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METRIC CONVERSION FACTORS

In this report some measurements are given in inch-pound units and some laboratory data are reported
in metric units. Conversion factors from inch-pound units to International System of Units (SI) are given below.

Multiply By To obtain
acres 0.4047 hm? (square hectometers)
ft (feet) 0.3048 m (meters)
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meq/L milliequivalents per liter
mg/L milligrams per liter
ug/d micrograms per day
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Rainfall and Runoff Quantity and Quality Characteristics
of Four Urban Land-Use Catchments in Fresno, California,

October 1981 to April 1983

By Richard N. Oltmann and Michael V. Shulters

Abstract

Rainfall and runoff quantity and quality were monitored
for industrial, single-dwelling residential, multiple-dwelling
residential, and commercial land-use catchments during the
1981-82 and 1982-83 rain seasons. Storm-composite rainfall
and discrete runoff samples were analyzed for numerous in-
organic, biological, physical, and organic constituents. Atmos-
pheric dry-deposition and street-surface particulate samples also
were collected and analyzed.

With the exception of the industrial catchment, the highest
runoff concentrations for most constituents occurred during the
initial storm runoff and then decreased throughout the remainder
of the storm, independent of hydraulic conditions. Metal con-
centrations were high during initial runoff, but also increased
as flow increased. Constituent concentrations for the industrial
catchment fluctuated greatly during storms.

Statistical tests showed higher ammonia plus organic nitro-
gen, ammonia, pH, and phenol concentrations in rainfall at the
industrial site than at the single-dwelling residential and labora-
tory sites. Statistical testing of runoff quality data showed higher
concentrations for the industrial catchment than for the two
residential and commercial catchments for most constituents.
Total recoverable lead was one of the few constituents that had
lower concentrations for the industrial catchment than for the
other three catchments. The two residential catchments showed
no significant difference in runoff concentrations for 50 of the
57 constituents used in the statistical analysis. The commercial
catchment runoff concentrations for most constituents general-
ly were similar to the residential catchments.

Although constituent concentrations generally were higher
for the industrial catchment than for the commercial catchment,
constituent storm loads from the commercial catchment were
similar to the industrial catchment because of the greater runoff
volume from the highly impervious commercial catchment.
Between 10 and 50 percent of the constituent runoff loads for
the two residential catchments were attributed to the rainfall load,
with the percentages generally considerably less for the industrial
catchment.

Event mean concentrations (EMC) for most constituents for
all but the industrial catchment were highest for the first two
or three storms of the rain season after which they became almost
constant. Constituent event mean concentrations for the indus-
trial catchment generally did not show any pattern throughout
a rain season. Multiple-regression predictor equations for event

mean concentrations were developed for several constituents
for all sites. Average annual constituent unit loads were com-
puted for 18 constituents for each catchment.

The organophosphorus compounds, diazinon, malathion,
and parathion were the most prevalent pesticides detected in rain-
fall. Diazinon was detected in all 54 rainfall samples. Parathion
and malathion were detected in 49 and 50 samples, respectively.
Other pesticides detected in rainfall included chlordane, lindane,
methoxychlor, endosulfan, and 2,4-D. Of these, only methoxy-
chlor and endosulfan were not consistently detected in runoff.

INTRODUCTION

Background

Fresno Metropolitan Flood Control District (FMFCD)
has routed urban stormwater runoff to local manmade reten-
tion basins since 1956. The stormwater runoff is allowed to
percolate through the underlying soils, thereby (1) disposing
of the excess stormwater runoff, and (2) recharging the aquifer
which underlies the city of Fresno and is the city’s domestic
water source.

Public Law 92-500 (the Clean Water Act) and Public
Law 93-523 (the Safe Drinking Water Act) set forth national
priorities concerning the identification and control of constit-
uents discharged into waters of the United States, and for
ensuring the preservation of the Nation’s drinking water sup-
plies. Section 208 of Public Law 92-500 identifies urban
stormwater runoff as a potential source of pollutants. Section
1421 of Public Law 93-523 decreed the U.S. Environmental
Protection Agency (EPA) to establish regulations to control
underground injections to protect drinking water sources.

The U.S. Environmental Protection Agency initiated the
National Urban Runoff Program (NURP) in order to obtain
adequate data to assess urban stormwater effects and to
evaluate and develop effective management and control prac-
tices. NURP consists of 28 individual urban runoff studies
across the country characterizing urban runoff, determining
constituent loads, and evaluating effects and control practices.
The FMFCD applied for and received a NURP grant from
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EPA through the California State Water Resources Control
Board to investigate the potential environmental effects
associated with the recharge of urban stormwater runoff in
manmade basins. The aquifer that underlies Fresno and
receives the urban runoff has been designated by the EPA
as a ‘‘sole source’’ aquifer. Only 1 of the other 28 studies
investigated ground water as an urban runoff receiving water.

The objectives of the Fresno NURP are to:

1. Determine the character of urban stormwater runoff
from different land-use areas, identifying nonpoint sources
and concentrations of the constituents.

2. Determine the effects of the retention and recharge
of urban storm runoff and its related constituents on the
receiving ground water and soils.

3. Identify management practices which insure the
safe, controlled disposal of urban storm runoff in retention/
recharge basins.

The FMFCD requested the U.S. Geological Survey to
complete objective 1. Objective 2 is to be completed by the
Agricultural Research Service, U.S. Department of Agricul-
ture, and objective 3 is to be completed by Brown and
Caldwell Consulting Engineers.

Objectives and Scope

The objectives of the Geological Survey’s study and
this report are to:

1. Determine the rate of runoff for the following land
uses: industrial, single-dwelling residential, multiple-dwelling
residential, and commercial.

2. Identify the type and volume of constituents trans-
ported by the runoff water from the four different selected
land-use types.

3. Determine the concentrations of nonpoint source
constituents (rainfall, atmospheric dry deposition, street-
surface particulate) transported by the runoff water.

4. Determine the time relations between runoff quan-
tity and quality.

The scope of the study included monitoring the quan-
tity, quality, and rate of rainfall and stormwater runoff from
four selected land-use catchments during the 1981-82 and
1982-83 rain seasons (October to April). Rainfall and runoff
samples were analyzed for inorganic, biological, physical,
and organic constituents. Atmospheric dry-deposition and
street-surface particulate samples also were collected and
analyzed for inorganic, physical, and organic constituents.
Of the 28 NURP studies, the Fresno study is one of the few
that investigated urban runoff associated with a particular
land use; it also includes one of only two industrial catch-
ments investigated under the NURP.

DESCRIPTION OF STUDY AREA

The city of Fresno is located about 160 miles southeast
of San Francisco, California (fig. 1), within the predominantly
agricultural San Joaquin Valley. The valley is bounded by the

Coast Ranges on the west and the Sierra Nevada on the east.
Fresno is subject to winter storms that move onshore from
the Pacific Ocean, over the Coast Ranges, and into the valley.
The average annual rainfall for the study area is about 10
inches, nearly all of which falls during October to April.

The topography of the study area is virtually flat with
an average gradient of about 8 ft/mi. Because of the flat ter-
rain and lack of adequate water courses through the city, man-
made stormwater retention basins have been constructed. The
basins average 10 to 15 acres in size, each servicing about
1 mi? of urbanized area. Most of the basins are designed for
multiple use, such as parks, athletic fields (fig. 2), and ground-
water recharge facilities, during the nonrain season.

The city of Fresno occupies about 150 mi2, of which
about 27 percent is residential; 4 percent, commercial; and
6 percent, industrial land use (City of Fresno, written com-
mun., April 1978). The remaining land uses consist of agri-
cultural, transportation, public facilities, and vacant land.
The city is surrounded by agricultural land with the primary
crops consisting of grapes, figs, cotton, alfalfa, peaches, and
almonds. Heavy industrial areas do not exist in Fresno, and
there is not a predominant industry.

SITE SELECTION AND DESCRIPTION

Catchments were selected for runoff monitoring for in-
dustrial, single-dwelling residential, multiple-dwelling resi-
dential, and commercial land-use areas using the following
criteria:

1. Catchment land use had to be about 80- to 90-percent
homogeneous.

2. Catchment had to be 80-percent developed to avoid
substantial construction activity during the period of data
collection.

3. Catchment had to have a suitable site for an equip-
ment shelter and storm-drain access.

All the selected catchments met the above criteria ex-
cept the industrial catchment. Of the very few industrial
catchments from which to choose, a catchment could not be
found that met the 80-percent developed criteria. As shown
in table 1, which is a summary of catchment characteristics,
the selected catchment was only 65.8-percent developed.

The locations of the four catchments that were monitored
throughout the study period are shown in figures 3 and 4.

DATA TYPES AND DATA COLLECTION

Four data types collected throughout the two rain
seasons were:

1. Rainfall rate and quality,

2. Runoff rate and quality,

3. Atmospheric dry-deposition quality, and

4. Street-surface particulate quality.

As part of the data collection for runoff rate and qual-
ity, dry-weather runoff samples were collected during the
summer months at the two residential sites. Rainfall, runoff,
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less than 0.10 inch of rain. The remaining 44 storms aver-
aged 0.45 inch of rain, or 161 percent of the first rain season
storms.

A plot of daily rainfall during the study period as
measured by the National Weather Service at the Fresno Air
Terminal is shown in figure 5. Also noted in the figure are
storms for which rainfall and (or) runoff quality data were
collected.

DATA ANALYSIS
Rainfall and Runoff Quantity Data

1981-83 Storm Characteristics

Storm characteristics were determined for all storms
throughout the study period for each of the four monitored
catchments that had complete rainfall and runoff records. The
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storm characteristics include rainfall total, runoff volume,
rainfall-runoff coefficient, maximum 20-minute rainfall total,
peak flow, and rainfall and runoff duration. These storm
characteristics and two additional variables, number of hours
since the previous storm and the number of days since the
first storm of the rain season, are listed in table 4.
Runoff volumes for each storm were computed using
the runoff record and the RRLIST computer program
documented by Doyle and Lorens (1982). The rainfall-runoff
coefficient was determined by dividing the runoff volume
(runoff depth) by the rainfall total (rainfall depth). Rainfall
duration represents the time in minutes from the first recorded

N

0.01 inch of rainfall to the last 0.01 inch of rainfall for a
storm. The storm-runoff duration represents the time in
minutes that the storm-drain flow was about 0.01 ft3/s (ap-
proximate flow-recording threshold) or greater. The number
of hours since the previous storm represents the approximate
time in hours between the last 0.01 inch of rainfall of the
previous storm and the start of storm-drain flow (about 0.1
ft3/s) for the following storm.

The rainfall-runoff coefficient should range between
0 and 1; however, some of the calculations for the multiple-
dwelling residential and commercial catchments resulted
in coefficients greater than 1. Coefficients greater than 1
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probably occur for the commercial catchment because of a
combination of data collection inaccuracies and a 98.9-
percent impervious catchment surface (table 1). Because of
the high percentage of impervious surface, nearly all rainfall
that lands on the catchment should drain off. Therefore, data
collection inaccuracies become critical in this near-continuity
situation. For example, if the recorded rainfall, which is col-
lected at one location in or near the catchment, is less than
the actual average rainfall over the catchment, a coefficient
greater than 1 will result. Other data collection inaccuracies
that could contribute to a coefficient greater than 1 include
errors in collection of the storm-drain stage record, deter-
mination of stage discharge relation (Oltmann and others,
1987), and determination of the catchment drainage area.

Coefficients greater than 1 also were obtained for two
storms for the multiple-dwelling residential site (1.01 on

January 22 and 1.05 on February 28, 1983). Both storms
were high rainfall intensity storms that caused the storm drain
to flow full, therefore, the flow records were estimated for
these periods (Oltmann and others, 1987). Another possible
cause for the coefficients to be greater than 1 is that the high-
intensity rainfall caused runoff from an adjacent catchment
to enter the monitored catchment.

Table S represents a statistical summary of the storm
characteristics data shown in table 4. Because of the unusually
high rainfall total during the second rain season, the mean
storm characteristics data shown in table 5 (except for the
commercial catchment) probably are higher than the actual
mean storm characteristics values. The effect of the high rain-
fall total on the mean rainfall-runoff coefficient is discussed
in the section ‘‘Estimation of Land-Use Average Annual Con-
stituent Unit Loads.”’
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Rainfall-Runoff Regression Analysis

Multiple linear-regression analysis for each of the four
catchments was done using the data in table 4 and REG pro-

N

cedure of the computerized statistical analysis system, SAS
(Helwig and Council, 1979). The dependent variable was
designated as runoff and regressed against the independent
variables rainfall total, maximum 20-minute rainfall total
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(MAX20), and number of hours since the previous storm
(DRYHRS).

If DRYHRS is a significant independent variable, an
appreciable part of the catchment surface has soil areas that
need to reach saturation before runoff occurs from these
areas, and (or) significant depression areas must be filled
before runoff occurs. If MAX20 is a significant variable,
the catchment soils have a high infiltration rate, and the rain-
fall rate must exceed the infiltration rate in order for runoff
to occur from the pervious soil areas.

The regression results indicate that the significance of
the three independent variables differed between catchments.
Regression results for each of the four catchments are shown
in figure 6, which includes the regression equation for
estimating runoff volume, percent of variation of dependent
variable explained by the independent variables adjusted for

sample size (R?), root mean square error, and a comparison
plot of predicted and measured runoff.

The analysis for the commercial catchment produced
a simple linear regression equation as the best model, with
rainfall total being the only independent variable that was
significant at the 0.05-significance level (@=0.05). This
result is again the direct result of the 98.9-percent imper-
vious catchment surface.

The analysis for the other three catchments resulted in
multiple logarithmic-linear regression equations. The only
significant independent variables for the equations for the
single-dwelling residential and industrial catchments were rain-
fall total and DRYHRS. All three independent variables were
significant for the multiple-dwelling residential catchment.
These results are consistent with the catchment characteristics
data shown in table 1. All three catchments have a large
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percentage of pervious surface (signified by DRYHRS as an
independent variable), and the multiple-dwelling residential
catchment consists of soil with a higher infiltration rate (soil
group A) than the other two catchments (soil group B), which
is signified by the independent variable MAX20.

The regression equation for the commercial catchment
for rainfall totals greater than 0.17 inch calculates a runoff
volume which exceeds the rainfall total. This anomaly is due
to data collection inaccuracies as discussed earlier. Only data
for the first rain season for the commercial catchment were
used in the regression analysis because of the inaccuracies
of the flow record in the second rain season caused by the
construction activities adjacent to the catchment as discussed
in Oltmann and others (1987).

The percent of variation explained for the industrial
catchment (75 percent) is lower than the other three catch-
ments (94 percent and higher) because the industrial catch-
ment has a larger percentage of idle and vacant land (table
1) and has more depression storage compared to the other
three catchments. Field observations during storms revealed
a larger quantity of depression storage in the industrial catch-
ment compared to the other three catchments, especially in
the storm-drain system. Depression storage also was ob-
served on some of the vacant industrial lands.

Rainfall-Runoff Response

The magnitude and response of runoff from a catch-
ment are related to the amount of effective impervious area
in the catchment. Effective impervious areas drain directly
to water conveyance channels that route the runoff to the
monitoring location. Noneffective impervious areas drain to
pervious areas and therefore do not contribute to the runoff
hydrograph unless infiltration demands have been met.

If all of the impervious areas in a catchment are effec-
tive impervious areas, the percentage of rainfall that drains
off a catchment (rainfall-runoff coefficient multiplied by 100)
will be about equal to the percentage of impervious area in
the catchment. Comparison of the mean rainfall-runoff coef-
ficients for each catchment (table 5) and the percentage of
impervious area (table 1) indicates that a large part of the
impervious area for the two residential and industrial catch-
ments are not effective impervious areas. The impervious
area for the commercial catchment is almost entirely an
effective impervious area.

To graphically compare rainfall-runoff response for the
four catchments, flow hydrographs and rainfall bar graphs
(hyetographs) for a typical storm (November 17, 1981) are
shown in figure 7. The hydrographs show that the highly
impervious commercial catchment responds faster to rain-
fall than the other catchments, which results in steeper rising
and falling hydrograph limbs, and higher peak flows. The
high percentage of effective impervious area for the com-
mercial catchment also produces a much greater runoff
volume even though the industrial and single-dwelling
residential catchments have larger drainage areas.

Rainfall Quality Samples

Numerous storm-composite (bulk) rainfall samples were
collected on a storm basis at the industrial and single-dwelling
residential sites during the 1981-82 and 1982-83 rain seasons.
In addition, a third rainfall quality collection site was estab-
lished at the project’s laboratory (fig. 3) during the 1982-83
rain season. This third collection site was initiated because
there was concern that the rainfall quality at the single-dwelling
residential site might be affected by its proximity to the Fresno
Airport (fig. 3), and that the rainfall quality at the industrial
site might be affected by its surrounding environment. If the
two concerns were true, neither site’s data would be suitable
for use in future studies to estimate rainfall quality for the
remaining majority of the Fresno urbanized area. This does
not imply that the laboratory rainfall data would be truly
representative of the remaining urbanized area, but these data
should not be affected by the above-mentioned interferences.
The laboratory site was a rainfall quality site only; total rain-
fall data were not collected.

Rainfall quality usually will vary throughout a storm.
The measurements made of a storm-composite sample could
be considerably different from measurements of discrete
samples of rainfall collected during that storm. This may be
particularly true for pH. However, the objective was to ob-
tain results that were representative of the entire storm.
Therefore, the results represent rainfall event mean concen-
trations (EMC).

Statistical summaries of all the rainfall quality data in-
cluding the number of samples and the mean, median,
standard error of mean, standard deviation, maximum, and
minimum values for analyzed constituents are presented for
each of the three sites in tables 6 through 8.

Comparison of Rainfall Quality

Statistical testing was used to determine if rainfall quality
(constituent concentrations) differed between the two rain
seasons and among sampling sites. In order to determine which
statistical comparison test would be used, the UNIVARIATE
procedure of SAS (Helwig and Council, 1979) was used to
evaluate the data distribution of the constituent concentrations.
Depending on the number of samples, the UNIVARIATE pro-
cedure uses the Shapiro Wilk W-statistic (N<50) or a modified
version of the Kolmogorov-Smirnov D-statistic (N>50) to test
whether or not the data are normally distributed. If the data
were not normally distributed, a nonparametric statistical pro-
cedure, the Kruskal-Wallis (chi-square approximation) test was
used for testing. If the data were normally distributed, a
parametric statistical procedure, ANOVA (analysis of vari-
ance) was used. Both tests are included in the NPARIWAY
procedure of SAS (Helwig and Council, 1979).

Results of the statistical comparison testing between rain
seasons showed no significant difference (a=0.05) for any
of the constituents measured at the single-dwelling residen-
tial site. At the industrial site, only dissolved phosphorus and
dissolved organic carbon were significantly different between
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the first and second rain seasons. After this initial testing
between years, all of the data from both years were com-
bined into one data set for each site, except for the two con-
stituents that differed between years at the industrial site. The
results of testing between sites are shown in table 9. Most
of the differences occurred between the industrial and single-
dwelling residential sites. Schematic plots for four of the con-
stituents that did show significant differences—pH, dissolved
nitrogen ammonia, dissolved ammonia plus organic nitrogen,
and phenols—are shown in figure 8.

The results shown in table 9 indicate that rainfall quality
at the three different sites generally is comparable. However,
microclimatic variations that occur in the urban area and
localized air pollutants may affect rainfall quality in some
areas. Of the five constituents that differed significantly
between the industrial and single-dwelling residential sites,

three—pH, dissolved nitrogen ammonia, and dissolved am-
monia plus organic nitrogen—could conceivably result from
industrial plant emissions being discharged in and near the
industrial catchment. There is not enough evidence at this
time to confirm this conclusion.

The overall quality of the rainfall probably is affected
more by regional inputs such as those from the agricultural
lands surrounding Fresno than by localized effects. This con-
clusion is strengthened by some results of pesticides analysis,
which will be discussed later.

Computation of Rainfall Constituent Loads

Storm rainfall and runoff constituent loads were not
computed for all of the monitored quality constituents listed
in table 2. Rainfall loads were computed for the 15 constit-
uents listed below (runoff loads also were computed for these
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15 constituents in addition to 3 other constituents; refer to
““‘Computation of Runoff Constituent Loads’’ section):

nitrogen, nitrite plus nitrate, dissolved

nitrogen, ammonia plus organic, dissolved

phosphorus, dissolved

oxygen demand, chemical

carbon, organic, dissolved

aluminum, total recoverable

arsenic, total

chromium, total recoverable

copper, total recoverable

iron, total recoverable

lead, total recoveraable

manganese, total recoverable

mercury, total recoverable

nickel, total recoverable

zinc, total recoverable

Rainfall constituent loads were computed using the

following relation:

L=0.2266(RXDAXCONC),
where

L is rainfall load, in pounds;
R is rainfall total, in inches;
DA is catchment drainage area, in acres;
CONC is constituent concentration, in milligrams per
liter; and
0.2266 is units conversion factor.

The resultant load is the quantity of a constituent, in
pounds, that fell on the catchment for a given storm. The
constituent concentration is the laboratory analyses concen-
tration of the bulk rainfall sample collected for that storm
(event mean concentration).

All the calculated storm rainfall constituent loads are
given in tables 10 and 11. Loads were not computed for the
laboratory site because rainfall quantity data were not avail-
able. Rainfall unit loads (for example, pounds per acre) were
not computed or shown in the table because of the resultant
very small numbers, and unit loads using square miles were
possibly too large an extrapolation of the point data. Rain-
fall loads are compared to runoff loads in the ‘‘Comparison
of Rainfall and Runoff Quality Data’’ section.

Runoff Quality Samples

Numerous discrete runoff samples were collected at the
four monitoring sites during the two rain seasons of the study.
Statistical summaries of these data including number of
samples, mean, median, standard error of mean, standard
deviation, maximum, and minimum are presented for each
of the four catchments in tables 12 through 15.

Comparison of Catchment Runoff Quality Using
Discrete Sample Data

Comparison of land-use runoff quality was done by ap-
plying statistical tests to the discrete runoff constituent con-

centration data. In order to compare catchment runoff quality,
only sample results for common storms should be compared.
However, because of the external electromagnetic field inter-
ference at the single-dwelling residential site during the first
rain season and the construction activities adjacent to the
commercial catchment during the second rain season, only
a few storms have usable sample data for all four catchments
(Oltmann and others, 1987). Therefore, in order to provide
a larger data base for statistical comparison purposes, two
data sets were formed each using storms common to only
three catchments. The first data set included five storms com-
mon to the industrial, multiple-dwelling residential, and com-
mercial catchments (Nov. 17, 1981; Jan. 4, 1982; Mar. 9-10,
1982; Mar. 10-11, 1982; Mar. 25-26, 1982). The second
data set included eight storms common to the industrial,
single-dwelling residential, and multiple-dwelling residen-
tial catchments (Nov. 12, 1981; Nov. 17, 1981; Mar. 9-10,
1982; Mar. 10-11, 1982; Mar. 25-26, 1982; Sept. 24, 1982;
Oct. 25, 1982; Jan. 18, 1983). Statistical comparison testing
was applied to each of these data sets with the results used
to implicitly compare the single-dwelling residential and com-
mercial catchments. Therefore, if there was no statistical dif-
ference between the data properties and values for a particular
constituent for the three catchments in data set 1, and no
statistical difference for the same constituent for the three
catchments in data set 2, then the assumption could be made
that there was no statistical difference of the data properties
and values for that particular constituent between the single-
dwelling residential and commercial catchments.

The same statistical procedures described previously
for rainfall quality were used for these analyses.

The runoff quality constituents that were determined
to have no statistical difference (a=0.05) in concentration
values for the catchments are shown in table 16. Two signifi-
cant conclusions can be drawn from the data in table 16: (1)
The two residential catchments are quite similar with respect
to quality of runoff (50 of the 57 constituents are similar),
and (2) the industrial catchment runoff is quite different from
the other three catchments (10 constituents are similar with
at least one of the other catchments). The schematic plots
for selected constituents shown in figure 9 present a visual
comparison between catchments of the runoff quality con-
stituent data.

Typical plots of nutrient data are shown in figure 94,
B; both show the conclusions stated above. Although some
nutrient data for the commercial catchment are not statistical-
ly similar to any of the other three catchments, the plots do
show that nutrient data for the commercial catchment are
more representative of the two residential catchments than
of the industrial catchment.

Typical plots of metal data are shown in figure 9C-E.
The data for total recoverable copper and total recoverable
zinc (plots not shown in fig. 9) are similar to total arsenic
(fig. 9C); each shows markedly higher concentrations for
the industrial catchment. The information shown in figure
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9D, total recoverable lead, is unique in that it shows the in- aluminum, manganese, and nickel (not shown in fig. 9) show
dustrial catchment concentrations to be lower than the other the same relation to total recoverable iron (fig. 9E) of high

three catchments. The data for plots of total recoverable  concentrations at the industrial and multiple-dwelling residen-
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tial catchments and low concentrations at the single-dwelling  relation. Both the industrial and multiple-dwelling residen-
residential and commercial catchments. Comparing these  tial catchments have undeveloped land where soil erosion
plots with the suspended sediment (fig. 9F) indicates the same ~ could take place, thus causing the higher suspended-sediment
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concentrations and metal concentrations because these metals
are abundant in soils. Therefore, these metal data may not
be typical of runoff from a fully developed multiple-dwelling
residential or industrial catchment. Data shown for chemical
oxygen demand (fig. 9G) and 20-day biochemical oxygen
demand (fig. 9H) are typical of most constituent concentra-
tion plots, with the industrial catchment concentrations far
exceeding the concentrations at the other three catchments.

The cations (calcium, alkalinity, magnesium, sodium,
and potassium) and the anions (chloride, sulfate, bicarbonate,
nitrate, and ammonia) are shown for each catchment in figure
10. These pie diagrams show average ion concentrations in
milliequivalents per liter (meq/L) for all analyses for each
catchment. In an ideal situation, the total cations in milli-
equivalents per liter will equal the total anions in the same
units within 1 or 2 percent. In instances where the anion plus
cation total is less than about 5.00 meq/L, larger percentage
errors sometimes occur (Hem, 1970). Urban runoff samples
are particularly troublesome because chemical transforma-
tions are occurring rapidly as the dilute rainfall rapidly mixes
with solids on the ground. This explains the slight cation-
anion imbalances seen in the pie diagrams. In spite of the
imbalances, comparisons can be made of the general water
types discharging from each catchment.

As with other inorganic and organic constituents, a dif-
ference between the industrial catchment and the other three
catchments is noticeable. The predominance of sodium and

EXPLANATION

44 — NUMBER OF DATA POINTS USED IN CONSTRUCTION OF
SCHEMATIC PLOT

* — FAR OUT VALUE: Values are more than 1.5 times the semi-
quartile range from the top or bottom of the rectangle

0 — OUTSIDE VALUE: Values are more than 1.0 times the semi-
quartile range from the top or bottom of the rectangle

— VERTICAL LINES: Lines from rectangle extend to the limit of
the data or the same distance as the semiquartile range

75th PERCENTILE VALUE

+ |MEAN
MEDIAN

SEMIQUARTILE RANGE

AN
25th PERCENTILE VALUE

CATCHMENTS
| Industrial
S Single-dwelling residential
M Multiple-dwelling residential
C Commercial

Figure 9. Continued.

chloride from the industrial catchment contrasts sharply with
the more balanced ionic composition of runoff from the
single-dwelling residential, multiple-dwelling residential, and
commercial catchments. The large proportion of sodium
chloride in solution from the industrial catchment is indicative
of the unusual conditions that exist in an industrial catch-
ment. For the other three catchments, the cation calcium and
the anion bicarbonate account for about 50 percent of the
total composition, and the ionic composition for each catch-
ment is similar.

Comparison testing of the fecal-coliform bacteria data
was not done because of the small unbalanced data set, and
the uncertainty of the data. The 6-hour sampling-to-
processing time constraint for fecal-coliform bacteria caused
numerous logistic problems that limited the number of
samples that could be analyzed for fecal-coliform bacteria.
When samples were collected and analyzed within the 6-hour
time limit, a large percentage resulted in culture plates with
colonies too numerous to count. The variability of urban
runoff made it difficult to select a range of sample volumes
that would result in an ideal colony count.

During the first rain season only, 26 dibromochloro-
propane (DBCP) samples were collected from the four catch-
ments. The analytical results for 21 of the 26 samples were
less than the detection limit of 0.003 microgram per liter
(ug/L). Each catchment had at least one sample concentra-
tion greater than the detection limit, with the exception of
the commercial catchment that had two results greater than
the detection limit, including the 0.01-ug/L maximum.

During the second rain season only, 22 volatile organic
samples were collected from the four catchments. The
samples were analyzed for benzene, chlorobenzene, and
ethylbenzene. The analytical results did not produce any con-
centrations greater than the detection limit of 1.0 pg/L.

Variation of Constituent Concentrations Throughout a Storm

Most constituent concentrations were highest in the
initial runoff of a storm. Constituents accumulated on the
catchment since the previous storm and located near the
monitoring site are washed off by the initial storm runoff.
Therefore, the initial runoff results in high constituent con-
centrations because of the low runoff volumes that transport
the collected constituents. Constituents that have collected
on the catchment at greater distances from the monitoring
site also are first transported by small quantities of initial
runoff, but usually are well diluted by the time they reach
the monitoring site resulting in lower constituent concentra-
tions. Therefore, high constituent concentrations associated
with initial washoff are a localized phenomenon.

Constituent concentrations vary during a runoff event
depending upon the type of constituent. Nutrient concentra-
tions generally are highest at the beginning of storm runoff
and then steadily decrease throughout the runoff event ir-
respective to variation in flow (fig. 11). Metal concentra-
tions generally are higher at the beginning of runoff, but vary
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thereafter depending on velocity. This variation probably is
because metals are associated with sediment particles (Gibbs,
1977), and larger sediment particles are transported by higher
velocities. Therefore, the highest metal and sediment con-
centrations usually are found on the rising limb of a
hydrograph (fig. 11). Chemical oxygen demand, 20-day
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biochemical oxygen demand, and specific conductance
(related to ion concentrations) all vary throughout a
hydrograph similar to nutrient constituents (fig. 11).

The plots shown in figure 11 are typical of all the
monitored catchments except for the industrial catchment,
which did not demonstrate constituent concentration patterns

C, Multiple-dwelling
residential catchment

Magnesium

/0187

Sodium

0312
~N

Calcium
_—— 0445

0091 ~_
Nitrate
— 0020
Chloride )
0152 Ammonia
—— 0084
Bicarbonate
-y
D, Commercial catchment
Magnesium
0315 \
; Calcium
Sodium
0325\ £ o~ 0740
_
Chloride Potassium
0167 _—0087
—__Nitrate
Sulfate 0030
0479
Bicarbonate i
0 782 Amon;\g‘ma

AVERAGE OF ALL SAMPLES, IN MILLIEQUIVALENTS PER LITER

CATIONS
[] anons

Figure 10. Average concentrations of dissolved major ions for runoff for each of four monitored catchments.

20  Rainfall and Runoff Quantity and Quality Characteristics, Fresno, California



throughout a storm. A typical constituent concentration plot
for the industrial catchment is shown in figure 12. The plot
shows the highest concentrations of phosphorus and chemical
oxygen demand occurred unexpectedly in the middle of the
hydrograph and were not associated with a peak flow.
Numerous high specific-conductance spikes were recorded

for the industrial catchment during the study period, the
largest of which occurred October 25, 1982, when the
specific conductance rose from 666 to 9,960 microsiemens
per centimeter (uS/cm) in 8 minutes, and then receded to
1,025 uS/cm 24 minutes later. These random concentration
spikes were common for the industrial catchment and
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probably were due to runoff from various point sources in
the catchment. The arrival time was therefore dependent on
the travel time between the point source and the monitoring
point.

On January 11, 1983, an attempt was made to verify
that the high constituent concentrations collected at the begin-
ning of a storm are associated with catchment washoff and

are not a result of flushing the storm-drain monitoring pipe
of residue deposited since the last storm. The test consisted
of simulating storm runoff at the multiple-dwelling residen-
tial site by discharging fire-hydrant water into the monitor-
ing storm-drain pipe at the point where storm runoff enters
the pipe. Samples were collected using the automatic sam-
pling equipment in the same manner as if there was actual
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storm runoff. The first two collected samples along with the
seventh sample (3-minute collection interval between
samples) were sent to the laboratory for analysis of assorted
nutrient and metal constituents. The seventh sample was
selected as a control sample representative of the quality of
the hydrant water. Comparing the laboratory results of the
first two collected samples and the control sample indicated
minimal differences in concentrations. Specific-conductance
readings taken of all seven collected samples also showed
minimal differences. The first hydrant water to reach the
monitoring point was observed to be murky, but by the time
the flow was deep enough to submerge the automatic sampler
intake, the water was clear.

The results of this one-time test indicate that constit-
uent concentrations for samples collected during storms prob-
ably are not biased by storm-drain pipe residue. Although
this test was done at only one location, the results are believed
to be transferable to the industrial and commercial sites
because their storm-drain pipes and monitoring systems were
similar to the multiple-dwelling residential site. This con-
clusion is not transferable to the single-dwelling residential
site because the storm-drain pipe generally was full of water;
tests were not made for this site.

Regression Analysis of Constituent Concentrations

Simple linear regression analysis was used to investi-
gate possible relations between constituent concentrations for
each catchment. This was done using the discrete sample data
and the REG procedure of SAS (Helwig and Council, 1979).
Relations between specific conductance and constituent con-
centrations also were investigated with the intent of using
the relations with specific-conductance data for storms that
did not have laboratory-analyzed constituent concentrations.
The estimated concentrations then were to be used in con-
Jjunction with runoff data to calculate storm constituent loads
(refer to ‘‘Computation of Runoff Constituent Loads’” sec-
tion) for use in additional data analysis.

The regression analysis results provided relations
between nutrient species concentrations, and between specific
conductance and nutrient, alkalinity, and dissolved-solids
concentrations for all catchments except the industrial catch-
ment (table 17). Relations for the industrial catchment could
not be determined because of unexplained variance in the
specific-conductance data. Determination of relations be-
tween dissolved and total recoverable metal concentrations,
and relations between specific conductance and metals,
chemical oxygen demand, and dissolved and suspended
organic carbon concentrations were attempted but produced
no usable results except for the specific conductance and
chemical oxygen demand relation shown in table 17 for the
single-dwelling residential catchment.

Before developing the nutrient and specific conductance
relations, initial washoff samples for all storms were
eliminated from the data set. Initial concentration plots of
specific conductance and nutrient concentrations indicated

that a linear relation existed between the constituents, but
that there also were several outlier data points that usually
plotted to the right of the indicated relation line (fig. 13).
Further analysis revealed that most of these outlier data were
initial washoff samples, indicating that the relation does not
apply during this period. These data were omitted in order
to avoid having these few outlier data points that result from
a small part of the total hydrograph affect the calculation of
the relation that would be applied to estimate concentrations
for the entire storm hydrograph. The omission of these ini-
tial washoff data points produces a relation that estimates
an initial washoff nutrient concentration that probably is
higher than what would be measured. However, the error
associated with eliminating initial washoff sample points has
a small effect on the computed total storm constituent load.

A simple linear relation did not adequately fit the
dissolved nitrite plus nitrate and specific-conductance data
for the single-dwelling residential catchment. Therefore, as
shown in table 17, a polynomial equation was found to pro-
vide the best fit. This was the only constituent or catchment
where a nonlinear relation with specific conductance oc-
curred. Also for the single-dwelling residential catchment,
one relation for each rain season was determined for dis-
solved ammonia plus organic nitrogen and specific conduct-
ance. These relations were found to be statistically different
(«=0.05).

Only the first rain season data were used for develop-
ing the relations for the commercial catchment. The second
rain season’s data were not used because of possible adverse
effects to the data caused by the construction activity adja-
cent to the commercial catchment (Oltmann and others,
1987).

The regression relations and the 95-percent prediction
confidence limits for specific conductance and dissolved
phosphorus, dissolved ammonia plus organic nitrogen,
dissolved nitrite plus nitrate, and dissolved solids are shown
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Figure 13. Relation of dissolved ammonia plus organic nitrogen
and specific conductance using discrete runoff data for multiple-
dwelling residential catchment.
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graphically in figures 14 through 16. For the nonlinear rela-
tion between specific conductance and dissolved nitrite plus
nitrate for the single-dwelling residential catchment, the
predicted dissolved nitrite plus nitrate, caiculated from the
polynomial equation shown in table 17, is plotted against the
measured dissolved nitrite plus nitrate. These relations were
used in conjunction with specific-conductance readings
(Oltmann and others, 1987, table 14) to estimate constituent
concentrations for use in calculating storm constituent loads.

Computation of Runoff Constituent Loads

Storm event constituent loads were computed by using
runoff data and one of the three following approaches:

1. Discrete laboratory constituent concentration data
and the LOADS computer program documented by Doyle
and Lorens (1982).

2. Estimated constituent concentration data and the
LOADS computer program.

3. Laboratory flow-weighted composited samples.
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Storm-runoff constituent loads were computed for the
15 constituents for which rainfall loads were computed in
addition to loads for suspended sediment, suspended organic
carbon, and dissolved solids. Runoff pesticide loads were
not computed because only one or two grab samples were
collected per storm. The major ion pie diagrams shown in
figure 10 also can be used in conjunction with the dissolved-
solids loads to provide estimates of individual ion unit loads.

The LOADS program computes a constituent load
assuming that the constituent concentration varies linearly
between known concentration data points. This may not be
true for all cases, but if there are adequate concentration data
covering the entire runoff hydrograph, the assumption is
within acceptable practice. The assumption may be more
precarious when using metals and suspended-sediment data
because of the variation of these constituent concentrations
with velocity, whereas most other constituent concentrations
tend to decrease uniformly throughout the hydrograph after
initial washoff (fig. 11).
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Figure 14. Results of constituent concentration and specific conductance regression analysis for the single-dwelling residential
catchment. A, Dissolved nitrogen (nitrite plus nitrate). B, Dissolved nitrogen (ammonia plus organic). C, Dissolved phosphorus.

D, Dissolved solids.
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The LOADS program computes an interval load for
each runoff data point by multiplying the interval runoff
volume by the constituent concentration for that data point
(fig. 17). The interval runoff volume is calculated by multi-
plying the runoff rate by the data-record interval. For calcu-
lating interval loads before the first known concentration
point, the first known concentration value is used; for points
after the last known concentration point, the last known con-
centration value is used. The summation of the interval loads
equals the storm load.

The constituent concentration data used in the LOADS
program were either the results of laboratory analysis or
estimated. Constituent concentrations were estimated using
regression equations and field measured specific conduct-
ance, as discussed in the previous section.

Due to analytical costs, not all monitored storms could
have selected discrete samples collected throughout the
hydrograph analyzed individually. Instead, the sampling
equipment was programmed to collect flow-weighted samples
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(Oltmann and others, 1987) that were composited for each
site upon completion of the storm and sent to the laboratory
for analysis. The laboratory constituent concentration results,
equivalent to the event mean concentration (EMC), then were
multiplied by the computed storm-runoff volume (table 4)
to produce a storm-runoff constituent load.

All computed constituent storm loads are listed in tables
18 to 21. The EMC'’s for storm loads not determined from
composite samples were calculated by dividing the total con-
stituent mass discharge (load) by the runoff volume. This
calculation is an attempt to eliminate some data variability
caused by storm volume variability.

Characterization and Regression Analysis of Constituent
Event Mean Concentrations

The first step in characterizing constituent event mean
concentrations (EMC) for each catchment was to determine
which variables affect a constituent EMC. Therefore, the
storm characteristic data in table 4 and the constituent EMC
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Figure 15. Results of constituent concentration and specific conductance regression analysis for the multiple-dwelling residential
catchment. A, Dissolved nitrogen (nitrite plus nitrate). B, Dissolved nitrogen (ammonia plus organic). C, Dissolved phosphorus.

D, Dissolved solids.
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data in tables 18 to 21 were combined and plots generated
which compare EMC’s and (1) number of days since first
storm of rain season (SFIRST), (2) number of dry hours since
last storm (DRYHRS), (3) storm-runoff volume (RUNOFF),
and (4) maximum 20-minute rainfall total (MAX20).

The EMC compared to number of days since first storm
of rain season (SFIRST) plots for all but the industrial catch-
ment show that the highest EMC’s for most constituents occur
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