3 5.0 0.2 0.1 Mixed: Varying density residential,
forested, commercial, and some
industrial and institutional uses.

18 02146600 39.6 27.9 10.2 19.9 24.9 6.0 1.0 1.6 0.8 3.9 2.9 0.7 0.3 Mixed: Forested, medium- and low-
density residential with some high-
density residential and commercial uses.

19 0214666925 0.266 58.4 6.9 6.4 17.7 — 32 — — 7.4 — — — Forested and medium-density
residential: with low-density residential
and some light commercial and
institutional uses.

20 02146670 17.8 39.2 15.2 20.8 17.5 14 0.7 0.4 04 1.2 1.4 1.2 0.7 Mixed: Forested, medium- and low-
density residential with some commercial
uses.

21 0214669980 0.126 — — 94 17.5 27.3 43.2 — — 2.6 — — — Mixed: Institutional, high- and medium-
density residential with some light
commercial use.

22 02146700 6.95 11.2 4.6 17.0 44.7 9.7 4.0 1.3 0.1 4.9 24 0.1 — Mixed: High- and medium-density
residential, forested with some low-
density residential, institutional, and
commercial uses.

23 02146750 924 29.5 11.1 18.7 27.0 53 1.2 0.8 0.5 2.9 1.9 0.7 0.3 Mixed: Forested, medium- and low-
density residential with some high-
density residential and commercial uses.

24 0214677974 3.57 36.2 24.3 6.4 19.6 0.2 2.7 8.2 14 0.7 — 0.2 — Mixed: Forested, medium- and low-
density residential with some industrial
and institutional uses.

25 0214678175 6.73 36.5 23.3 4.4 10.1 1.1 1.4 10.9 74 3.0 1.4 0.3 0.2 Mixed: Forested, medium- and low-

density residential, industrial uses with
some commercial uses.

#Within this table, use of the term “Mixed” to summarize the land use in a basin refers to three or more classifications occurring on more than 75 percent of the basin. Where two or less classifications occur
in more than 75 percent of the basin, the summary description specifies the classification(s). None of the basins had land use characterized by one classification covering more than 75 percent of the basin.
Additionally, for the purposes of the summary description, the land-use classifications “greater than 0.5 to 2 acres” and “greater than 0.25 to 0.5 acre” are termed medium-density residential. The classifications
“greater than 2 acres” and “less than or equal to 0.25 acre” are termed low-density and high-density residential, respectively. See text in Land Use section for further discussion.

bLight is defined as less than 44 percent impervious (table 3 in Sarver and others, 1999).

“Heavy is defined as greater than 56 percent impervious (table 3 in Sarver and others, 1999).



basins are located in the northern, western, and
southeastern parts of the county. Two other basins with
two classifications composing 75 percent or more land
use (sites 14 and 15) are located in the central
metropolitan area. The land-use classifications in these
basins are high- and(or) medium-density residential
and heavy industrial uses (table 3).

While most of the basins have mixed land-use
patterns, some patterns are worth noting that were
evident during examination of the GIS-based map
coverages. The highest percentage of woods/brush
classification tends to occur in the northern half of the
county and along the eastern and western borders of the
county (fig. 4). Land use in much of the central part of
the county, which corresponds to the primary
metropolitan area, consists of varying density levels of
residential use punctuated by commercial and
industrial uses. The highest concentrations of heavy
commercial and industrial uses occur near the central
downtown areas and are drained by Irwin Creek (site 7)
and Little Sugar Creek (site 11, fig. 5).

Physical Characteristics

Selected physical characteristics were compiled
for each of the 25 study basins. The characteristics
represent measures of the basin that commonly are
compiled as part of flood-frequency investigations
involving the regionalization of peak discharges. The
drainage area is the most common physical
characteristic and, as such, typically is more readily
available than the other characteristics. Drainage areas
for gaging stations in North Carolina are obtained from
USGS files and are based on delineations on USGS
7.5-minute topographical quadrangle maps. In addition
to drainage area, other characteristics compiled for this
study include channel length, channel slope, basin
shape, percentage of impervious area, and percentage
of the basin served by detention (table 4). With a few
exceptions, these characteristics were not available for
most of the basins and, thus, were computed by using
GIS map coverages (Mecklenburg County Land
Records and Mapping Services, 1998, 2000a—c).

The channel length, channel slope (in units of
foot per mile), and basin shape were previously
determined for 7 of the 25 study basins as part of a
recent hydrologic investigation (Pope and others, 2001;
table 4). Correspondingly, these characteristics were
included in the database compiled for this investigation
forsites 5,7, 14, 16, 18, 22, and 23. At all sites, channel

slope is given as measured in foot per mile, and as a
percentage (table 4) for the reader’s convenience in

comparing slopes in this investigation with those in

previous studies.

The basin shape is a dimensionless factor that
characterizes the shape between a broad, rounded basin
or a narrow basin. Computed as the ratio of the
drainage area to the square of the channel length,
smaller values of basin shape (for a given drainage
area) are indicative of narrow basins; larger values
indicate more rounded basins. While there is no
maximum value for basin shape in the range of possible
values, comparison of basin shape values for two
basins reflect the shape of one basin relative to another.
For example, the basin shape for the Sugar Creek basin
(site 10; table 4) is computed to be 0.13, whereas the
value for the Mallard Creek basin (site 1) is 0.44,
indicating that the Mallard Creek basin is a more
rounded basin relative to the Sugar Creek basin (fig. 6).

The impervious area in each basin is a measure
of the development that has occurred within the basin.
In this investigation, impervious areas were estimated
by using GIS map coverages that describe the
impervious surface areas (e.g., rooftops of structures,
parking areas) and the transportation category from the
land-use information (Mecklenburg County Land
Records and Mapping Services, 1998, 2000a—c).
Among the 25 study sites, impervious areas range from
about 5 percent to 56 percent (sites 4 and 19,
respectively; table 4). In general, basins with lower
percentages of impervious areas (less than 30 percent)
tend to be in the northern, western, and southern parts
of the county, whereas the basins near the central
metropolitan areas of Charlotte tend to have higher
percentages of impervious areas. While not directly
computed from land-use information, higher
percentages of impervious areas are proportional to
higher percentages of commercial, industrial, and
residential land uses within a basin. Correspondingly,
lower percentages of impervious areas are consistent
with the highest percentages of woods/brush land use
(site 4, tables 3, 4).

A measure of detention in each basin was
included to reflect the effects of stormwater detention
following rainfall events. Detention can occur in the
form of a lake or pond that provides varying degrees of
runoff detention, depending on the amount of storage
available in the pond. Detention also can occur in the
form of a manmade structure, usually in accordance
with development ordinances in effect in city and(or)
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Figure 5. Land use in basins drained by Irwin Creek (site 7) and Little Sugar Creek (site 11), Charlotte, North Carolina.

16 Methods for Estimating Peak Discharges and Unit Hydrographs for Streams in the City of Charlotte and Mecklenburg County, North Carolina



Table 4. Selected basin characteristics at study sites in Mecklenburg County, North Carolina

[mi2, square mile; ft/mi, foot per mile. Some basin characterstics were determined in previous investigations and are foot-
noted as appropriate; all other basin characteristics were determined during this investigation. Basin characteristics are
defined in the footnotes. Channel slope is presented in units of ft/mi (used in analyses) and percent (for readers convenience)]

Site dov:ljnss(t;rseam Drainaage Chanmlall Channel slope® Basin Impervi;)us Serve(! byf
no. area length . d area detention
(fig. 2) n::::;r (miz) (miles) (ft/mi) (percent) shape (percent) (percent)
1 02124149 34.6 8.87 24.1 0.46 0.44 20.7 13.5
2 02142651 2.35 1.75 495 0.94 0.77 26.2 13.8
3 02142660 26.3 8.39 11.1 0.21 0.37 16.7 8.19
4 0214266075 2.67 2.17 36.8 0.70 0.57 5.01 1.45
5 02142900 16.4 7.168 19.5¢ 0.37 0.31¢ 18.1 10.4
6 02142956 10.8 7.06 28.3 0.54 0.22 20.7 6.09
7 02146300 30.7 11.3" 15.2" 0.26 0.24" 34.9 8.32
8 02146315 5.38 3.91 37.5 0.71 0.35 40.3 24.1
9 02146348 9.14 7.80 222 0.42 0.15 28.5 21.1
10 02146381 65.3 225 9.48 0.18 0.13 329 152
11 02146409 11.8 7.26 16.9 0.32 0.22 45.7 10.1
12 0214642825 52 3.39 433 0.82 0.45 28.5 7.08
13 0214645022 19.0 9.38 15.6 0.30 0.22 334 6.63
14 02146470 2.63 2510 457" 0.81 0.40" 38.0 113
15 0214650690 0.12 0.53 149 2.83 0.43 474 28.8
16 02146507 42.6 11.6" 12.5" 0.28 0.32" 38.0 8.09
17 02146530 492 16.4 12.2 0.23 0.18 37.8 9.54
18 02146600 39.6 8.62" 229" 0.42 0.52" 242 10.7
19 0214666925 0.27 0.61 109 2.07 0.73 56.0 40.6
20 02146670 17.8 9.28 17.2 0.33 0.21 22.7 7.02
21 0214669980 0.13 0.45 162 3.06 0.64 53.7 44.1
22 02146700 6.95 547" 2420 0.44 0.23" 31.6 7.27
23 02146750 92.4 18.1" 931" 0.18 0.28" 24.9 9.01
24 0214677974 3.57 3.21 33.3 0.63 0.35 223 16.7
25 0214678175 6.73 4.97 22.8 0.43 0.27 26.5 24.9

4 Drainage area, in square miles (miz), is the measured area within basin divides.

5 Channel length, in miles (mi), is the measured distance from the gage site upstream along the main channel to the basin
divide. If maps did not show the channel at the basin divide, the line segments denoting the channel were extended to the basin
divide before computing the length.

¢ Channel slope, in feet per mile (ft/mi), is computed between points at 10 and 85 percent of the channel length.

4 Basin shape is a dimensionless value that is computed by dividing the drainage area by the square of the channel length
(DA/L?).

¢ Impervious area, in percent, is computed as the area of the basin covered by impervious surfaces.

f Detention, in percent, is computed as the area of the basin that is served by a detention structure.

& From Pope and others, 2001.

h Basin characteristics determined in a previous hydrologic investigation (B.F. Pope, formerly with the U.S. Geological
Survey, written commun., May 8, 2001).
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county jurisdictions. A manmade detention structure
may be a pond used as a landscape feature in a
developed area or a depression in the land surface with
a constricted outlet. Because no information was
available to document the locations of detention
structures in Mecklenburg County, the percentages of
areas served by detention were estimated by developing
a GIS map coverage of the non-residential parcels
developed since 1982 in the city and county
(Mecklenburg County Land Records and Mapping
Services, 2000a—c). The 1982 date was used because
of a building ordinance passed during that year that
required detention structures on non-residential parcels
developed that year and beyond (Tony Dudley, City of
Charlotte, oral commun., October 12, 2001).
Additionally, measures of detention were included to
account for the effects of lakes and ponds on detention
of streamflow during stormwater runoff. The
percentage of area within each basin served by
detention structures ranged from less than 2 percent to
about 44 percent (sites 4 and 21, respectively; table 4).
Sites having the lowest and highest values of detention,
correspondingly, had the lowest and nearly highest

impervious areas among the basins in the investigation.

METHODS FOR ESTIMATING PEAK DISCHARGES

Regression relations were developed to estimate
the peak discharge for a given storm event and the peak
discharge and lag time for a unit hydrograph. For the
storm peak discharge, explanatory variables included
in the analyses were rainfall and basin characteristics.
Explanatory variables included in the analyses for the
unit-hydrograph peak discharge and lag time were
basin characteristics only (see Methods for Estimating
Unit Hydrographs). The basin characteristics compiled
for each basin include land-use information and
selected physical characteristics (tables 3, 4). The
analyses and results of the statistical relation to
estimate the storm peak discharge are discussed in this
section. It should be noted that the statistical discharge
relations presented in this report do not allow for the
estimation of the peak discharge associated with a
given flood frequency, but rather for a given storm
event.

In developing statistical relations, one objective
is to have explanatory (or independent) variables that
have low correlations among themselves but
independently demonstrate high correlation with the
estimated (dependent) variable (Hatcher and Stepanski,

1994). Another objective is to present a relation having,
to the extent possible, the smallest number of
explanatory variables needed for estimating the
dependent variables. Having a relation that meets these
two objectives provides the user with a tool that is easy
to use and yet allows for the estimation of a variable
based on explanatory variables that account for the
largest amount of variation in the predictions.

The following general procedure was used to
develop the statistical relation for predicting storm
peak discharge. Scatter plots were developed to show
the relation between each explanatory variable
(rainfall, basin characteristics) and the predictive
variable (storm peak discharge, unit-hydrograph peak
discharge, and lag time), which aided in the
identification of the explanatory variables that
potentially could be included in the statistical relations.
A correlation matrix of all variables was then
developed for use in assessing intervariable correlation
during selection of statistical-regression models. Initial
regression analysis included an “all-regression”
approach to identify models with varying numbers and
combinations of the explanatory variables. Using the
list of possible models and the correlation matrix, one
to two models were selected for further exploration.
Selection of models was based on those having high
coefficients of determination (RZ), explanatory
variables with low intervariable correlation, and
smallest possible number of variables (consistent with
the objectives discussed in the previous paragraph).
Scatter plots showing residuals plotted against the
dependent variable and the explanatory variable(s)
were examined to assess model bias. Once a potential
model was selected, regression diagnostics were
employed to check the validity of the model. In all
regression analyses, the variables were log-
transformed to (1) obtain a linear regression model, and
(2) achieve equal variance about the regression line
throughout the range of data (Riggs, 1968, p. 10).

Regression Data for Storm Peak Discharge

Examination of streamflow records for 25 sites
(table 1) during the study period resulted in the
identification of 61 storm events affecting flows at
varying numbers of sites. This corresponded to an
initial database of 1,525 observations. As part of the
selection process, complex (multipeak) hydrographs
generally were excluded from the database. Because
the storm events did not result in sufficiently increased

Methods for Estimating Peak Discharges 19



flows at all sites, the final compilation of data for use in
developing a statistical relation to estimate the storm
peak discharge included 412 peak-discharge
observations among the 25 sites. In the final database,
the observed storm peak discharges ranged from 6.30
to nearly 10,300 cubic feet per second (ft}/s), and mean
and median values were 705 and 357 ft*/s, respectively
(table 5).

Rainfall data recorded by the precipitation
network during the 61 storm events were used to
develop a grid composed of 100-meter cells (equivalent
to about 328 feet) and showing (based on interpolation
between the raingages) a continuous spatial
distribution of rainfall for the area of Mecklenburg
County covered by the network. For each study basin,
the grid was laid over a GIS map coverage of the basin
boundaries. The basin-average rainfall then was
determined by averaging the interpolated rainfall
amounts in the grid cells. The basin-average rainfall
and the minimum and maximum rainfall amounts
(based on the range of grid values) were compiled for
inclusion into the statistical database. In the final
database, values of basin-average rainfall ranged from
0.06 to 3.84 inches with mean and median values of
0.80 and 0.63 inch, respectively (table 5).

Streamflow and rainfall data associated with the
storms that occurred in August 1995 and July 1997
were not included in the sample data used in the
statistical regression analyses for storm peak discharge
nor in the analyses for unit-hydrograph peak discharge
and lag time. While these storms represented extreme
hydrologic events, the resulting streamflows are
depicted generally by complex, multipeak hydrographs
resulting from (1) the prolonged periods of rainfall in
the basins and (2) the storage of water during the flow
recessions.

Selected land-use classifications (table 3) were
combined into more general categories to reduce the
overall number of explanatory variables in the
statistical analyses. Specifically, the four residential
classifications were combined into two categories to
represent low- to medium-density (greater than
0.5 acre) and medium- to high-density (less than or
equal to 0.5 acre) residential land use. Similarly,
classifications for light and heavy commercial and
industrial uses were compiled into percentages
representing overall commercial and industrial land
use. The net effect of merging the classifications was to
reduce the overall number of land-use descriptors from
12 to 8 categories, thereby improving the ease of data

management during the analyses. Variables used to
represent physical basin characteristics include

(1) drainage area, (2) channel length, (3) channel
slope, (4) basin shape, (5) percentage of impervious
area, and (6) percentage of the basin served by natural
and manmade detention (table 5).

Statistical Analysis for Estimating Storm Peak
Discharge

Examination of scatter plots showing the
observed storm peak discharges in relation to the
explanatory variables indicated that the strongest
correlations occurred with drainage area, channel
length, channel slope, basin-average and maximum
rainfall, and impervious area (fig. 7). Similar scatter
plots showing one-variable models with the land-use
characteristics (such as, peak discharge in relation to
woods/brush or peak discharge in relation to low- to
medium-density residential) did not reveal high
correlations with peak discharge. Such an assessment
does not imply that land-use characteristics have no
influence on peak discharges. Rather, the sample of
observations available for this analysis did not result in
land-use characteristics having correlations as high as
some of the variables for rainfall and physical basin
characteristics. A possible explanation for the low
correlations may be the relatively narrow range of land-
use characteristics associated with a sample of
observations based on all study basins being generally
urban as opposed to, for example, a sample of
observations based on rural and urban basins with a
wider range of land uses. Another possible explanation
for the low correlations between the land-use
characteristics and peak discharges may be the mixed
land use in most of the study basins. The occurrence of
mixed land use in the data sample may have diminished
the high correlations that were anticipated because the
observed peak discharges in the basins were affected by
multiple land uses as opposed to one or two dominant
land-use patterns. Other factors may be the size of the
database, which was relatively small for each basin,
and(or) the relatively wide range in drainage area,
which appeared to be more significant than the range of
land-use characteristics.

The “all-regression” analyses of 412
observations for storm peak discharge resulted in a
range of two- and three-variable models with
coefficients of determination (R® values) ranging from
0.6 to 0.8 to 10-variable or more models with R? values
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Table 5. Statistical summary of variables used in regression analyses for streams in Mecklenburg County, North Carolina

[ft3/s, cubic foot per second; hr, hour; in/hr, inch per hour; miz, square mile; mi, mile; ft/mi, foot per mile; %, percentage of basin]

Number of

Variable category Variable and unit of measure observa- Mean Median Stal.ld?rd Minimum  Maximum
tions?® deviation
Dependent variables

Flow Storm peak discharge, ft3/s 412 705 357 1,048 6.30 10,279
Unit-hydrograph peak discharge, /s 24 2,642 1,897 1,958 135 7,247

Time Unit-hydrograph lagtime, hr 24 4.39 3.63 2.75 0.25 11.5

Explanatory variables

Precipitationb Basin-average rainfall, inch 412 0.80 0.63 0.59 0.06 3.84
Basin maximum rainfall, inch 412 1.14 0.91 0.78 0.17 5.18

Physical measure Drainage area, miZ 25 20.1 10.8 23.1 0.12 92.4
Channel length, mi 25 7.31 7.16 5.59 0.45 22.5
Channel slope, ft/mi 25 38.0 229 40.9 9.31 162
Basin shape, dimensionless 25 0.34 0.31 0.16 0.13 0.78

Land use Woods/brush, % 25 27.9 29.5 17.9 0 58.4
Institutional, % 25 3.57 1.60 8.38 0 43.2
Standing water, % 25 0.34 0.30 0.32 0 1.20
Transportation, % 25 0.67 0.10 1.39 0 4.70
Commercial®, % 25 7.24 7.30 4.94 0 19.0
Industrial®, % 25 6.67 3.50 7.09 0 24.0
Low- to medium-density residential®, % 25 24.7 26.3 11.6 0 452
Medium- to high-density residential®, % 25 28.9 22.7 21.5 2.30 71.3

Other Impervious area, % 25 31.0 28.5 11.9 5.01 56.0
Detention, % 25 14.6 10.4 10.6 1.45 44.1

4 In the analyses to determine the statistical relation to estimate storm peak discharge, variables describing physical measures and land-use
information were compiled from the 25 sites in the study with the storm peak discharges and precipitation variables to create a sample of data containing
412 observations. In the analyses to determine the statistical relations to estimate unit-hydrograph peak discharge, lag time variables describing physical
measures and land-use information were compiled for 24 of the 25 sites (site 21 not included) with the unit-hydrograph peak discharges and lag time
variables to create a sample of data containing 24 observations.

b Precipitation variables were included only in the statistical analysis to determine a relation to estimate the storm peak discharge. These variables
were not included in the analysis for the unit-hydrograph peak discharge and lag time.

¢ The commercial category represents the summation of the percentages for light and heavy commercial land use.

4 The industrial category represents the summation of the percentages for light and heavy industrial land use.

¢ For the purposes of the statistical regression analyses, the residential categories presented in table 3 were redefined into two classifications: low-
to medium-density and medium- to high-density residential. The low- to medium-density residential category represents the summation of the percentages
for “greater than 2 acres” and “0.5 to 2 acres” residential land use. The medium- to high-density residential category represents the summation of the
percentages for “0.25 to 0.5 acre” and “less than 0.25 acre/apartments” residential land use. These redefined categories were established to reduce the four
initial residential classifications into two classifications for ease of data management. No medium-density only (as defined in table 3) classification was
used in the statistical analyses.
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of about 0.85. The coefficient of determination (R2
value) is a measure of the proportion of variation in the
estimated peak discharge (dependent variable) that is
accounted for in the variation of the explanatory
variables. The model selected from the list of all
possible models included three variables—drainage
area, basin-average rainfall, and impervious area.
Drainage area and the basin-average rainfall variables
accounted for the largest variation in the model. By not
including the variable for impervious area, the R’ value
for the model was 0.7. Including impervious area (as an
indirect measure of the land use in a basin) in the model
improved the R? value to about 0.8. Examination of the
correlation matrix also indicated low correlation
among the three variables. Given that models with
additional explanatory variables only improve the
strength of the relation to about 0.85, the selected
model appears to be an optimum model in view of the
statistical objectives discussed earlier. Some
improvement in the model occurred, however, when
average rainfall amounts of 1.0 inch or higher (105 of
412 observations) were used. After removing two of
the 105 observations that appeared to have high
influence on the statistical relation, a final dataset of
103 observations was used to develop the relation to
estimate storm peak discharge. The two observations
removed from the analyses had the lowest peak
discharge (site 19, storm of October 27, 1995) and
lowest peak discharge per square mile (site 23, storm of
August 19, 1995).

For the storm peak discharge, the best-fit relation
was determined to be in the following form:

0.659 1.59 1.07

Qgt = 2.65x DA X Rainy, " x 1A™, (1)
where
Qg; is the storm peak discharge, in cubic feet per

second;
DA is the drainage area, in square miles;
Rainy,, is the basin-average rainfall, in inches; and
IA is the impervious area in the basin,
in percent.

The ranges of explanatory variables used to develop
equation 1 are drainage areas from 0.12 to 65.3 mi’,
basin-average rainfalls from 1.0 to about 3.8 inches,
and impervious areas from about 5 to 56 percent.

The coefficient of determination (R2) for this
model was computed to be 0.82. The average standard
error for the equation describes the range about the

regression line, which includes about two-thirds of the
observations. For equation 1, the average standard
error is about 47 percent (ranging from about -36 to
+56 percent).

Residuals from the equation, defined as the
difference between the observed and estimated values,
were plotted against the observed variable and the
explanatory variable to determine if any variable bias
was evident (patterns or groupings in the plotted
points). No such patterns or groupings were noticed in
the plots, and the relation does not appear to be affected
by variable bias. Because all sites are within a small
study area (as opposed to a larger study area, such as
across physiographic regions), the relation was not
examined for geographic bias.

A sensitivity test was conducted to determine
changes in percentages of the estimated variables,
based on percentage differences in the explanatory
variables (table 6). The test provides an indication of
how sensitive the estimated values are to explanatory
variables that vary from their true values. When the test
involves two or more explanatory variables, it also
provides an indication of which variable the equation is
more sensitive to in the results. The test indicates that
estimated values of the storm peak discharge are most
sensitive to errors in the basin-average rainfall and
impervious area and least sensitive to errors in the
drainage area (table 6).

Table 6. Sensitivity of the estimated storm peak discharge to
errors in the explanatory variables for streams in Mecklenburg
County, North Carolina

Change in Change in predicted storm peak discharge,
explanatory in percent
variable, Drainage Average Impervious
in percent area rainfall area
-50 -36.7 -66.8 -52.3
-40 -28.6 -55.6 -42.1
-30 -21.0 -43.3 -31.7
-20 -13.7 -29.9 -21.2
-10 -6.7 -15.4 -10.6
10 6.5 16.4 10.7
20 12.8 33.7 21.5
30 18.9 51.8 324
40 24.8 70.8 433
50 30.7 90.6 54.2

The presence of basin-average rainfall as an
explanatory variable demonstrates limitations in the
use of equation 1 to effectively estimate the storm peak
discharge. Basin-average rainfall is a measure of the
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quantity of water entering a basin and is not a measure
of rainfall intensity (measured in inches per hour). With
the other two variables held constant, the results of the
equation are the same regardless of rainfall intensity.
That is, the estimated peak discharge will be the same
whether rainfall occurs during a 1-hour period or 6-
hour period. It has long been recognized, however, that
rainfall intensity is a major factor in streamflow rates
following a storm.

Relations for predicting the magnitude and
frequency of floods in small urban streams in North
Carolina are presented in Robbins and Pope (1996).
The regression relations developed in their
investigation rely on three variables—drainage area,
impervious area, and an estimate of equivalent rural
peak discharge (based on regression relations by
Gunter and others, 1987). As previously stated, the
statistical discharge relations presented in this report do
not allow for the estimation of the peak discharge
associated with a given frequency, but rather for a given
storm event. Nevertheless, the identical use of two of
the three explanatory variables determined by Robbins
and Pope (1996) provides a qualitative confirmation of
the explanatory variables selected in this study for use
in estimating the storm peak discharge.

METHODS FOR ESTIMATING UNIT
HYDROGRAPHS

A flood hydrograph for a basin can be simulated
by using a unit hydrograph, defined as the direct runoff
from a storm that produces 1 inch of rainfall excess.
Rainfall excess is the portion of total rainfall, after
interception by vegetation and infiltration into the land
surface, that is direct overland runoff to streams. The
principal concept underlying the application of a unit
hydrograph is that each basin has one unit hydrograph
that does not change (in terms of its shape) unless the
basin characteristics change. Because the physical
characteristics (such as, drainage area, slope, etc.) of a
basin typically remain unchanged, changes in the unit
hydrograph usually reflect changes in land-use
patterns. Given that the unit hydrograph does not
change in shape and represents streamflow response to
1 inch of runoff (rainfall excess) within a basin, flood
hydrographs for actual storms can be simulated by
multiplying the discharge ordinates from a unit
hydrograph by the rainfall excess computed from the
observed rainfall record.

In this report, the unit hydrograph is estimated by
using (1) a dimensionless unit hydrograph, hereafter
referred to as dimensionless hydrograph, (2) an
estimate of the unit-hydrograph peak discharge, and
(3) an estimate of basin lag time. The estimates of peak
discharge and lag time for a unit hydrograph are based
on statistical relations developed as part of this
investigation.

The methods used in this study to develop unit
hydrographs are based on the instantaneous unit-
hydrograph method described by O’Donnell (1960).
This method involves harmonic analysis of the rainfall
excess and direct runoff, treating incremental rainfall
(having a duration equal to the data-recording interval)
as an individual storm to produce an instantaneous unit
hydrograph. The O’Donnell (1960) method has been
used in a number of previous USGS unit-hydrograph
investigations (Inman, 1987; Bohman, 1990, 1992;
Mason and Bales, 1996; Dillow, 1998) and has been
coded into a series of Fortran computer programs
(Stephen E. Ryan, U.S. Geological Survey, written
commun., 1986) that were used in this investigation.
Detailed descriptions of the steps used to derive the
dimensionless hydrograph are included in Inman
(1987), Bohman (1990, 1992), and Dillow (1998).
These same procedures were used in this study to
develop the dimensionless hydrograph presented in this
report. In the discussion that follows, data from the
Mallard Creek gage (site 1, fig. 2; table 1) were used to
illustrate unit-hydrograph development.

Lag time represents the time between the
occurrence of rainfall and the occurrence of peak
discharge. By definition, used in previous
investigations and in this report, the lag time is the time
elapsed between the center of mass of rainfall excess
and the center of mass of the resulting runoff (Inman,
1987; Mason and Bales, 1996). In the procedures used
in this investigation, the lag time for a unit hydrograph
is defined (and was computed) as the time
corresponding to the centroid of the unit hydrograph
minus one-half of the computational interval used to
produce the unit hydrograph. The two definitions are
mathematically equivalent and produce the same result
(Mason and Bales, 1996). This definition is appropriate
because the O’Donnell (1960) method treats each
incremental unit of uniform rainfall as an individual
storm of that incremental duration (Mason and Bales,
1996).
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Development of Dimensionless Unit Hydrograph

The derivation of a dimensionless hydrograph
for all streams in the study area began with the
development of a station-average unit hydrograph for
each study site. The criteria for selecting a storm to
develop a station-average unit hydrograph for a site
consisted of, to the extent possible, (1) concentrated
storm rainfall that was fairly uniform throughout the
basin during one period and (2) an observed
hydrograph that had one peak (fig. 8). Storms in which
the rainfall occurred over a long period punctuated by
shorter periods of no rainfall and that resulted in
complex, multipeak hydrographs generally were
avoided. For each observed hydrograph, the base flow
was removed by linear interpolation between the start
of the rise and the end of the recession, where the rate
of decreasing discharge generally becomes constant
(indicating the end of the direct runoff segment in the
observed hydrograph, fig. 8). At Mallard Creek (site 1),
the storm of December 12, 1996, resulted in 0.65 inch

of rainfall recorded at the CRNO1 raingage (table 2;
fig. 3) with a total peak discharge of 528 ft3/s and peak
discharge runoff of 501 ft3/s (total discharge minus
base flow) observed at the gage (figs. 8, 9). The rainfall
excess was 0.15 inch (fig. 8), and the corresponding
storm unit-hydrograph peak discharge for the storm
was 3,172 ft/s (fig. 9). The storm unit hydrograph for
this storm and all other unit hydrographs presented in
this report were computed using discharge and rainfall
data compiled at 15-minute intervals (0.25 hour),
identical to the recording interval at many of the sites
used in this investigation.

In unit-hydrograph analyses, between 3 and
10 individual storm unit hydrographs generally are
needed to develop an average unit hydrograph for a
site. Among the study sites, individual storm unit
hydrographs were developed from a total of 228
storms, ranging from 6 to 15 storms per site (table 7).
The storm unit hydrographs then were plotted and
examined for selection of the unit hydrographs having
consistent shapes. Of the 228 total storms, a total of
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Figure 8. Observed and excess rainfall at raingage CRNO1 and resulting discharge and direct runoff at Mallard Creek below Stony Creek
near Harrisburg, North Carolina (site 1), for the storm of December 12, 1996.
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Figure 9. QObserved and unit hydrographs at Mallard Creek below Stony Creek near Harrishurg, North Carolina (site 1), for the

storm of December 12, 1996.

142 storms (from 3 to 9 storms per site) were used in
the development of the average unit hydrograph at 24
of the 25 gaging stations. The remaining storms that
were not used (86 total) were set aside for subsequent
use in testing and verifying the dimensionless
hydrographs.

Efforts to generate the storm unit hydrographs
for site 21 resulted in errors that are likely associated
with basins having very small drainage areas. As noted
in the subsequent discussion, the procedures used in
this investigation also did not allow for the
development of lag-time-duration dimensionless
hydrographs for site 15, another basin with an
extremely small drainage area (thereby reducing the
number of sites used in the final analyses to 23 basins).
The drainage areas for sites 15 and 21 are 0.12 and

0.13 miz, respectively. These two sites had the smallest
drainage areas among the study basins used in this

investigation.

26

The selected storm unit hydrographs were
aligned at the peaks to compute a station-average unit
hydrograph for each of the 24 sites. For each station-
average unit hydrograph, the peak discharge and lag
time were determined at this point (table 7). The basin
lag time for each station-average unit hydrograph was
estimated as the average of the lag times for the storm
unit hydrographs. The peak discharges for the station-
average unit hydrographs ranged from 135 to nearly
7,250 ft¥/s (sites 19 and 16, respectively, table 7). In a

similar manner, the lag times ranged from 0.25 to
11.5 hours (sites 15 and 23, respectively). While the
lowest and highest lag times correspond to the sites
having the smallest and largest drainage areas,
respectively, the highest peak discharge is for a site
having a drainage area about one-half the largest area
among the study sites.

Storm unit hydrographs were developed for
eight storms at Mallard Creek (site 1); however, only
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Table 7.
North Carolina

Summary of unit-hydrograph development for selected streams in Mecklenburg County,

[no., number; miz, square mile; ft3/s, cubic foot per second; (ft3/s)/mi2, cubic foot per second per square mile;

NA, not available]

Development of station-average unit hydrograph

sn';‘? dovtlns:iam Drainage Number o.f storms considered Station- Station_—average peak
(fig. order argza in analyses aver.age discharge
2) no. (mi* Total Used u|:::i Ial?ut::;e, ft3/s (ft3/s)/mi?

1 02124149 34.6 8 5 3 6.50 3,186 92.1

2 02142651 2.35 7 6 1 2.00 889 378

3 02142660 26.3 10 6 4 6.50 2,977 113

4 0214266075 2.67 14 9 5 3.25 614 230

5 02142900 16.4 9 6 3 5.25 2,608 159

6 02142956 10.8 10 7 3 4.50 2,062 191

7 02146300 30.7 12 7 5 4.00 5,595 182

8 02146315 5.38 8 8 0 2.25 1,731 322

9 02146348 9.14 7 5 2 6.00 1,599 175
10 02146381 65.3 9 3 6 10.00 4,555 69.8
11 02146409 11.8 8 4 4 2.75 2,522 214
12 0214642825 5.2 9 7 2 2.50 1,682 323
13 0214645022 19.0 14 9 5 3.50 3,204 169
14 02146470 2.63 10 7 3 1.75 1,113 423
15 0214650690 0.12 72 6 1 0.25 167 1,392
16 02146507 42.6 10 5 5 3.50 7,247 170
17 02146530 49.2 7 4 3 7.00 4,981 101
18 02146600 39.6 15 7 8 4.25 6,319 160
19 0214666925 0.27 6 4 2 1.00 135 500
20 02146670 17.8 8 4 4 7.75 1,697 95.3
21 0214669980 0.13 82 0 0 NA NA NA
22 02146700 6.95 13 7 6 2.50 1,710 246
23 02146750 92.4 7 3 4 11.50 4,514 48.9
24 0214677974 3.57 11 7 4 3.00 986 276
25 0214678175 6.73 9 6 3 3.75 1,314 195

All sites 228P 142 86

4 The procedures used in this investigation to develop station-average unit hydrographs (site 21) and dimen-
sionless hydrographs (site 15) did not work for sites having very small drainage areas. The drainage areas for sites
15 and 21 are the smallest among the study basins used in the investigation.

® Total number of storms does not include those used for site 21 because no individual storm unit
hydrograph could be developed for this site using the procedures used in this investigation.

the unit hydrographs for five of the storms were used to
develop the average unit hydrograph (fig. 10). The
station-average unit-hydrograph peak discharge and
lag time at Mallard Creek (site 1) are 3,186 ft>/s and
6.50 hours, respectively (table 7; fig. 10).

The unit-hydrograph peak discharges were
divided by drainage areas for each site. These peak
discharges range from nearly 49 to 1,392 cubic feet per
second per square mile [(ft3/s)/mi2] (sites 23 and 15,
respectively, table 7). The basin with the lowest peak

discharge per square mile (site 23) has the largest
drainage area, and the basin with the highest peak
discharge per square mile (site 15) has the smallest
drainage area. This is consistent with previous
observations that the peak discharge per square mile
generally decreases as the drainage-area size increases.

Plotting the station-average unit hydrographs for
selected sites (1, 2, 8, 10, 13, 16, 18, and 23) revealed
some patterns related to impervious area or the size of
the drainage basin (fig. 11). Sites having larger
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Figure 10. Storm unit hydrographs and station-average unit hydrograph for Mallard Creek below Stony Creek near Harrishurg,

North Carolina (site 1).

drainage areas (for example, sites 10 and 23, table 7)
had broad-shaped average unit hydrographs, whereas
sites with smaller drainage areas (for example, sites 2
and 8) had narrow-shaped hydrographs. Comparison of
the impervious areas of the eight selected sites offers
some insight into the effects of impervious areas on lag
times (by comparing the time to peak discharge). The
sites for which unit hydrographs indicated the shortest
time to peak discharge tend to have greater impervious
areas (for example, sites 8 and 16, table 7), whereas the
unit hydrograph for site 23, which has a lower
impervious area, had the longest time to peak
discharge. Because of the wide variation in drainage
areas and impervious areas among the study basins, it
is difficult to separate the effects of each factor on the
peak discharges and lag times. Nevertheless,
comparison of the selected sites in figure 11 provides
general confirmation that larger drainage areas result in
higher unit-hydrograph peak discharges and longer lag
times, and basins with greater impervious areas tend to
have shorter lag times.

28

During the initial stages of the investigation, it
was anticipated that the station-average unit
hydrographs would be grouped by a particular basin
characteristic, such as drainage area or land-use
category, prior to further analysis. However, plotting
the 24 station-average unit hydrographs did not reveal
any apparent patterns that would substantiate this type
of grouping. Subsequently, the analysis proceeded with
all 24 sites being used to develop the dimensionless
hydrographs.

The station-average unit hydrographs for the 24
sites were transformed into unit hydrographs having
durations corresponding to one-fourth, one-third, one-
half, and three-fourths of the average lag time
computed for each station, with discharge in cubic feet
per second and time in hours. This transformation was
necessary because the storm unit hydrographs and
corresponding station-average unit hydrographs were
computed using discharge and rainfall data compiled at
15-minute intervals.

The concept of duration may be thought of in
terms of actual duration or design duration, thus
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Figure 11. Station-average unit hydrographs at selected study sites in Mecklenburg County, North Carolina.

requiring further explanation to clarify the distinction
between the two concepts (Inman, 1987). Actual storm
duration is the time during which the rainfall excess
occurs and is highly variable. A storm resulting in a
1-hour duration would produce streamflows based on
1 hour of rainfall excess. Thus, a 1-hour unit
hydrograph would be the streamflow response to a
storm that produced 1 inch of rainfall excess over the
course of 1 hour. If the storm produced 1 inch of
rainfall excess over a period of 3 hours, then the shape
of the 3-hour unit hydrograph would be different from
that of a 1-hour unit hydrograph. The other duration
concept, unit-hydrograph design duration, is that which
is considered most convenient for use in any particular
basin (Inman, 1987). It is the duration for which a unit
hydrograph is computed and, in this report, is
expressed as a fraction of the station-average lag time
(table 7), such as one-fourth, one-third, one-half, or
three-fourths lag time. The fractional lagtimes are
further adjusted to the nearest multiple of the original
unit-hydrograph duration (in this report, 15 minutes).
Completing these transformations allows for the

development of unit hydrographs having more realistic
durations (see Inman, 1987, and Bohman, 1990, for
formulas to complete trans-formations), which can be
tested to determine which duration class provides a
better fit against the observed data.

At the gaging station on Mallard Creek (site 1),
the station-average lag time was determined to be
6.50 hours (table 7), equal to 390 minutes. The
transformation of the station-average unit hydrograph
into the four classes of lag-time-duration hydrographs
resulted in durations of 98 minutes (1.63 hours,
rounded to 1.75 hours) for the one-fourth, 130 minutes
(rounded to 2.25 hours) for the one-third, 195 minutes
(3.25 hours) for the one-half, and 293 minutes (rounded
to 5.00 hours) for the three-fourths lag-time-duration
hydrograph. The transformed hydrographs thus have
7 times, 9 times, 13 times, and 20 times the original
duration (15 minutes, or 0.25 hour) used in the
development of the station-average unit hydrograph at
site 1 (fig. 12). As discussed above, these
transformations provide a set of unit hydrographs with
differing durations that can be tested to determine
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Figure 12. Station-average unit hydrograph and four classes
Creek near Harrisburg, North Carolina (site 1).

which duration provides a better fit against the
observed data. Of the 24 sites where station-average
unit hydrographs were developed, the unit hydrographs
for only 23 sites could be converted into the four
classes of lag-time-duration hydrographs. This
conversion could not be completed for site 15, which
had the lowest lag time (0.25 hour, table 7) and the
smallest drainage area.

After each station-average unit hydrograph was
converted into the four classes of lag-time-duration
hydrographs, each lag-time-duration hydrograph was
reduced to a dimensionless (unit) hydrograph by
dividing the discharge ordinates by the peak discharge
and the time ordinates by the lag time. Next, all one-
fourth lag-time-duration dimensionless hydrographs
(23 total, one for each station) were aligned at the peak,
and discharge ordinates were averaged to create an
overall one-fourth lag-time dimensionless unit
hydrograph for the study area. This step was repeated
for the remaining lag-time-duration classes (one-third,
one-half, and three-fourths), resulting in four average
dimensionless hydrographs (fig. 13).

30 Methods for Estimating Peak Discharges and Unit Hydrographs for

of lag-time duration unit hydrographs for Mallard Creek below Stony

In addition to a dimensionless hydrograph, the
estimation of unit hydrographs requires the use of
statistical relations to estimate the unit-hydrograph
peak discharge and lag time (described in the following
sections). Thus, the resulting four lag-time-duration
classes of dimensionless hydrographs subsequently
were used for testing and verifying simulated
hydrographs (by comparisons with the observed
hydrographs) to determine which one provides the best
fit for estimating flood hydrographs.

Estimation of Unit-Hydrograph Peak Discharge

Application of the dimensionless hydrograph to
estimate a unit hydrograph for an ungaged site requires
the peak discharge for the unit hydrograph and the
basin lag time. Similar to the statistical analyses
completed to develop a relation to estimate the storm
peak discharge, relations for estimating the unit-
hydrograph peak discharge and lag time from basin
characteristics were developed. The unit-hydrograph

Streams in the City of Charlotte and Mecklenburg County, North Carolina
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Figure 13. Average one-fourth, one-third, one-half, and three-fourths lag-time duration dimensionless unit hydrographs for study

sites in Mecklenburg County, North Carolina.

peak discharges and lag times determined for the
24 sites where station-average unit hydrographs were
developed (table 7) were regressed against the basin
characteristics (land-use and physical characteristics)
to select the explanatory variable(s) that provided the
best relation. In this section, the analyses and results of
the statistical relation to estimate the unit-hydrograph
peak discharge are discussed. The analyses and results
of the statistical relation to estimate the lag time are
presented in the next section, Estimation of Unit-
Hydrograph Lag Time.

The best-fit relation for estimating the unit-
hydrograph peak discharge was determined to be of the
following form:

Quu = 481x DA™,

2
where
Qppy 1s the unit-hydrograph peak discharge, in
cubic feet per second; and
DA is the drainage area, in square miles.

Drainage areas used to develop the equation
ranged from 0.12 to 92.4 mi? (table 7). For equation 2,
the coefficient of determination (R2 value) is 0.92, and
the average standard error is about 29 percent (range of
-25 to +33 percent).

Residuals were plotted against the observed unit-
hydrograph peak discharges and the drainage areas to
determine if variable bias occurred, as evidenced by
patterns or groupings in the plotted points. No such
patterns or groupings were noticed in the plots, and the
relation does not appear to be affected by variable bias.
Because the study sites are located within a small area
(as opposed to a larger area, such as across
physiographic regions), the relation was not examined
for geographic bias.

A sensitivity test also was completed to
determine the percentage change in the estimated unit-
hydrograph peak discharge based on the percentage
difference in drainage area (the explanatory variable;
table 8). The test provides an indication of how
sensitive the dependent variable is to varying
percentages of the explanatory variable from its true

Methods for Estimating Unit Hydrographs 3



Table 8. Sensitivity of the estimated unit-hydrograph
peak discharge to errors in the drainage area
(explanatory variable) for streams in Mecklenburg
County, North Carolina

Change in estimated

Difference in thvd N
drainage area, unit-hydrograp
i peak discharge,
in percent A
in percent
-50 34.1
-40 -26.4
-30 -19.3
-20 125
-10 6.1
10 5.9
20 11.6
30 17.1
40 2.4
50 27.6

value. The percentage change in estimated values of the
unit-hydrograph peak discharge ranges from about
-34 percent to about 28 percent, depending on the
percentage differences between estimates and true
values of the drainage area (table 8).

Estimation of Unit-Hydrograph Lag Time

In the analysis to assess the unit-hydrograph lag
times against the basin characteristics, the best-fit
relation was determined to be of the following form:

0.408 0.254

Lyy = 0.642x DA™ x Woods*™*,  (3)

where
Lyy is the unit-hydrograph lag time, in hours;
DA is the drainage area, in square miles; and
Woods is the percentage of the basin categorized as
woods/brush land use.

As previously stated, the sample of drainage
areas used to develop this equation range from 0.12 to
92.4 mi?, and values of the woods/brush land-use
category ranged from 1.3 to 58.4 percent (table 3, sites
14 and 19, respectively). For equation 3, the coefficient
of determination (R2 value) is 0.90, and the average
standard error is about 26 percent (range from about
-23 to +30 percent).

As with the previous equations, residuals were
plotted against the observed lag time and the

explanatory variables to determine if variable bias
occurred, as evidenced by patterns or groupings in the
plotted points. No such patterns or groupings were
noticed in the plots, and the relation does not appear to
be affected by variable bias. Again, because the study
sites are located within a small area, the relation was
not examined for geographic bias.

A sensitivity test was completed to determine the
percentage change in estimated lag times based on
percentage differences in the explanatory variables
(table 9). The test provides an indication of the
sensitivity of the estimated lag times to varying levels
of the explanatory variables. When the test involves
two or more explanatory variables, it also provides an
indication of which variable the equation is more
sensitive to in the results. The test indicated that
estimated values of the lag time are more sensitive to
errors in the drainage area.

Table 9. Sensitivity of the estimated unit-hydrograph lag
time to errors in the explanatory variables for streams in
Mecklenburg County, North Carolina

[miz, square mile]

Difference in Change in estimated
explanatory lag time, in percent
variable, Drainage area, Woods/brush,

in percent miZ percent

-50 -24.6 -16.1

-40 -18.8 -12.2

-30 -13.6 -8.6

-20 -8.7 -5.5

-10 -4.2 -2.6

10 4.0 2.4

20 7.7 4.7

30 11.3 6.9

40 14.7 8.9

50 18.0 10.8

The explanatory variables used to estimate lag
time for unit hydrographs in this study partly differ
from some of the variables that were identified in
previous USGS investigations of unit hydrographs. In
the North Carolina urban unit hydrograph (Mason and
Bales, 1996), the lag time was estimated by using
stream (channel) length, slope, and impervious area.
Inman (1987) used drainage area and slope to estimate
the lag time for rural sites in Georgia but included
impervious area with these two variables to estimate
the lag time for the urban sites. Inman (2000) later
developed lag-time equations for urban sites in four
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flood-frequency regions in Georgia, delineated by
Stamey and Hess (1993); the equations included
drainage area, slope, and total impervious area.
Bohman (1990, 1992) used drainage area to estimate
lag time for rural sites in South Carolina; estimates of
lag time at urban sites were computed by using the ratio
of channel length to slope, total impervious area, and
the 2-year, 2-hour rainfall amount. At sites in
Maryland, Dillow (1998) developed estimates of lag
time by using variables that describe drainage area,
channel slope, forest cover, and impervious area.

Testing and Verification of Simulated
Hydrographs

Having completed the development of all
components required for simulating a hydrograph,
testing and verification procedures were carried out to
simulate hydrographs by using the statistical relations
and each of the four lag-time-duration classes of
average dimensionless hydrographs. In applying each
of the dimensionless hydrographs, the tests provided a
means of identifying the dimensionless hydrograph
that would be appropriate for use in estimating unit
hydrographs at ungaged locations in Mecklenburg
County. For each storm, simulated hydrographs were
developed by using the rainfall excess (computed from
the observed rainfall record) with an estimated unit
hydrograph developed by using each of the four
average dimensionless hydrographs along with
estimates of the unit-hydrograph peak discharges and
lag times.

The tests were conducted by using three
categories of the storms used in the development of
storm unit hydrographs. The first category was denoted
as “all storms,” which consisted of all 228 storms
considered in the analyses. The “all storms” category
was then divided into two subcategories representing
(1) the 142 storms actually used to develop the average
unit hydrographs and (2) the 86 storms that were not
used because the storm unit hydrographs did not
produce suitably shaped unit hydrographs for use in
averaging (table 7). Using the 86 storms that could not
be used in the development of storm unit hydrographs
for testing and verification was considered a means of
more rigorously checking the fit of the estimated unit
hydrographs.

The following parameters were computed from
each of the simulated and observed hydrographs for
comparison: (1) hydrograph width (in units of time) at
50 percent of the peak discharge, (2) hydrograph width
at 75 percent of the peak discharge, (3) peak discharge,
(4) time to peak discharge, and (5) volume of direct
runoff beneath the hydrograph. Because of the wide
range in basin sizes, normalized differences between
the simulated and observed parameters were compiled
for each test (in units of percent), and statistics were
generated to determine the average dimensionless
hydrograph that provides the best overall estimation.
Statistics generated include standard error (hydrograph
width only), mean error, and absolute mean error of the
normalized differences for each parameter (tables 10,
11). Identification of the (1) mean arithmetic error
closest to zero and (2) lowest standard error and
absolute mean error for each lag-time-duration class in
each storm category provided the basis for selecting the
best-fit dimensionless hydrograph for simulating flood
hydrographs.

Results of the hydrograph width comparisons
indicated that use of the one-fourth lag-time
dimensionless hydrograph to simulate flood
hydrographs generally resulted in the lowest errors
(table 10; fig. 14). With the exception of the 75-percent
width in the “all storms” category, the ““all storms” and
“storms used” categories consistently identified the
one-fourth lag-time dimensionless hydrograph as
having the lowest errors among the four dimensionless
hydrographs that were tested. In the “storms not used”
category, the one-half and three-fourths lag-time
dimensionless hydrographs tended to have the lowest
errors (table 10). The lowest mean absolute errors were
27.0 and 30.6 percent for the hydrograph widths at the
50-percent and 75-percent levels, respectively, in the
“all storms” and “storms used” categories. In the
“storms not used” category, the lowest mean absolute
errors were 23.8 and 28.4 percent for the hydrograph
widths at the 50-percent and 75-percent levels,
respectively. The highest errors tended to occur in
using the three-fourths lag-time dimensionless
hydrograph for simulating flood hydrographs.

Comparisons of the normalized differences in
peak discharges, time to peak discharges, and direct-
runoff volumes likewise indicated that use of the one-
fourth lag-time dimensionless hydrograph generally
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Table 10. Summary of errors related to comparisons of simulated and observed hydrograph widths at study sites in Mecklenburg County, North Carolina

[%, percent; blue shading indicates the lowest standard errors and mean absolute errors, or the mean errors closest to zero among the four lag-time-duration classes of dimensionless unit hydrographs developed
for the study sites; gray shading indicates results of similar assessments completed using the dimensionless unit hydrographs from previous USGS investigations; shading of more than one value indicates

identical errors or errors within 0.1 of each other]

Standard error, in percent, for hydrograph width at indicated
peak-flow level

Mean error, in percent, for hydrograph width at indicated
peak-flow level

Mean absolute error, in percent, for hydrograph width at
indicated peak-flow level

Dimensionless

unit All storms Storms used Storms not used All storms Storms used Storms not used All storms Storms used Storms not used
hydrograph 50% 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 75% 50% 75%
peak peak peak peak peak peak peak peak peak peak peak peak peak peak peak peak peak peak
flow flow flow flow flow flow flow flow flow flow flow flow flow flow flow flow flow flow
Charlotte
1/4 lag time 36.4 41.9 34.2 37.0 40.0 49.3 -2.1 0.9 -11.0 -7.5 12.7 14.8 27.0 30.6 28.3 30.7 24.8 30.4
1/3 lag time 36.4 41.7 35.1 38.1 38.7 47.4 -4.9 -3.1 -146 -12.7 11.1 12.8 27.9 31.7 30.1 33.0 24.4 29.6
1/2 lag time 37.6 42.5 39.2 42.6 35.1 4251 -144 -15.1 -26.3  -27.5 52 52 32.0 35.8 37.0 40.2 23.8 284
3/4 lag time 43.8 49.6 494 554 333 3901 -314 -36.3 -46.8 -53.9 -6.1 -7.2 42.5 48.9 52.6 59.6 25.9 31.1
Other
Georgia® 39.1 43.5 42.3 45.3 334 40.7 | -20.0 -21.0 -33.0 -34.0 1.0 1.0 35.0 38.6 41.9 44.6 23.7 28.6
Maryland 48.0 524 554 59.6 33.7 3891 -41.0 -430 -58.0 -62.0 -13.0  -12.0 49.3 53.9 61.9 66.6 28.6 32.9
Appalachianb
Maryland 56.4 594 66.7 69.1 35.8 40.6 | -57.0 -59.0 -78.0  -80.0 -23.0 -23.0 62.6 66.0 80.3 83.2 334 37.5
Coastal
Plain®
Maryland 43.0 494 48.2 55.0 332 3921 -29.0 -350 -44.0  -53.0 -4.0 -6.0 41.4 48.4 50.7 58.9 25.3 30.9
Piedmont?
N.C. urban® 40.2 434 44.4 45.4 32.5 40.0 | -240 -21.0 -38.0 -35.0 -2.0 0.0 37.1 38.5 45.1 44.7 24.0 28.3
S.C. Blue 36.8 41.1 37.8 39.1 354 4441 -12.0 -8.0 -23.0 -19.0 6.0 10.0 30.6 32.5 34.8 35.2 23.7 28.2
Ridge rural?
SCS*© 50.4 60.5 59.1 71.3 332 3921 -46.0 -59.0 -64.0 -83.0 -15.0 -19.0 53.2 67.2 67.9 86.5 29.0 352
S.C. upper 36.8 41.0 37.3 39.7 36.2 435] -11.0 -10.0 -22.0 -21.0 7.0 9.0 30.0 32.8 33.8 35.8 23.7 27.9
Coastal Plain
urban’
Stricker- 38.0 42.6 39.4 43.1 36.0 420 -13.0 -150 -26.0 -29.0 9.0 7.0 32.2 35.9 37.1 41.0 24.1 27.4
Sauer®
2 From Inman (1987).

® From Dillow (1998).
¢ From Mason and Bales (1996).
94 From Bohman (1990).

¢ From Soil Conservation Service (U.S. Department of Agriculture, 1972).

f From Bohman (1992).
€ From Stricker and Sauer (1982).
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Table 11.

County, North Carolina

[All values in percent; blue shading indicates the mean error closest to zero or the lowest mean absolute errors; shading of more than one value indicates errors within 0.1 percent]

Summary of errors related to comparisons of simulated and observed peak discharges, time to peak discharges, and direct runoff volumes at study sites in Mecklenburg

Peak discharge

Time to peak discharge

Direct-runoff volume

Dimen- All storms Storms used Storms not used All storms Storms used Storms not used All storms Storms used Storms not used
sionl.ess Mean Mean Mean Mean Mean Mean Mean Mean Mean
unit Mean abso- Mean abso- Mean abso- Mean abso- Mean abso- Mean abso- Mean abso- Mean abso- Mean abso-
hydrograph  grror lute error lute error lute error lute error lute error lute error lute error lute error lute
error error error error error error error error error
1/4 lag 2.8 30.9 4.6 27.5 -15.1 36.5 -17.3 27.6 -26.0 31.7 2.9 20.8 4.7 15.5 4.0 15.4 6.0 15.7
time
1/3 lag -3.1 30.8 4.8 27.3 -16.1 37.6 -22.0 30.5 -31.3 35.6 -6.7 22.2 2.5 159 1.7 15.8 3.8 159
time
1/2 lag 51 313 37 217 -196 373 | 341 394 459 476  -146 259 60 191 6.8  19.6 47 184
time
3/4 lag 7.0 316 31 277 239 380 496 526 646 653 249 316 202 268 210 278  -187 252
time
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Figure 14. Comparison of hydrograph widths at 50-percent and 75-percent peak discharge runoff at Mallard Creek below Stony
Creek near Harrishurg, North Carolina (site 1), for the storm of December 12, 1996.

resulted in the lowest errors (table 11). In comparing
the peak discharges, the lowest mean absolute errors
range from 27.3 to 36.5 percent for all lag-time-
duration classes. In comparing time to peak discharges,
the lowest mean absolute errors among all storm
categories range from 20.8 to 31.7 percent for the one-
fourth lag-time dimensionless hydrograph. In
comparing the direct-runoff volumes, the lowest mean
absolute errors range from 15.4 to 15.7 percent in all
categories for the one-fourth lag-time dimensionless
hydrograph. As with the hydrograph widths, the
highest errors for peak discharges, time to peak
discharges, and direct-runoff volumes tend to occur
with use of the three-fourths lag-time dimensionless
hydrograph.

Simulations also were carried out with
dimensionless hydrographs that were developed in
previous USGS investigations to assess the differences
in the hydrograph widths at the 50-percent and 75-
percent peak discharges (table 10). Among the
dimensionless hydrographs from the previous
investigations, the dimensionless hydrographs
developed for South Carolina (Bohman, 1990, 1992)

generally resulted in the overall best-fit simulated
hydrographs. Among all categories of storms, the
lowest mean absolute errors ranged from 23.7 to
33.8 percent at the 50-percent widths and from 28.2
to 35.2 percent at the 75-percent widths. However,
comparisons of the lowest mean absolute errors from
simulations based on the one-fourth lag-time
dimensionless hydrographs for Mecklenburg County
(top part of table 10) and those based on previous
investigations (lower part of table) indicated that the
Mecklenburg County (one-fourth lag-time)
dimensionless hydrograph still resulted in the overall
best-fit simulated hydrographs (table 10). The time and
discharge ordinates (or ratios) for the Mecklenburg
County dimensionless hydrograph are listed in

table 12.

The general effects of urbanization on the
development of the Mecklenburg County
dimensionless unit hydrograph can be seen in a
comparison with previously determined dimensionless
hydrographs (fig. 15). The Mecklenburg County
dimensionless hydrograph has the third earliest time to
peak discharge after the South Carolina dimensionless
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Table 12. Time and discharge ratios of the Mecklenburg County, North Carolina, dimensionless hydrograph

[t, time ordinate; Ly, unit-hydrograph lag time; q, discharge ordinate; Qyy, unit-hydrograph peak discharge. The Mecklen-
burg County dimensionless hydrograph is based on selection of the one-fourth lag-time-duration dimensionless hydrograph
for use in streams in the county. For ungaged sites, values of Ly and Qup are based on estimates determined by using the
statistical relations presented in this report. Computed discharge ratios are rounded to two decimal places]

Dimensionless Dimensionless Dimensionless Dimensionless
Observation time ratio, discharge ratio, Observation time ratio, discharge ratio,
tlyy 9/Quy tlyy 9/Quy
1 0.15 0.05 27 1.45 0.32
2 0.20 0.09 28 1.50 0.29
3 0.25 0.14 29 1.55 0.27
4 0.30 0.21 30 1.60 0.25
5 0.35 0.28 31 1.65 0.23
6 0.40 0.38 32 1.70 0.21
7 0.45 0.48 33 1.75 0.19
8 0.50 0.60 34 1.80 0.18
9 0.55 0.72 35 1.85 0.16
10 0.60 0.83 36 1.90 0.15
11 0.65 0.91 37 1.95 0.14
12 0.70 0.97 38 2.00 0.13
13 0.75 1.00 39 2.05 0.12
14 0.80 0.98 40 2.10 0.11
15 0.85 0.94 41 2.15 0.10
16 0.90 0.88 42 2.20 0.09
17 0.95 0.81 43 2.25 0.09
18 1.00 0.74 44 2.30 0.08
19 1.05 0.67 45 2.35 0.08
20 1.10 0.61 46 2.40 0.07
21 1.15 0.55 47 2.45 0.07
22 1.20 0.50 48 2.50 0.06
23 1.25 0.45 49 2.55 0.06
24 1.30 0.41 50 2.60 0.05
25 1.35 0.38 51 2.65 0.05
26 1.40 0.35
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Figure 15. Mecklenburg County, North Carolina, dimensionless hydrograph (one-fourth lag-time duration) and dimensionless

hydrographs from previous U.S. Geological Survey investigations.

hydrographs for rural Blue Ridge and upper Coastal
Plain urban areas (Bohman, 1990, 1992). The presence
of an earlier time to peak discharge for the rural Blue
Ridge areas in South Carolina is apparently affected by
the higher slopes that would be expected in
mountainous areas. Following the Mecklenburg
County dimensionless hydrograph, the next earliest
time to peak discharge is associated with the North
Carolina urban dimensionless hydrograph (Mason and
Bales, 1996). The effects of urbanization also are
reflected in the width of the Mecklenburg County
dimensionless hydrographs relative to the widths
depicted for the other hydrographs (fig. 15). The
dimensionless hydrograph having the largest width
and, correspondingly, the longest time to peak
discharge is that developed for Coastal Plain areas in
Maryland (Dillow, 1998).

Example Application of Methods

The following example demonstrates the steps
required for estimating a unit hydrograph using the
three components (statistical relations for unit-
hydrograph peak discharge and lag time) presented in
the preceding sections. The ranges of data used for the

independent variables in the relations for unit-
hydrograph peak discharge and lag time serve as
general limitations in the overall application of the
dimensionless unit hydrograph. As previously stated,
the sample of drainage areas used to develop the
relation for unit-hydrograph peak discharge range from
0.12 to 92.4 mi? (table 7). Similarly, the sample of
drainage areas used to develop the relation for unit-
hydrograph lag time range from 0.12 to 92.4 mi’, and
values of the woods/brush land-use category ranged
from 1.3 to 58.4 percent (table 3, sites 14 and 19,
respectively). While no basins larger than 92.4 mi?
were used in the analyses, the application of the
techniques to basins up to 100 mi’ likely would be an
acceptable extension of the range in drainage area.
Therefore, a general rule of thumb for the estimation of
unit hydrographs as presented in this report would be to
use only basins in the city of Charlotte and
Mecklenburg County with areas less than 100 mi? in
the applications.

The site used for this example, the gage at
Mallard Creek (site 1), will be treated as an ungaged
site for the purpose of demonstrating the steps.

Step 1—Estimate the unit-hydrograph peak
discharge. The relation developed for use in estimating
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the unit-hydrograph peak discharge requires the
drainage area, in square miles. The drainage area
upstream from the Mallard Creek gage (site 1) is

34.6 mi (table 1). Equation 2 developed for estimating
the unit-hydrograph peak discharge is applied as
follows:

Quy = 481 x DA™

or

0.601

Quy = 481 x (34.6 )= 4,050 /s (rounded)

Step 2— Estimate the unit-hydrograph lag time.
The relation developed for estimating the unit-
hydrograph lag time requires the drainage area and the
percentage of the basin in the woods/brush land-use
category. In the basin upstream from the Mallard Creek
gage (site 1), the percentage of land use in this category
is 50.7 percent (table 3), determined from the
Mecklenburg County GIS coverage for land cover
(Mecklenburg County Land Records and Mapping
Services, 1998). Although this example does not
describe the specific steps necessary for determining

this percentage, it can be determined by using GIS
techniques to overlay a map coverage of the drainage
basin upstream from the site of interest with a map
coverage that depicts the Charlotte-Mecklenburg land-
cover information.

Equation 3 developed for estimating the unit-
hydrograph lag time is used as follows:

Lyy = 0.642 x DA**® x Woods”**
or
Lyy = 0.642 x (34.6"%®) x (50.7°%")

= 7.4 hours (rounded)

Step 3— Convert Mecklenburg County
dimensionless hydrograph to unit hydrograph.
Multiply the time and discharge ordinates for the
Mecklenburg County dimensionless hydrograph
(table 12) by the previously determined estimates of
unit-hydrograph lag time and peak discharge,
respectively (table 13; fig. 16). In this example, the
discharge values are interpolated from the initial unit
hydrograph at 0.25-hour intervals (consistent with the

Table 13. Example conversion of Mecklenburg County dimensionless hydrograph to unit hydrograph
for Mallard Creek below Stony Creek near Harrisburg, North Carolina (site 1, fig. 1)

[t/Lyy, time ratio ordinate (see table 12); Ly, estimated unit-hydrograph lag time; q/Qyy, discharge ratio ordinate
(see table 12);Quy, estimated unit-hydrograph peak discharge; ft3/s, cubic feet per second]

t/Lyy 9/Quy

(from Lyn. Time, (from Qyn. Discharge,

Observation table 12) hours hours table 12) ftgls it¥/s

A B AxB C D CxD
1 0.15 7.4 1.11 0.05 4,050 202.50
2 0.20 7.4 1.48 0.09 4,050 364.50
3 0.25 7.4 1.85 0.14 4,050 567.00
4 0.30 7.4 2.22 0.21 4,050 850.50
5 0.35 7.4 2.59 0.28 4,050 1,134.00
6 0.40 7.4 2.96 0.38 4,050 1,539.00
7 0.45 7.4 3.33 0.48 4,050 1,944.00
8 0.50 7.4 3.70 0.60 4,050 2,430.00
9 0.55 7.4 4.07 0.72 4,050 2,916.00
10 0.60 7.4 4.44 0.83 4,050 3,361.50
11 0.65 7.4 4.81 0.91 4,050 3,685.50
12 0.70 7.4 5.18 0.97 4,050 3,928.50
13 0.75 7.4 5.55 1.00 4,050 4,050.00
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Table 13. Example conversion of Mecklenburg County dimensionless hydrograph to unit hydrograph
for Mallard Creek below Stony Creek near Harrisburg, North Carolina (site 1, fig. 1)—Continued

[t/Lyy, time ratio ordinate (see table 12); Ly, estimated unit-hydrograph lag time; q/Qyy, discharge ratio ordinate
(see table 12);Quy, estimated unit-hydrograph peak discharge; ft3/s, cubic feet per second]

t/Lyy a/Qyy
(from Ly Time, (from Qun. Discharge,
Observation table 12) hours hours table 12) ft¥/s ft¥/s
A B AxB C D CxD

14 0.80 7.4 5.92 0.98 4,050 3,969.00
15 0.85 7.4 6.29 0.94 4,050 3,807.00
16 0.90 7.4 6.66 0.88 4,050 3,564.00
17 0.95 7.4 7.03 0.81 4,050 3,280.50
18 1.00 7.4 7.40 0.74 4,050 2,997.00
19 1.05 7.4 7.77 0.67 4,050 2,713.50
20 1.10 7.4 8.14 0.61 4,050 2,470.50
21 1.15 7.4 8.51 0.55 4,050 2,227.50
22 1.20 7.4 8.88 0.50 4,050 2,025.00
23 1.25 7.4 9.25 0.45 4,050 1,822.50
24 1.30 7.4 9.62 0.41 4,050 1,660.50
25 1.35 7.4 9.99 0.38 4,050 1,539.00
26 1.40 7.4 10.36 0.35 4,050 1,417.50
27 1.45 7.4 10.73 0.32 4,050 1,296.00
28 1.50 7.4 11.10 0.29 4,050 1,174.50
29 1.55 7.4 11.47 0.27 4,050 1,093.50
30 1.60 7.4 11.84 0.25 4,050 1,012.50
31 1.65 7.4 12.21 0.23 4,050 931.50
32 1.70 7.4 12.58 0.21 4,050 850.50
33 1.75 7.4 12.95 0.19 4,050 769.50
34 1.80 7.4 13.32 0.18 4,050 729.00
35 1.85 7.4 13.69 0.16 4,050 648.00
36 1.90 7.4 14.06 0.15 4,050 607.50
37 1.95 7.4 14.43 0.14 4,050 567.00
38 2.00 7.4 14.80 0.13 4,050 526.50
39 2.05 7.4 15.17 0.12 4,050 486.00
40 2.10 7.4 15.54 0.11 4,050 445.50
41 2.15 7.4 15.91 0.10 4,050 405.00
42 2.20 7.4 16.28 0.09 4,050 364.50
43 2.25 7.4 16.65 0.09 4,050 364.50
44 2.30 7.4 17.02 0.08 4,050 324.00
45 2.35 7.4 17.39 0.08 4,050 324.00
46 2.40 7.4 17.76 0.07 4,050 283.50
47 2.45 7.4 18.13 0.07 4,050 283.50
48 2.50 7.4 18.50 0.06 4,050 243.00
49 2.55 7.4 18.87 0.06 4,050 243.00
50 2.60 7.4 19.24 0.05 4,050 202.50
51 2.65 7.4 19.61 0.05 4,050 202.50
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Figure 16. Example conversion of Mecklenburg County, North Carolina, dimensionless hydrograph to estimated unit hydrograph.

interval of excess rainfall values) to estimate the unit
hydrograph (table 14) that will be used to develop the
simulated hydrograph.

When the estimated unit hydrograph has been
determined, a time series of rainfall excess (computed
from observed rainfall record) is required to convert the
unit hydrograph to a simulated hydrograph. In
engineering hydraulic analyses, theoretical
distributions of rainfall excess can be determined by
using methods described by the Soil Conservation
Service (U.S. Department of Agriculture, 1973) or the

U.S. Army Corps of Engineers (1998). Such theoretical
distributions can be used to describe the rainfall excess
associated with a storm of given duration and
frequency. The simulated hydrograph then can be
compared to an observed hydrograph, if available,
and(or) used to further investigate the discharges
estimated for a given event. As part of this example, the
record of rainfall excess (computed from the observed
rainfall record) is applied to the estimated unit
hydrograph to demonstrate the step of developing a
simulated hydrograph for a given storm. As previously
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Table 14. Estimated unit hydrograph for Mallard Creek below Stony Creek near Harrisburg, North Carolina (site 1, fig. 1)

[ft3/s, cubic feet per second; discharges are interpolated at 0.25-hour increments from the initial unit hydrograph listed in table 13]

Observation :::::s D's;';;‘s’ge' Observation hT:::s D'sft3"75’9"' Observation hT:::s Dls;:tzh;xsrge,
1 0.25 45.61 31 7.75 2,728.82 61 15.25 477.24
2 0.50 91.22 32 8.00 2,562.45 62 15.50 449.88
3 0.75 136.82 33 8.25 2,398.26 63 15.75 422.51
4 1.00 182.43 34 8.50 2,234.07 64 16.00 395.15
5 1.25 263.80 35 8.75 2,096.15 65 16.25 367.78
6 1.50 375.45 36 9.00 1,959.32 66 16.50 364.50
7 1.75 512.27 37 9.25 1,822.50 67 16.75 353.55
8 2.00 681.93 38 9.50 1,713.04 68 17.00 326.19
9 2.25 873.49 39 9.75 1,617.81 69 17.25 324.00

10 2.50 1,065.04 40 10.00 1,535.72 70 17.50 311.96
11 2.75 1,309.14 41 10.25 1,453.62 71 17.75 284.59
12 3.00 1,582.78 42 10.50 1,371.53 72 18.00 283.50
13 3.25 1,856.43 43 10.75 1,289.43 73 18.25 270.36
14 3.50 2,167.30 44 11.00 1,207.34 74 18.50 243.00
15 3.75 2,495.68 45 11.25 1,141.66 75 18.75 243.00
16 4.00 2,824.05 46 11.50 1,086.93 76 19.00 228.77
17 4.25 3,132.73 47 11.75 1,032.20 77 19.25 202.50
18 4.50 3,414.04 48 12.00 977.47 78 19.50 202.50
19 4.75 3,632.96 49 12.25 922.74
20 5.00 3,810.28 50 12.50 868.01
21 5.25 3,951.49 51 12.75 813.28
22 5.50 4,033.58 52 13.00 764.03
23 5.75 4,006.22 53 13.25 736.66
24 6.00 3,933.97 54 13.50 689.59
25 6.25 3,824.51 55 13.75 641.43
26 6.50 3,669.08 56 14.00 614.07
27 6.75 3,495.04 57 14.25 586.70
28 7.00 3,303.49 58 14.50 559.34
29 7.25 3,111.93 59 14.75 531.97
30 7.50 2,920.38 60 15.00 504.61
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stated, the storm of December 12, 1996, was used in
this example (fig. 17; table 15). The observed rainfall
for this storm was 0.65 inch (fig. 8) and lasted about
3 hours. The rainfall excess for this storm was
computed to be 0.15 inch (fig. 8) and occurred within
the first 2 hours of the storm. Conversion of the
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estimated unit hydrograph to a simulated hydrograph
resulted in a peak discharge (direct runoff) of about
598 ft3/s, compared to the observed peak discharge

runoff of 501 ft’/s observed at the Mallard Creek gage

(site 1, fig. 17).
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Figure 17.
storm of December 12, 1996.
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Simulation of discharge runoff at Mallard Creek below Stony Creek near Harrisburg, North Carolina (site 1), for the
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Table 15. Example conversion of unit hydrograph to simulated hydrograph (discharge runoff) using rainfall-excess record at Mallard Creek below Stony Creek
near Harrisburg, North Carolina (site 1, fig. 1), for the storm of December 12, 1996

[ft%/s, cubic feet per second; rainfall excess occurred in the first 2 hours of the 3-hour storm (see fig. 8). In this example, only four values of rainfall excess are above zero and occurred within the first
2 hours of the storm. The methods for computation of rainfall excess are not presented in this report (see Purpose and Scope)]

) Rain- Unit_hydrograph Rainfall excess multiplied by unit hydrograph discharge ordinates )
Time, Rain- i discharge Time 0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2,00 Total discharge
hours ) fall, excess, ordu;ates, — runoff,
inches . 1ec ft/s 0 0.04 0.07 0.02 0.02 0 0 0 s
(see table 14) excess e
0.00 0 0 0.00 (Start) art 0
0.25 005 0 45.61 /ﬁo/ Start Example: 45.61 x 0.04 = 1.82 0
0.50 0.10 0.04 91.22 0 0 Start 0
0.75 0.13 0.07 136.82 0 0 1.82 Start 1.82
1.00 0.08 0.02 182.43 0 0 3.65 3.19 Start 6.84
1.25 0.08 0.02 263.80 0 0 5.47 6.39 0.91 Start 12.77
1.50 0.03 0 375.45 0 0 7.30 9.58 1.82 0.91 Start 19.61
1.75 0.03 0 512.27 0 0 10.55 12.77 2.74 1.82 0 Start 27.88
2.00 0.04 0 681.93 0 0 15.02 18.47 3.65 2.74 0 0 Start 39.88
2.25 0.04 0 873.49 0 0 20.49 26.28 5.28 3.65 0 0 0 55.70
2.50 0.02 0 1,065.04 0 0 27.28 35.86 7.51 5.28 0 0 0 75.93
2.75 0.01 0 1,309.14 0 0 34.94 47.74 10.25 7.51 0 0 0 100.44
3.00 0.01 0 1,582.78 0 0 42.60 61.14 13.64 10.25 0 0 0 127.63
3.25 0 0 1,856.43 0 0 52.37 74.55 17.47 13.64 0 0 0 158.03
3.50 0 0 2,167.30 0 0 63.31 91.64 21.30 17.47 0 0 0 193.72
3.75 0.01 0 2,495.68 0 0 7426  110.79 26.18 21.30 0 0 0 232.53
4.00 0 0 2,824.05 0 0 86.69 129.95 31.66 26.18 0 0 0 274.48
4.25 0 0 3,132.73 0 0 99.83 151.71 37.13 31.66 0 0 0 320.33
4.50 0 0 3,414.04 0 0 11296 174.70 43.35 37.13 0 0 0 368.14
4.75 0 0 3,632.96 0 0 12531 197.68 4991 43.35 0 0 0 416.25
5.00 0 0 3,810.28 0 0 136.56  219.29 56.48 4991 0 0 0 462.24
5.25 0 0 3,951.49 0 0 14532 238.98 62.65 56.48 0 0 0 503.43
5.50 0 0 4,033.58 0 0 15241 254.31 68.28 62.65 0 0 0 537.65
5.75 0 0 4,006.22 0 0 158.06  266.72 72.66 68.28 0 0 0 565.72
6.00 0 0 3,933.97 0 0 161.34 276.60 76.21 72.66 0 0 0 586.81
6.25 0 0 3,824.51 0 0 160.25 282.35 79.03 76.21 0 0 0 597.84
6.50 0 0 3,669.08 0 0 157.36  280.44 80.67 79.03 0 0 0 597.50
6.75 0 0 3,495.04 0 0 152.98 275.38 80.12 80.67 0 0 0 589.15
7.00 0 0 3,303.49 0 0 146.76  267.72 78.68 80.12 0 0 0 573.28
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Table 15. Example conversion of unit hydrograph to simulated hydrograph (discharge runoff) using rainfall-excess record at Mallard Creek below Stony Creek
near Harrisburg, North Carolina (site 1, fig. 1), for the storm of December 12, 1996—Continued

[ft3/s, cubic feet per second; rainfall excess occurred in the first 2 hours of the 3-hour storm (see fig. 8). In this example, only four values of rainfall excess are above zero and occurred within the first
2 hours of the storm. The methods for computation of rainfall excess are not presented in this report (see Purpose and Scope)]

) Rain- Unit_hydrograph Rainfall excess multiplied by unit hydrograph discharge ordinates )
Time, Rain- o1 discharge Time 0.00 0.25 0.50 0.75 1.00 125 150 1.75 2.00 Total discharge
hours ) fall, excess, ordu;ates, Rainfall runoff,
inches . 1es fe/s 0 0 0.04 0.07 0.02 0.02 0 0 0 s
(see table 14) excess
7.25 0 0 3,111.93 0 0 139.80 256.84 76.49 78.68 0 0 0 551.81
7.50 0 0 2,920.38 0 0 132.14  244.65 73.38 76.49 0 0 0 526.66
7.75 0.01 0 2,728.82 0 0 124.48 231.24 69.90 73.38 0 0 0 499.00
8.00 0 0 2,562.45 0 0 116.82 217.84 66.07 69.90 0 0 0 470.63
8.25 0 0 2,398.26 0 0 109.15 204.43 62.24 66.07 0 0 0 441.89
8.50 0 0 2,234.07 0 0 102.50 191.02 58.41 62.24 0 0 0 414.17
8.75 0 0 2,096.15 0 0 95.93 179.37 54.58 58.41 0 0 0 388.29
9.00 0 0 1,959.32 0 0 89.36 167.88 51.25 54.58 0 0 0 363.07
9.25 0 0 1,822.50 0 0 83.85 156.38 47.97 51.25 0 0 0 33945
9.50 0 0 1,713.04 0 0 78.37 146.73 44.68 47.97 0 0 0 317.75
9.75 0 0 1,617.81 0 0 7290 137.15 41.92 44.68 0 0 0 296.65
10.00 0 0 1,535.72 0 0 68.52 127.58 39.19 41.92 0 0 0 277.21
10.25 0 0 1,453.62 0 0 64.71 11991 36.45 39.19 0 0 0 260.26
10.50 0 0 1,371.53 0 0 61.43 113.25 34.26 36.45 0 0 0 245.39
10.75 0 0 1,289.43 0 0 58.14 107.50 32.36 34.26 0 0 0 232.26
11.00 0 0 1,207.34 0 0 54.86 101.75 30.71 32.36 0 0 0 219.68
11.25 0 0 1,141.66 0 0 51.58 96.01 29.07 30.71 0 0 0 207.37
11.50 0 0 1,086.93 0 0 48.29 90.26 27.43 29.07 0 0 0 195.05
11.75 0 0 1,032.20 0 0 45.67 84.51 25.79 27.43 0 0 0 183.40
12.00 0 0 977.47 0 0 4348 79.92 24.15 25.79 0 0 0 173.34
12.25 0 0 922.74 0 0 41.29 76.09 22.83 24.15 0 0 0 164.36
12.50 0 0 868.01 0 0 39.10 72.25 21.74 22.83 0 0 0 155.92
12.75 0 0 813.28 0 0 36.91 68.42 20.64 21.74 0 0 0 147.71
13.00 0.01 0 764.03 0 0 34.72 64.59 19.55 20.64 0 0 0 139.50
13.25 0 0 736.66 0 0 32.53 60.76 18.45 19.55 0 0 0 131.29
13.50 0 0 689.59 0 0 30.56 56.93 17.36 18.45 0 0 0 123.30
13.75 0 0 641.43 0 0 29.47 53.48 16.27 17.36 0 0 0 116.58
14.00 0 0 614.07 0 0 27.58 51.57 15.28 16.27 0 0 0 110.70
14.25 0 0 586.70 0 0 25.66 48.27 14.73 15.28 0 0 0 103.94
14.50 0 0 559.34 0 0 24.56 44.90 13.79 14.73 0 0 0 97.98



9

euljoses yuop ‘Ayuno Binquapjoapy pue ayojieys jo Ajg ayy ur sweans oy sydeifospAy yun pue sabieyasiq yead bunewnsy 1oy spoyian

Table 15. Example conversion of unit hydrograph to simulated hydrograph (discharge runoff) using rainfall-excess record at Mallard Creek below Stony Creek
near Harrisburg, North Carolina (site 1, fig. 1), for the storm of December 12, 1996—Continued

[ft3/s, cubic feet per second; rainfall excess occurred in the first 2 hours of the 3-hour storm (see fig. 8). In this example, only four values of rainfall excess are above zero and occurred within the first
2 hours of the storm. The methods for computation of rainfall excess are not presented in this report (see Purpose and Scope)]

) Rain- Unit_hydrograph Rainfall excess multiplied by unit hydrograph discharge ordinates )

Time, Rain- o1 discharge Time 0.00 0.25 0.50 0.75 1.00 125 150 1.75 2.00 Total discharge
hours ) fall, excess, ordu;ates, Rainfall runoff,

inches . 1es fe/s 0 0 0.04 0.07 0.02 0.02 0 0 0 s

(see table 14) excess

14.75 0 0 531.97 0 0 23.47 42.98 12.83 13.79 0 0 0 93.07
15.00 0 0 504.61 0 0 22.37 41.07 12.28 12.83 0 0 0 88.55
15.25 0 0 477.24 0 0 21.28 39.15 11.73 12.28 0 0 0 84.44
15.50 0 0 449.88 0 0 20.18 37.24 11.19 11.73 0 0 0 80.34
15.75 0 0 422.51 0 0 19.09 35.32 10.64 11.19 0 0 0 76.24
16.00 0 0 395.15 0 0 18.00 33.41 10.09 10.64 0 0 0 72.14
16.25 0 0 367.78 0 0 16.90 31.49 9.54 10.09 0 0 0 68.02
16.50 0 0 364.50 0 0 15.81 29.58 9.00 9.54 0 0 0 63.93
16.75 0 0 353.55 0 0 14.71 27.66 8.45 9.00 0 0 0 59.82
17.00 0 0 326.19 0 0 14.58 25.74 7.90 8.45 0 0 0 56.67
17.25 0 0 324.00 0 0 14.14 25.52 7.36 7.90 0 0 0 54.92
17.50 0 0 311.96 0 0 13.05 24.75 7.29 7.36 0 0 0 52.45
17.75 0 0 284.59 0 0 12.96 22.83 7.07 7.29 0 0 0 50.15
18.00 0 0 283.50 0 0 12.48 22.68 6.52 7.07 0 0 0 48.75
18.25 0 0 270.36 0 0 11.38 21.84 6.48 6.52 0 0 0 46.22
18.50 0 0 243.00 0 0 11.34 19.92 6.24 6.48 0 0 0 43.98
18.75 0 0 243.00 0 0 10.81 19.85 5.69 6.24 0 0 0 42.59
19.00 0 0 228.77 0 0 9.72 18.93 5.67 5.69 0 0 0 40.01
19.25 0 0 202.50 0 0 9.72 17.01 5.41 5.67 0 0 0 37.81
19.50 0 0 202.50 0 0 9.15 17.01 4.86 5.41 0 0 0 36.43
19.75 0 0 0.00 0 0 8.10 16.01 4.86 4.86 0 0 0 33.83
20.00 0 0 0.00 0 0 8.10 14.18 4.58 4.86 0 0 0 31.72
20.25 0 0 0.00 0 0 0 14.18 4.05 4.58 0 0 0 22.81
20.50 0 0 0.00 0 0 0 0 4.05 4.05 0 0 0 8.10
20.75 0 0 0.00 0 0 0 0 0 4.05 0 0 0 4.05
21.00 0 0 0.00 0 0 0 0 0 0 0 0 0 0
21.25 0 0 0.00 0 0 0 0 0 0 0 0 0 0
21.50 0 0 0.00 0 0 0 0 0 0 0 0 0 0




SUMMARY

Procedures were developed for the estimation of
peak discharges and unit hydrographs for streams in the
city of Charlotte and Mecklenburg County. The city
and county are located in south-central North Carolina
and encompass about 567 mi’, including parts of Lake
Norman, Mountain Island Lake, and Lake Wylie along
the western county boundary. The Catawba River
drains approximately 75 percent of the county; the
remaining 25 percent of the county is drained by the
Rocky River and its tributaries in the Yadkin-Pee Dee
River basin. The metropolitan area, which is the largest
in North Carolina and primarily occupies the lower
two-thirds of the county, is mostly drained by four large
creeks—Irwin, Little Sugar, Briar, and McAlpine
Creeks.

Included among the procedures are (1) a
dimensionless unit hydrograph for Mecklenburg
County and statistical relations for estimating the
(2) storm peak discharge based on rainfall and basin
characteristics, (3) unit-hydrograph peak discharge
based on basin characteristics, and (4) unit-hydrograph
lag time, also based on basin characteristics. The
dimensionless unit hydrograph can be used with
estimated values of the unit-hydrograph peak discharge
and lag time to determine a unit hydrograph.

Hydrologic data from a network of 25
streamgaging stations and up to 60 raingages during the
1995-2000 water years were used to assemble a
database of peak discharges and rainfall amounts used
in the statistical regression analyses. Information
describing land-use patterns and other physical basin
characteristics also were compiled for use in the
analyses. Land-use data available as of 1998 identified
12 classifications of land use that were combined to
reduce overall land-use information to eight categories.
Physical basin characteristics included drainage area,
channel length, channel slope, basin shape, impervious
areas, and percentage of detention in the basins.

For the statistical relations to predict storm peak
discharge, rainfall amounts from the raingage network
were assembled for 61 storm events across the city and
county. A geographic information system grid
coverage of the county was developed for each storm to
estimate rainfall amounts between the raingages. Then
each storm grid was overlaid onto map coverages of the
25 basin boundaries, and basin-average rainfall was
computed. Other rainfall characteristics obtained from
the grid were the maximum and minimum rainfall
amounts in the basin for each storm. In final form, the

database contained 412 observations among the 25
gaging stations. The observed storm peak discharges
ranged from 6.3 to about 10,200 ft3/ s, with mean and
median values of 705 and 357 ft*/s, respectively. Basin-
average rainfall amounts ranged from 0.06 to

3.84 inches, with mean and median values of 0.80 and
0.63 inch, respectively.

Three explanatory variables were used in the
statistical relation to predict the storm peak
discharge—drainage area, basin-average rainfall, and
impervious area. Of the 412 observations, 103 were
used in the analyses, corresponding to storms having
basin-average rainfall of 1 inch or higher. The
statistical relation had a coefficient of determination
(RZ) of 0.82 and an average standard error of about
47 percent (ranging from about -36 to +56 percent). A
sensitivity test indicated that predicted values of the
storm peak discharge were most sensitive to errors in
the basin-average rainfall and impervious area and least
sensitive to errors in the drainage area.

Station-average unit hydrographs were
developed for 24 of 25 gaging stations used in the
study. Among the sites, between three and nine storm
unit hydrographs were used to determine the station-
average unit hydrographs. Peak discharges for the
average unit hydrographs ranged from 135 to nearly
7,250 ft3/s; lag times ranged from 0.25 to 11.5 hours.
At 23 of the 24 sites, the station-average unit
hydrographs were converted to unit hydrographs
representing one-fourth, one-third, one-half, and three-
fourths duration of the lag time, which in turn were
converted to dimensionless unit hydrographs. The
fractional lag-time dimensionless unit hydrographs
then were combined to create one average
dimensionless unit hydrograph per class (one-fourth,
one-third, one-half, and three-fourths). Conversion to
the four classes of lag-time duration permitted
investigation of unit hydrographs of more realistic
durations for eventual selection of a dimensionless unit
hydrograph for ungaged sites in the study area.

Statistical relations for estimating the unit-
hydrograph peak discharge and lag time were
developed by regressing the dependent variables
against the basin characteristics (land use and physical
basin characteristics) for 24 of the 25 study sites. To
predict the unit-hydrograph peak discharge, the
drainage area is the only required variable. The
drainage areas used in the analyses range from about
0.12 to 92.4 mi. The resulting statistical relation for
unit-hydrograph peak discharge had a coefficient of
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determination (RZ) of 0.92 and an average standard

error of about 29 percent (range of -25 to +33 percent).

Drainage area and percentage of land use
classified as “Woods/Brush” were used in the statistical
relation to estimate the unit-hydrograph lag time. The
range of woods/brush land use among the study basins
ranged from 1.3 to 58.4 percent. The coefficient of
determination (RZ) was 0.90, and the average standard
error was about 26 percent (range from about -23 to
+30 percent). A sensitivity test indicated that estimated
lag-time values are more sensitive to errors in the
drainage area than to errors in percentages of woods/
brush land use.

Each of the four average dimensionless unit
hydrographs was used with estimated unit-hydrograph
peak discharges and lag times to simulate hydrographs
for comparison with observed hydrographs. The
simulated and observed hydrographs were compared,
and statistics were generated on the following
parameters: (1) hydrograph width at 50 percent of the
peak discharge, (2) hydrograph width at 75 percent of
the peak discharge, (3) peak discharge, (4) time to peak
discharge, and (5) volume of direct runoff beneath the
hydrograph.

Assessments of the statistics among these
parameters indicated that simulations based on use of
the one-fourth lag-time-duration dimensionless unit
hydrograph appears to provide the best-fit hydrograph.
Thus, this dimensionless unit hydrograph was selected
as the final overall dimensionless hydrograph for use
for stream basins in Mecklenburg County.
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