Modeling stormwater mass emissions
to the Southern California Bight

ABSTRACT - Stormwater runoff is perceived as a
major source of pollutants that results in adverse
environmental effects, but large-scale assessments
are rarely conducted. The problem is particularly
pronounced in southern California, where 17 million
people live in proximity to rapidly developed coastal
watersheds. The goal of this study was to make
regionwide estimates of mass emissions, assess the
relative contribution from urbanized watersheds, and
compare pollutant flux from different land uses. A GIS-
based stormwater runoff model was used to estimate
pollutant mass emissions based on land use, rainfall,
runoff volume, and local water-quality information.
Local monitoring data were used to derive runoff
coefficients; over 1,700 stormwater sampling events
were used to calibrate and validate annual loadings.
An average rainfall year produced 1,073x10° L of runoff,
118,000 metric tons (MT) of suspended solids, 1,940
MT of nitrate-N, 108 MT of zinc, and 15 kg of diazinon.
The majority of mass emissions were from urbanized
watersheds except for suspended solids, total DDT,
and chlorpyrifos. Agricultural areas had the greatest
fluxes for pesticides, including total DDT and
chlorpyrifos, while open areas typically
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Numerous sources of potential pollutantsin
stormwater runoff exist, including contributions from
urban activities such as industry, transportation, and
residential development or from agricultural activities.
This problem is exacerbated in the SCB, where
urbanization dominates most watersheds. Over 25%
of the nation’s coastal population livesin the SCB
(Culliton et al. 1990). Approximately 17 million
people live in the four coastal counties that border the
SCB, a number that is expected to grow another
3 million by 2010 (Schiff et al. 2000).

Quantification of pollutant inputs from stormwater
runoff for large regions, such as the entire SCB, has
rarely been attempted. Estimates of stormwater
mass emissions in the SCB have occurred largely as
the result of specid studies (Project 1973; Cross
et al. 1992). Although stormwater runoff monitoring
for mass emissions does occur in some parts of the
SCB as part of the National Pollutant Discharge
Elimination System (NPDES) permits for

had the smallest.

INTRODUCTION

Stormwater runoff is perceived to
be alarge source of pollutant loading,
creating multiple ecological effectsin
receiving waters (U.S. EPA 1995).
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Stormwater runoff affects the water
quality of coastal receiving watersin
the Southern California Bight (SCB) a2
(Figure 1). For example, Bay et al. @ County stormuwater
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(1998) found that stormwater is toxic

to marine organisms, Schiff (2000)
noted that stormwater alters habitat
qudity; and Noble et al. (2000) found
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that runoff events increase the
frequency that SCB beaches exceed
water-quality thresholds of concern.
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Figure 1. Map of the Southern California Bight water-
sheds, large dams, and NPDES sampling locations.



municipdities, the monitoring efforts are relaively
isolated in their scope and methodology, thereby
lacking the integration required to make large regiona
assessments of stormwater mass emissions. For
example, only 5% of the SCB watershed area and
2% of the annual runoff volume were representa:
tively monitored in 1994 (Schiff 1997).

Modeling stormwater mass emissions represents
a cost-effective aternative to empirically measuring
stormwater mass emissions over regional spatial
scaes. Unfortunately, modeling runoff mass emis-
sions requires water-quality information for each land
use designated in the watershed. Previous modeling
efforts have used land use data from the EPA’s
National Urban Runoff Program (NURP) (Guay
1990) or other regiona data sets (Wong, Strecker et
al. 1997, Escobar 1999, Burian and McPherson
2000). Throughout the SCB, however, an extensive
dataset exists for wet weather water quality from
specific land uses. Approximately $1.5 millionis
spent cumulatively on stormwater monitoring efforts
in the SCB annualy, with alarge proportion expended
on land-use-specific sampling.

There were two goas for this study. Thefirst
goal was to make an estimate of regionwide
stormwater runoff mass emissions to the SCB. A
stormwater runoff model was developed to make this
estimate of mass emissions. The large, locally
derived dataset was used to help calibrate and
validate the model. The second goa for this project
was to utilize the mode to assess the effect of
urbanized watersheds and determine the relative
pollutant contributions from different sources (land
uses) within urbanized watersheds.

METHODS
Model Development

Our model to estimate stormwater runoff mass
emissions to the SCB was based on arelationship
between rainfall and total storm runoff volume with
an associated water-quality concentration:

Load=A*i *c * Conc* k

where:

A = Drainage area (km?)

[ = Ranfal (mm)

c = Runoff coefficient (unitless)

Conc = Water-quality concentration (mg/L)
k = constant (units conversion factor)

The modd was similar to the U.S. EPA’s Smple
Method (U.S. EPA 1992) with the exception that the
term used to incorporate events that produced no
runoff was excluded.

Drainage Areas

Hydraulic unit code (HUC) areas were followed
to define the moddl domain. A geographica informa:
tion system (GIS) was used to devel op these spatial
domains. The HUCs were downloaded from a data
set created by the Interagency California Watershed
Mapping Committee (CAL DEPT FISH GAME
1998). These areas delineated the maximum spatial
coverage of runoff that could reach the ocean.
Fifteen HUCs were initiadly used in the SCB region
covering approximately 27,380 km? that included San
Diego, Orange, Riverside, Los Angeles, San Bernar-
dino, Ventura, and Santa Barbara counties.

Watershed areas larger than 52 km? upstream of
dams were removed from the model domain as
represented by the USGS DEM data (USGS 1993)
(Figure 1). These areas were chosen based on local
knowledge of dam operations and removed to pro-
duce a more accurate representation of actual runoff
reaching the coastal ocean and reduce bias associ-
ated with runoff retention and congtituent transforma-
tion. Dam information, location, size, drainage area,
etc., was obtained from the California Department of
Water Resources. After dam removal, 191 water-
sheds remained in the model domain covering 14,652
km? (54% of the original area).

The land use composition within each county was
characterized (Table 1). Using data collected from a
variety of sources (SANDAG 1993, SCAG 1995,
ESCOBAR 2000). Land use resolution by each
source varied; hence, land use data were aggregated
into six categories corresponding to agriculture,
commercid, industria, open, residentia, and other
urban.

Rainfall

The Parameter-Elevation Regressions on Inde-
pendent Slopes Modd (PRISM) was employed to
generate typical year annud rainfall volumes (Daly
and Taylor 1998). This modd used rainfal data from
1961 to 1990 in conjunction with eevation information
to determine rainfall across the model domain. The
rainfall value at the centroid of each watershed was
assigned to that watershed. Although average rainfall
values were used for estimating runoff volumes, an
attempt was made to assess inter-annual precipitation
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Table 1. Land use distribution by land use and county for the modeled area (km?) in the

Southern California Bight watersheds.

County Agriculture Commercial  Industrial Open Residential Other Total
Los Angeles 35 306 399 1,798 1,241 20 3,800
Orange 80 183 149 798 564 1 1,775
Riverside 0 66 0 457 355 1 879
San Bernardino 0 1 0 64 10 0 75
San Diego 503 234 173 2,428 834 0 4,172
Santa Barbara 3 94 0 769 81 0 947
Ventura 453 54 103 2,197 198 0 3,005
SCB 1,074 938 824 8,511 3,283 22 14,652

variability. To characterize the modd’ s sengitivity to
the inter-annual variability, precipitation data from
local gages were used to bracket the “typica” year
va ues (NOAA 1999) . The 1@ percentile was 47%
less than the mean and the 90", 165% greater.

Runoff Coefficients and Volume

A bounded iterative optimization was used to
empirically derive the runoff coefficients from local
runoff data. The goal of the optimization was to
produce a set of runoff coefficients for each land use
type within the SCB with minima subjectivity. The
technique entailed comparing the measured-to-
modeled storm volumes and evaluating the residua
differences. The sum of the residua differences was
Set to zero to minimize stormwater load estimation
bias. The runoff coefficients were bounded to ensure
they were non-negativity and less than unity. Large
watersheds had a proportionaly large effect on the
resdua estimation. To minimize the influence of the
larger watersheds over the smaller watersheds, the
residuals were normalized with respect to drainage
area. Bightwide optimized runoff coefficients were
applied in conjunction with the watershed land use
patterns and typical year rainfall to estimate
stormwater runoff for atypical year.

Stream and rainfall data were used to calibrate
and validate the stormwater runoff model. Stream
data were obtained from local monitoring programs
and USGS-gaged sites (RWQCB 1999, U.S. Geologi-
cal Survey 1999, Gonda 2000). Rain data, at times,
were collected at the same site as the stream data;
but for the magjority of the sites, rain gages from
within the watershed were used to assign arainfall
amount to a gage for a specific ssorm (RWQCB
1999). Data collected by the San Diego, Orange, and
Los Angeles county NPDES stormwater monitoring
programs were used for calibration (RWQCB 1999).
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Stormwater volume and rainfall data by storm event
were collected from 1993 to 1999, with 280 calibra-
tion and 170 verification events from the three
counties from 19 and 20 sites, respectively. The data
set congisted of those storms that had overall runoff
coefficients (rainfal-volume-to runoff-volume ratio)
between 0.01 and 1.0. Outliers were removed to
ensure that runoff was the dominant forcing function.
Events with extreme rainfal, beyond the 10" and 90"
percentile, were removed. The resulting data set
spanned arange of precipitation events from 2.54 to
56.9 mm.

Water quality

A total of 667 site-events from 45 sites were
used to estimate water-quality parameters for model
input (RWQCB 1999). The data were collated from
San Diego, Los Angeles, and Ventura County munici-
pal stormwater monitoring programs, generated as
part of their NPDES permit programs (Figure 1).
Sampling consisted of flow-weighted composite
samples over the course of an entire storm event.
Samples were collected from land use sites that are
small, homogeneous land use areas representative of
five categories. agriculture (n=18), commercia
(n=160), indugtrid (n=181), open (n=78), and residen-
tial (n=230) land uses. The sixth land use category
used in the model, other urban, was defined as areas
that were a mixture of the major land use categories
and included data from dl of the urban sources
(commercial, industrial, and residential). Hence, we
combined the land use sites to derive the concentra-
tion for thisland use. Since each of the constituent
data sets followed alognormal distribution, we used
the geometric mean concentration for estimating
average concentrations in each land use category.
We also used the 10" and 90" percentile of each data
Set to estimate the variability associated with water

quality.



One factor that hindered our assessment of water
quality was the effect of non-detectable (ND)
quantities. To overcome the effect of truncated data
sets, we set ND = O for estimating stormwater [oads.
Since the true concentration is not known, the effect
of ND was assessed by recalculating loading esti-
mates using ND = %2 reporting level and ND =
reporting level.

A summary of wet-weather water quality results
throughout the SCB was compiled by Schiff (1997).
This compilation included estimating mass emission
for TSS, nitrate, ammonia, total phosphate, chromium,
copper, nickel, lead, and zinc during the 1994/95 wet
season to the SCB based upon empirical monitoring
data. To validate the modeled wet-weather water
quality data generated in this study, we estimated
stormwater runoff loadings for the 1994/95 wet
season based on recorded rainfall and compared the
modeled to the empirical estimates.

Application

Watersheds were grouped into three categories
based on their relative degree of urbanization. Less
urbanized watersheds contained less than 30%
residential, commercid, industria, and other urban
land uses. Similarly, moderately urbanized water-
sheds contained between 30% and 55% urban land
uses and highly urbanized watersheds contained more
than 55% urban land uses. The cutpoints for each
category were based on atrimodal distribution of
cumulative urban land use area among all of the 191
watersheds in the SCB. After modeling mass
emissions, the loads from less, moderate, and highly
urbanized watersheds were compared relative to their
respective areas. To assess the potential contribu-
tions from each of the modeled land uses, the flux of
congtituents from residential, commercid, industrid,
agricultural, and open land uses were calculated.

RESULTS
Volume

Two hundred fourteen storms from 19 stations
were used to calibrate the model (Figure 2). The
smple runoff modd was then vdidated with 172
events at 20 additiona sites (Figure 2). The model
only dightly overestimated volumes (dope = 1.02) and
matched the measured volumes well (R? = 0.67) at
the vaidation sites.

An estimated 1.073 x 10'2 L of stormwater
runoff is discharged to the SCB during atypical water
year (Table 2). Runoff coefficients and volume

Model Calibration

Modeled Area-Normalized Volume (L/m?)

Measured Area-Normalized Volume (L/m?

Model Validation
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Figure 2. Comparison of modeled and ac-
tual volumes discharged during storm events
in southern California coastal watersheds for
the calibration (19 sites and 214 events) and
verification events (20 sites and 172 events).

varied by land use in the SCB. The lowest runoff
coefficients were for largely pervious areas, such as
open and agricultural land uses. Conversdly, com-
mercia and industria land uses that are largely
impervious had the highest runoff coefficients.
Residential land use, which had a median runoff
coefficient, discharged the greatest volume of runoff
dueto itsrelatively large area (Table 2).
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Table 2. Optimized model runoff coefficients
and estimated runoff volumes by land use to
the Southern California Bight.

Land Use Runoff Coefficient Runoff Volume
(L x10°
Agriculture 0.10 40
Commercial 0.61 198
Industrial 0.64 183
Open 0.06 212
Residential 0.39 437
Other Urban 0.41 4
SCB 1,073
Water quality

Compared to the other four land uses, agricultural
stormwater runoff had the greatest geometric mean
concentrations of al but three of the 15 constituents
evauated (Table 3). Congtituent concentrationsin
agricultural areas were greater by afactor of 1.1 to
81, depending upon the constituent, compared to the
constituent concentrations of the second ranked land
use. Only the geometric mean concentrations of total
phosphate and diazinon in resdentia land use ex-
ceeded concentrations in agricultural land use, but by
less than 2%. There were two constituents
(chlorpyrifos and total DDT) that were only detected
in runoff from agricultural land use and no other.
Mercury was not detected in agricultura runoff.

In contrast to agricultura land use, open land use
had the lowest geometric mean concentrations for all
but two of the 15 constituents evaluated (Table 3).
The two constituents were mercury and nickel. Open
land uses had the greatest geometric mean concen-
trations of mercury, athough al of the land use
concentrations were low (range = 0.04 to 0.07 ug/L),
and the second greatest geometric mean concentra-
tions of nicke.

The urbanized categories of residential, commer-
cia, and indudtria land uses were rdatively similar in
geometric mean concentration for most constituents
(Table 3). No single urban land use consigtently
ranked higher than the other for the 15 constituents
evaluated. For example, the industrial land use had
the greatest geometric mean concentration of the
three urban land uses for seven of the constituents,
but was nondetectable for five other constituents.
Residential land use had the greatest geometric mean
concentration for two constituents, but was consis-
tently detected for al but two constituents.
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Stormwater Loads

Stormwater runoff from coastal watershedsin
the SCB produced substantial quantities of several
condtituents (Table 4). More than 118,000 MT of
suspended solids, 2,300 MT of nitrogenous com-
pounds (nitrate and ammonia), and 147 MT of
combined trace metals (cadmium, chromium, copper,
lead, nickel, and zinc) are discharged annually.
Although discharges of chlorinated hydrocarbons
(total DDT) were estimated at over 19 kg in the
typical year, most of the samples in the water-quality
database were below laboratory reporting levels.

Modeled stormwater |oads for suspended solids,
ammonia, nitrate, phosphate, chromium, copper, lead,
and zinc were compared to empirically estimated
loads, using measured flow and water-quality concen-
trations, to the SCB for water year (WY) 1995
(Schiff 1997). The regionwide rain for WY 1995 was
211% of normal, based upon rainfal records for five
gations in San Diego, Los Angeles, and Santa
Barbara counties (NOAA 1999). Therefore, the
loading model validation used rainfdl for WY 1995.

A comparison of the empirical and modeled
stormwater loads for avariety of constituents shows
remarkable smilarity (Figure 3). The modeled
stormwater loads were less than afactor of two, on
average, different from the empirical load estimates
for all congtituents evaluated and none more than a
factor of 2.1. There was a dight underestimated bias
in the modeled results that were attributable to
different spatial domains. The empirical data included
the areas above the large dams, where this effort did
not; thus, we were likely to underestimate the total
loadings. However, error or bias was within the large
range of water-quality variability either estimated by
the model or by empirically derived estimates of
stormwater loads.

Model Sensitivity

There was more uncertainty in the modeled
estimates of mass emissions associated with water-
qudity than with rainfadl (Figure 4). The maximum
uncertainty due to variability in rainfal ranged by a
factor of three based on the 10" and 90" percentile
of rainfdl quantities. However, the difference
between the 10" and 90" percentile of water-quality
concentrations generated mass emission estimates
that differed by afactor of 30, on average, anong the
constituents with reportable estimates (Table 4). The
largest difference was for nickel (580-fold) and the
smallest difference was for phosphate (2-fold). The
comparison was confounded for four constituents



Table 3. Comparison of water quality analysis for the land use areas in the Southern California Bight watersheds.

Constituent Land Use N Nyo Minimum Perig:tile Median Ari:]herr;ﬁtic Ge&r::;ric Peri(::mtile Maximum
Ammonia (mg/L) Agriculture 15 2 <0.1 0.12 15 1.79 1.34 2.96 8.10
Comercial 224 45 <0.05 0.0 0.27 0.70 0.45 1.34 12.2
Industrial 274 52 <0.05 0.0 0.28 0.38 0.34 0.8 3.24
Open 124 83 0.072 0.0 0.0 0.091 0.07 0.20 2.09
Residential 301 43 <0.05 0.0 0.3 0.53 0.42 1.3 6.19
Cadmimu (ug/L) Agriculture 15 0 24 2.65 4.5 4.66 4.31 7.78 9.50
Comercial 151 107 <0.05 0.0 0.0 0.41 0.26 14 5.2
Industrial 177 95 <0.1 0.0 0.0 0.69 0.46 2.00 7.0
Open 72 67 <0.5 0.0 0.0 0.49 0.09 0.0 31.0
Residential 209 160 <0.1 0.0 0.0 0.32 0.20 1.22 4.4
Chlorpyrifos (ug/L) Agriculture 15 11 0.11 0.0 0.0 0.38 0.22 1.27 3.30
Comercial 52 52 <0.05 0.0 0.0 0.0 0.0 0.0 0.0
Industrial 79 79 <0.05 0.0 0.0 0.0 0.0 0.0 0.0
Open 27 27 <0.05 0.0 0.0 0.0 0.0 0.0 0.0
Residential 81 81 <0.05 0.0 0.0 0.0 0.0 0.0 0.0
Chromium (ug/L) Agriculture 15 0 26.7 42.0 89.0 141 103 240 530
Comercial 151 92 1.0 0.0 0.0 7.49 121 7.8 559
Industrial 177 79 <0.05 0.0 2.6 6.42 249 17.0 86.0
Open 72 56 1.1 0.0 0.0 7.24 0.81 13.12 200
Residential 209 135 0.8 0.0 0.0 3.69 1.14 11.2 83.0
Copper (ug/L) Agriculture 15 0 55.5 63.8 96.0 225 152 547 750
Comercial 151 7 <0.1 7.8 23.0 32.64 20.8 59.0 320
Industrial 177 5 4.0 9.16 30.0 46.2 284 89.0 990
Open 2 28 20 0.0 6.5 229 5.04 50.9 305
Residential 209 12 4.0 6.08 16.0 25.2 16.2 51.2 210




Table 3 (cont’d). Comparison of water quality analysis for the land use areas in the Southern California Bight

Constituent Land Use N NNP Minimum Perlc(::tile Median Ar:1her’2§tic Ge'\c;Ir:ae;ric Perigr:tile Maximum

DDT (ug/L) Agriculture 14 0 0.11 0.15 0.40 0.51 0.46 0.69 213
Commercial 78 78 <0.02 0.0 0.0 0.0 0.0 0.0 0.0

Industrial 82 78 <0.02 0.0 0.0 0.005 0.0 0.0 0.13

Open 59 59 <0.1 0.0 0.0 0.0 0.0 0.0 0.0

Residential 130 128 0.012 0.0 0.0 0.001 0.0 0.0 0.06

Diazinon (ug/L) Agriculture 15 15 <0.05 0.0 0.0 0.0 0.0 0.0 0.0
Commercial 52 49 <0.01 0.0 0.0 0.016 0.01 0.0 0.59

Industrial 81 80 <0.01 0.0 0.0 0.022 0.01 0.0 1.80

Open 27 27 <0.01 0.0 0.0 0.0 0.0 0.0 0.0

Residential 82 76 <0.01 0.0 0.0 0.028 0.02 0.0 0.64
Lead (ug/L) Agriculture 15 0 5.0 16.8 48.5 60.48 43.4 117 161
Commercial 151 62 <1 0.0 4.0 12.22 3.65 28.0 248

Industrial 177 49 <1 0.0 7.0 17.4 5.86 45.2 188

Open 71 70 <0.1 0.0 0.0 2.27 0.07 0.0 161

Residential 209 88 <1 0.0 5.3 12.9 3.98 37.2 202

Mercury (ug/L) Agriculture 16 7 <0.1 0.05 0.04 0.12 0.11 0.34 0.60
Commercial 145 141 <0.5 0.0 0.0 0.041 0.02 0.0 2.85

Industrial 171 160 0.0192 0.0 0.0 0.28 0.06 0.0 36.0

Open 71 70 <0.1 0.0 0.0 2.27 0.07 0.0 161

Residential 196 186 0.0272 0.0 0.0 0.46 0.04 0.0 85

Nickel (ug/L) Agriculture 15 1 <16 51.8 95.0 109 77.8 178 240
Commercial 209 23 0.007 0.0 10 2.06 1.80 4.97 28
Industrial 257 19 <0.02 0.18 1.01 1.89 1.29 4.68 15.1

Open 128 1 0.02 0.44 19 2.74 2.04 5.71 125

Residential 269 42 0.06 0.0 1.22 3.30 1.65 7.17 96.3




Table 3 (cont’d).

Comparison of water quality analysis for the land use areas in the Southern California.

10th

Arithmetic

Geometric

golh

Constituent Land Use N NND Minimum percentile Median mean Mean percentile Maximum

Nitrate (mg/L) Agriculture 14 0 1.66 1.84 8.35 10.0 7.31 22.8 25.1
Commercial 112 49 0.009 0.0 0.0 011 0.09 0.28 1.62

Industrial 133 38 0.005 0.0 0.048 0.066 0.06 0.17 0.41

Open 62 43 0.021 0.0 0.0 0.02 0.02 0.049 0.29

Residential 135 50 0.006 0.0 0.037 0.118 0.08 0.15 6.54

Phosphate (mg/L) Agriculture 8 0 0.32 0.40 0.59 0.57 0.56 0.70 0.75
Commercial 36 3 0.02 0.15 0.0 0.55 0.49 0.75 3.10

Industrial 39 6 0.02 0.0 0.40 0.41 0.37 0.8 1.60

Open 0

Residential 33 0 0.16 0.3 0.6 0.60 0.57 1 14

Selenium (ug/L) Agriculture 15 1 0.90 0.94 1.80 1.86 1.62 2.90 5.6
Commercial 149 134 0.5 0.0 0.0 0.35 0.13 0.1 13.2

Industrial 175 146 0.5 0.0 0.0 0.59 0.23 1.36 11.9

Open 72 68 0.5 0.0 0.0 0.35 0.09 0.0 13.9

Residential 207 184 0.4 0.0 0.0 0.47 0.15 0.5 24.0
(Srgslﬁ’jnde‘j Solids Agriculture 14 0 625 798 1,191 2,068 1,520 4,871 7,680
Commercial 134 2 1.0 15.0 58.0 118 56.5 179 2,240
Industrial 169 2 1 22.0 86.0 174 84.7 329 2,796
Open 64 2 1.0 3.3 18.0 371 28.8 788 8,728

Residential 178 3 1.0 13.0 60.0 102 55.2 220 760
Zinc (ug/L) Agriculture 15 0 3.30 92.8 304 345 223 682 1,150
Commercial 150 2 25 65.4 157 233 159 437 2,130
Industrial 177 4 1.2 76.4 218 326 196 580 5,970

Open 72 49 13 0.0 0.0 45.0 3.19 148 651
Residential 209 21 0.073 0.058 100 141 69.7 255 1,610




1000

100 1§

Modeled Load

0.1

10 §

Table 4. Modeled mass emission estimates for stormwater runoff to
the Southern California Bight for a typical water year. Model sensitiv-
ity was tested by comparing estimated loads with the geometric mean,

90th, and 10th percentile of water quality concentrations.

Tenth Geometric Ninetieth
Percentile Mean Percentile!
Ammonia (kg) 4,790 406,000 1,160,000
Cadmium (kg) 106 414 1,540
Chlorpyrifos (kg) 0.0 8.78 50.7
Chromium (kg) 1,680 5,500 22,400
Copper (kg) 8,450 23,600 84,000
Total DDT (kg) 5.90 19.3 27.5
Diazinon (kg) 0.0 15 0
Lead (kg) 670 5,420 39,000
Mercury (kg) 0.0 55.7 135
Nickel (kg) 2,070 5,040 29,600
Nitrate (kg) 199,000 1,940,000 7,350,000
Phosphate (kg) 261,000 558,000 975,000
Selenium (kg) 37.50 217 668
Suspended Solids (kg) 453,000,000 118,000,000 557,000,000
Zinc (kg) 30,900 108,000 365,000

IConstituents with many nondetect samples can result in the geometric mean
load being greater than the ninetieth percentile.

Comparison of Empirical and Modeled Loads
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Figure 3. Comparison of empirical
and modeled annual stormwater
loads to the SCB.
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Figure 4. Comparison of variability in
water quality concentrations and rain-
fall on estimated stormwater runoff
mass emissions of selected constitu-
ents to the Southern California Bight.




because the lower bounds were below detection
limits. The loadsfor chlorpyrifos, diazinon, and
mercury were below detection limits when the 10
percentile was utilized. In the case of diazinon, even
the 90" percentile was below detection limits, indicat-
ing that the geometric mean concentration used in our
model was biased by a limited number of samples.

The variable detection limits and number of
samples |ess than detection limit had an impact on the
characteristic constituent concentrations. Samples
below the detection limit biased the mean concentra-
tion and hindered mass emission estimates. The
modeled mass emissions were based on non-detect
values assigned to zero. We investigated the impact
of other non-detect assigning schemes on the total
load to the SCB (Table 5). Because data from
different agencies were used, detection limits varied
widely for some constituents. As one might expect,
those constituents with alarge number of non-detects
resulted in mass emission estimates that vary by an
order of magnitude (e.g., chlorpyrifos, total DDT,
diazinon, mercury); whereas those constituents with a
low proportion of non-detects changed much less
(e.9., suspended solids, copper, zinc, nitrate, phos-
phate).

Assessment

The mgjority of stormwater runoff mass emis-
sions were generated from highly to moderately
urbanized watersheds (Table 6). Highly urbanized
and moderately urbanized watersheds represented
approximately haf of the watershed area and contrib-
uted the mgjority of mass emissions for 10 of 15
condtituents. Except for chlorpyrifos, chromium, total
DDT, nickel, and suspended solids, highly to moder-
ately urbanized watersheds generated between 56%
and 87% of the total stormwater runoff loads to the
coastal oceans of the SCB. Highly urbanized water-
sheds, in particular, generated a disproportionate
amount of load relative to its 32% of total watershed
area. Between 45% and 56% of the total stormwater
load for nutrients (i.e., anmonia, nitrate, and phos-
phate), 2% 1 and 60% of the trace metals (e.g.,
copper and zinc) or 9% and 67% pesticides (i.e.,
chlorpyrifos and diazinon) were generated from highly
urbanized land uses.

Differences were observed among watershed
types partly because stormwater runoff mass emis-
sions were not generated evenly across land use
types (Table 7). Pollutant fluxes are higher from
urban or agricultural land uses than fluxes from other

land uses. Commercial and industria land uses had
the highest pollutant fluxes among land uses for 4 of
the 15 congtituents including some trace metals.
Agricultural land uses had the greatest fluxes for
pesticides such as total DDT and chlorpyrifos. In
contrast, open land uses had the lowest fluxes for al
congtituents.

DISCUSSION

The model developed in this study generated
large estimates of stormwater volume and mass
emissions for the SCB region. The mass emission
estimates predicted in this article exceed the esti-
mates of cumulative mass emissions from traditiona
point sources within the SCB including publicly owned
treatment works (POTWSs) (Table 8). Altogether,
large POTWSsin the SCB discharge more than 1.5
billion liters of treated municipal wastewater and large
quantities of many constituents including suspended
solids, nutrients, and trace metals to the ocean (Raco-
Rands and Steinberger 2001). Stormwater had higher
mass emissions than POTWs for eight of the twelve
congtituents considered. The stormwater mass
emissions, placed in this context, represent a pressing
environmental management concern in the SCB.

Predicted runoff volumes approximated actual
runoff volumes with a relatively high degree of
accuracy, largely due to the optimization routine used
to derive runoff coefficients. The optimized runoff
coefficients were generally lower than are typicaly
used in watershed modeling gpplications similar to the
present study (Table 9). However, the runoff coeffi-
cients used in these other modeling efforts have been
based on the percent imperviousness while rainfall-
runoff data were used as the basis of coefficientsin
thisstudy. Given the size of the modeled area and
land use aggregation, optimizing the runoff coeffi-
cients with empirica data provided accurate esti-
mates of the expected runoff coefficients throughout
the region, based on verification studies at gages
Sites.

The large quantity of water-quality data provided
agood base from which to cdibrate and validate
stormwater runoff load estimates. The data collected
for southern Cdliforniafor this modeling effort
included stormwater volume and water-quality data
for 1,766 station events. This data set provided one
of the more extensive water-quality data sets in the
nation. For example, Smullen et al. (1999) recently
compiled a comprehensive data set of 816 station-
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Table 5. Effects of nondetectable quantities on stormwater load estimates to the Southern Califor-

nia Bight.
n ND? NDs as 0 NDs at ¥ DL? NDs at DL2

Ammonia (kg) 938 225 406,000 425,000 443,000
Cadmium (kg) 624 429 414 860 1,260
Chlorpyrifos (kg) 254 250 8.78 142 207
Chromium (kg) 624 362 5,500 8,340 10,400
Copper (kg) 624 52 23,600 25,500 26,500
Total DDT (kg) 363 343 19.3 68.8 118
Diazinon (kg) 257 247 15 115 160
Lead (kg) 626 259 5,420 8,860 11,000
Mercury (kg) 599 564 55.7 541 1,010
Nickel (kg) 623 351 5,040 8,850 11,400
Nitrate (kg) 877 85 1,940,000 1,960,000 1,970,000
Phosphate (kg) 116 9 558,000 560,000 561,000
Selenium (kg) 618 533 217 2,320 4,130
Suspended Solids (kg) 559 9 118,000,000 119,000,000 120,000,000
Zinc (kg) 623 76 108,000 131,000 140,000

INondetect.
2Detection limit.

Table 6. Stormwater mass emissions to the Southern California Bight characterized by
relative amount of urbanization within watersheds.

Percent of Total Load by Watershed Type

Total Highly Moderately Less
Urbanized Urbanized Urbanized

Area (km?) 14,652 32 17 51
Number of Watersheds 191 44 36 111
Volume (L x 10°) 1,073 46 19 35
Ammonia (kg) 406,000 56.2 20.1 23.8
Cadmium (kg) 414 39.3 16.9 43.8
Chlorpyrifos (kg) 8.78 8.6 13.8 77.6
Chromium (kg) 5,500 211 15 63.9
Copper (kg) 23,600 48.4 18.3 33.4
Total DDT (kg) 19.3 11.7 13.8 745
Diazinon (kg) 15 66.7 20.8 12.6
Lead (kg) 5,420 46.1 17.8 36.1
Mercury (kg) 55.7 45.6 175 36.9
Nickel (kg) 5,040 28.2 15.6 56.1
Nitrate (kg) 1,940,000 44.9 18.4 36.7
Phosphate (kg) 558,000 51.7 19.5 28.7
Selenium (kg) 217 43.9 175 38.6
Suspended Solids (kg) 118,000,000 334 16.5 50.1
Zinc (kg) 108,000 59.9 19.7 20.3
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Table 7. Flux of stormwater runoff constituents (kg/km?) by land use in the Southern California Bight.

Agriculture Commercial Industrial Open Residential Other Urban SCB-wide
Ammonia 49.9 94.1 74.5 1.83 56.5 65.8 27.7
Cadmium 0.16 0.054 0.1 0.0023 0.027 0.049 0.028
Chlorpyrifos 0.008 - - - - - 0.0006
Chromium 3.85 0.25 0.55 0.02 0.15 0.25 0.38
Copper 5.64 4.39 6.3 0.13 2.15 3.45 1.61
Total DDT 0.017 - 0.001 0.00007 0.0002 0.0013
Diazinon - 0.0027 0.0028 - 0.0031 0.0028 0.001
Lead 1.61 0.77 13 0.02 0.53 0.73 0.37
Mercury 0.004 0.005 0.014 0.002 0.006 0.007 0.004
Nickel 2.89 0.4 0.86 0.024 0.2 0.37 0.34
Nitrate 271 275 287 50.8 219 234 132
Phosphate 20.9 103 83.1 14 76.1 77.4 38.1
Selenium 0.06 0.027 0.052 0.0022 0.02 0.028 0.015
Suspended Solids 56,400 11,900 18,800 717 7,340 10,600 8,050
Zinc 8.28 33.6 435 0.079 9.27 20.4 7.37
Table 8. Comparison of mass emissions from publicly
owned treatment works (POTWSs) and stormwater runoff
to the Southern California Bight.
Constituent Stormwater POTW!?
Volume (Lx10°) 1,073 1,572
Ammonia-N (mt) 406,000 42,016,000
Cadmium (mt) 410 400
Chromium (mt) 5,500 4,200
Copper (mt) 23,600 59,000
Lead (mt) 5,420 800
Nickel (mt) 5,000 35,000
Nitrate (mt) 1,940,000 154,000
Phosphate (mt) 558,000 1,733,000
Selenium (mt) 220 8,400
Suspended Solids (mt) 118,000,000 75,105,000
Zinc (mt) 108,000 82,000
Total DDT (kg) 19 2.1
(Raco-Rands and Steinberger 2001)
Table 9. Comparison of runoff coefficients from this study with other studies.
Modeled Coefficient Wrong et al. Escobar Stephenson
(this study) (1997) (1999) (1981)
Agriculture 0.10 - - 0.30
Commercial 0.61 0.74 0.48 -0.90 0.50-0.90
Industrial 0.64 0.74 0.44 -0.90 0.50-0.90
Open 0.06 0.10 0.11-0.22 0.10-0.40
Residential 0.39 0.39-0.58 0.18-10.83 0.30-0.70
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events from over 30 NPDES programs nationwide.
Theleve of effort expended in the SCB is of smilar
magnitude as the Nationwide Urban Runoff Program,
which sampled approximately 2,000 station events at
28 cities (U.S. EPA 1983).

Although the regionwide water-quality data set
appears extensive, it was limited in three ways. Firgt,
the stormwater sampling strategy for each county
concentrated on urbanized areas and the data set was
sparse for some land use types. Specificaly, the
agriculture category was not represented well, with
only two agricultural land use sites. These data were
used to extrapolate the runoff characteristics of
agricultural areasin the region, a practice that may
not be as thoroughly representative as results from
other land uses. The second limitation of the water-
quality data set was lack of samples for specific
congtituents. For example, some organophosphate
pesticides (i.e., diazinon and chlorpyrifos) were
sampled less frequently than other constituents. The
third factor was reduced sample size, particularly of
important constituents, which limited our ability to
model representative concentrations. Loading
estimates to the SCB were affected by treatment of
vaues below detection limits. Estimates varied by up
to severd orders of magnitude depending on the
number of values below the detection limit. Obtaining
data with sufficient resolution was critical to reduce
this variability, especialy with trace congtituents (e.g.,
total DDT and mercury).

The model provided an estimate of the mass
loading to the SCB during atypica year. We saw
that the model was sensitive to rainfall, but moreso to
water-quality concentrations. Constituent concentra-
tions from a given land use will vary from site to site
and storm to storm. This variability is magnified
when the area of interest is expanded from single
land use areas to watersheds because of runoff
behavior and complexity. Our assumptions were
based on invedtigating long-term loading to the SCB,
but understanding inter-storm and intra-Site variability
is critical to estimate loads on a shorter time scale.

Although modd predictions are robust (as
demonstrated by the validation data, Figure 2) all
models have limitations. Our simple runoff model
made many assumptions, the largest of which was
that pollutants near the coast are transported with
equal efficiency as those that originate in headwater
regions. We know thisis not the case, particularly for
those constituents that can transform or degrade,
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such as nutrients and bacteria. To overcome these
assumptions, more complex models such as HSPF
(Bickndl, Imhoff et al. 1997), SWMM (Huber and
Dickinson 1988), or SPARROW (Smith, Schwarz et
al. 1997) are required to incorporate additional
hydraulic, hydrodynamic, and water-qudity pro-
Cesses.
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