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Trace Metal Pollutant Load in Urban Runoff from a Southern
California Watershed

Timothy N. McPherson1; Steven J. Burian, A.M.ASCE2; Michael K. Stenstrom, F.ASCE3; H. J. Turin4;
Michael J. Brown5; and I. H. Suffet6

Abstract: In order to implement efficient and effective management strategies for coastal water quality in Southern Califor
important to consider the relative pollutant contributions from urban dry-weather flow~DWF! and wet-weather flow~WWF!. This study
uses both historical flow coupled with water quality monitoring data and computer modeling to characterize the annual DWF a
discharges from an urban catchment in Los Angeles, Calif. The DWF and WWF pollutant loading of the trace metals copper, le
and chromium for 6 water years dating from 1991 to 1996 is predicted. The results indicate that DWF contributes a considerab
of flow and pollutants. Approximately, 9–25% of the total annual Ballona Creek flow volume is DWF. The simulations indica
accounts for 54, 19, 33, and 44% of the average annual load of total chromium, copper, lead, and nickel, respectively. In the d
the simulations indicate DWF accounts for 89, 59, 58, and 90% of the load of total chromium, copper, lead, and nickel, respect
research suggests DWF controls may be an important part of pollution mitigation plans for urban stormwater drainage systems
California.
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CE Database subject headings: Watershed management; Nonpoint pollution; Urban runoff; Stormwater management; Water
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Introduction

Increased human populations in coastal areas have plac
creased pressure on coastal ecosystems. In 1960, approxi
80 million people lived in coastal areas of the United States. A
1990, 112 million people lived in United States coastal areas
Southern California Coast was one of the regions of highest p
lation change during this period~Culliton et al. 1990!. The influx
of people was accompanied by increased urban developmen
Angeles, Orange, and San Diego counties were among the t
counties in the nation in construction of new single and multif
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ily homes and commercial and industrial buildings in the pe
from 1970 to 1989~Culliton et al. 1992!. The increased urba
development in Southern California coastal watersheds,
other coastal watersheds, changed the natural drainage of
systems, increased the amount of impervious area, and a
watersheds such that they became exporters of anthropoge
produced contaminants in urban runoff~United States Environ
mental Protection Agency 1993; Santa Monica Bay Restor
Project 1994!. As a result of this urban runoff loading and ot
sources, the water quality in many Southern California co
systems is impaired as evidenced by their placement on the
fornia list for Total Maximum Daily Load~TMDL ! developmen
~California Environmental Protection Agency, State Water
sources Control Board, 1999!.

Urban runoff in Southern California’s Mediterranean clim
can be divided into wet-weather flow~WWF! or dry-weather flow
~DWF!. In our study, we define WWF as the surface runoff
duced by precipitation events. The DWF is the baseflow resu
from groundwater inflow, permitted discharges, illicit connect
to the storm sewer system, excess irrigation, automobile was
and other residential and commercial uses. The WWF disch
from urban storm drains into receiving waters have long
recognized as a significant source of pollutants and cau
water-quality degradation~APWA 1969; Field and Turkeltau
1981; Athayde et al. 1983; Heaney and Huber 1984!. In the Los
Angeles area, historical creeks and rivers have been modifie
concrete-lined storm drains~e.g., Los Angeles River and Ballo
Creek!. These massive concrete channels direct flow to the o
throughout the year and the WWF from these systems has
shown to be a significant source of toxic and conventional
taminants to downstream coastal receiving waters~Suffet et al
1997; Wong et al. 1997; Los Angeles Department of Public W

1998; Suffet and Stenstrom 1999!.
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The impact of urban DWF discharges is less understood
relative importance of DWF load compared to WWF load is
pendent on many factors, but is most likely related to the am
of annual precipitation, frequency of precipitation events, the
gree of urbanization~i.e, alteration of land use to commerc
residential, and industrial purposes!, the pollutant concentration
in each flow type, and the extent of DWF production due to il
connections, excess irrigation or other nuisance flows. Sou
California has several characteristics that may make DWF a
portant pollutant source. Southern California has a dry Med
ranean climate characterized by a distinct wet season an
annual precipitation. Annual average rainfall in Los Angele
300–330 mm, and the majority of the rainfall occurs in the wi
~Santa Monica Bay Restoration Project 1994!. Many coasta
Southern California watersheds are highly urbanized and
densely populated areas import a large amount of water th
used for residential, commercial, and industrial uses. The C
Los Angeles, for example, imports approximately 80% of
water ~Los Angeles Department of Water and Power 1999!. Al-
though the majority of this water is discharged to the san
sewer system, a considerable proportion may be discharg
storm drain systems following use.

The DWF in the Ballona Creek watershed has also been f
to contain elevated concentrations of toxic contaminants. L
al. ~1994! determined that the DWF effluent from the Ballo
Creek system and several other storm drains in the Santa M
Bay watershed was equivalent to secondary sewage efflue
some parameters including chemical oxygen demand~COD!,
total suspended solids~TSS!, and turbidity and that it exerted
toxic effect on tested marine species. In an associated study
fet et al.~1993! found elevated concentrations of organic conta
nants in Ballona Creek DWF and noted the potential import
of suspended solids in the transport of polychlorobiphenyl
polynuclear aromatic hydrocarbons. While much of the cur
regulatory strategies are concerned with nonpoint source con
nation of water bodies from WWF, results from the studies m
tioned above indicate the toxic potential of DWF in South
California. Understanding the magnitude of the contaminant
in DWF and WWF allows the appropriate allocation of resou
between water quality management alternatives.

An important contaminant in storm drain effluent is he
metals~Athadye et al. 1983; United States Environmental Pro
tion Agency 1998!. Metals in DWF and WWF come from perm
ted or illicit discharges, surface runoff from industrial faciliti
atmospheric deposition, releases due to dissolution from w
pipes, or releases during wear of machine parts especially
mobiles. Once in receiving waters, metals can accumulate in
tom sediments, bioaccumulate in animal tissues, and affect
logical systems.

There have been no detailed studies comparing the re
importance of DWF and WWF pollutant loads of metals fr
urban Southern California coastal watersheds. Duke et al.~1999!
statistically compared concentrations of select water quality
rameters in DWF to concentrations in WWF at locations thro
out California including two stations in Ballona Creek. Th
researchers found no statistically significant differences bet
DWF and WWF concentrations in Ballona Creek for total
dissolved copper, lead, and zinc, but indicated the strength o
conclusion was not strong due to low sample sizes. Stephe
and Green~1988! calculated DWF and WWF loads for two urb
South African catchments determining that WWF pollutant lo
were 3.6–5.3 times DWF loads, but they only calculated D

and WWF loads for total dissolved solids in a region with greater
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annual rainfall than Southern California. This paper compare
heavy metal load in DWF and WWF in the Ballona Creek wa
shed. We simulate the WWF load of total heavy metals usin
Storm Water Management Model~SWMM! ~Huber and Dickin
son 1988!. We estimate the DWF load of total heavy metals u
an empirically based DWF load model. The model is develo
as part of this research.

Methods

This study uses historical data, field sampling protocols, and
eling results to characterize long-term average DWF and W
discharges from the Ballona Creek watershed. Total suspe
solids, chromium~Cr!, copper~Cu!, lead ~Pb!, and nickel~Ni!
were selected for this study because of their importance in
tion to the protection of Ballona Creek and Santa Monica
beneficial uses and the availability of the necessary data to
the models. The Ballona Creek system was chosen for this
because it has been placed on the California list for TMDL
velopment for several of the metals studied~California Environ-
mental Protection Agency, State Water Resources Control B
1999! and has been determined to be a major source of con
nants to Santa Monica Bay, a National Estuary Program es

Ballona Creek Watershed Description

Fig. 1 shows the major features of the Ballona Creek Water
The watershed is located in Southern California, and includ
significant portion of Los Angeles, Calif. Approximately 85%
the 330 km2 watershed is covered by urban land uses~Wong et al
1997!. The watershed extends north into the Santa Monica M
tains, west into Beverly Hills and Culver City, east into do
town Los Angeles and south to the Westchester Bluffs. The d
age of the watershed can be divided into three subcatchmen
Ballona Creek catchment, Sepulveda Channel catchment, a
Centinela Creek catchment. Ballona Creek, Sepulveda Cha
and Centinela Creek are concrete-lined channels fed by a co
network of storm drains. Sepulveda Channel feeds into Ba
Creek and Ballona Creek flows into the Ballona Creek Est
Centinela Creek flows directly into the Ballona Creek Estu
The Ballona Creek Estuary is an area of significant tidal influ
from Santa Monica Bay. The Ballona, Sepulveda, and Cent
catchments account for the majority of the flow into the Bal
Creek Estuary.

Dry-Weather Flow Load Calculation

An empiric model to predict the seasonal DWF pollutant
from the Ballona Creek watershed for the 1991–1996 water
was developed. The model development began with analyzin
historical flow record for Ballona Creek. Flow rates in Ballo
Creek have been recorded at 15 min to hourly increments
1928 at station F38C-R, located at the Sawtelle Avenue B
just upstream of the confluence with Sepulveda Channel. The
were obtained as the mean daily flow rates from the Los An
Department of Public Works for the 1991 to 1996 water ye
Historical flow records for Sepulveda and Centinela are not a
able; therefore, flow measurements of the three catchments
included in a field project during the summer of 1999. The
was to develop a relationship between the DWF rate in Ba
Creek and the DWF rates in Sepulveda Channel and Cen

Creek. The measured ratios of flow between Sepulveda Channel

05
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and Ballona Creek and Centinela Creek and Ballona Creek h
average and standard deviation of 0.27±0.07 and 0.04±0.0
spectively.

In order to determine the yearly load from dry weather ru
conditions, the LADPW mean daily flow data had to be adju
to remove wet weather conditions. Wet weather flows were
moved using the sliding interval base flow separation me
~Pettyjohn and Henning 1979!. The DWF reduction procedur
were partly verified by comparing the estimated 1997 water
wet season WWF volume to an estimate based on the mor
tailed 15 min flow record. The DWF reduction approach e
mated the 1997 WWF volume to be 363106 m3, which was les
than 7% different than the 33.73106 m3 value produced from th
more detailed 15 min flow record.

The water quality characteristics of the DWF were establi
using two sources of water quality data. One source was the
Monica Bay Urban Runoff Database~SMBURD! compiled by Dr
Michael K. Stenstrom of the University of California, Los Ang
les ~UCLA!. The other source was the results of water qu
monitoring in the Ballona Creek watershed during the summ
1999. The SMBURD database contains water quality data
lected over a period of 20 years by 15 different agencies
responsibility for local water quality in Southern California. T
1999 summer water quality monitoring effort was organize
supplement the SMBURD database and account for current
ditions in the system.

During the summer 1999 effort, samples were collected
days in June, July, and August. Samples were collected from
sites within the Ballona Creek watershed at 6 h intervals:~1!
Ballona Creek upstream of the Sepulveda Channel and Cen
Creek confluences;~2! Sepulveda Channel immediately upstre
of its confluence with Ballona Creek; and~3! Centinela Cree
upstream of its confluence with Ballona Creek~Fig. 2!. These
three sites were chosen to represent the outlets from the Ba

Fig. 1. Ballon
Sepulveda, and Centinela catchments and to correspond to previ

JOURNA
,

ous sampling efforts~Suffet et al. 1993, 1997; Lau et al. 199
Suffet and Stenstrom 1999!. By placing the sampling locations
the outlet of the three catchments the total DWF pollutant co
butions from each catchment can be characterized. Each s
was analyzed for TSS and dissolved and suspended solid
centrations of Cr, Cu, Pb, and Ni. Analytical methods were s
lar to those used in Suffet and Stenstrom~1999! in a 1998 sam
pling protocol of WWF. Samples were collected in the field
amber glass bottles, placed in an ice chest until they were br
to the laboratory where they were stored at 4°C until filtrat
Samples were filtered using a stainless steel, Teflon-lined M
pore 142 mm Hazardous Waste Filtration System with an int
1.5 L reservoir. Samples were filtered in 1 L increments u
pressure filtration through preweighed 142 mm, 0.7mm pure
glass Toxicity Characteristic leaching procedure~TCLP! filters.
The second liter of each sample was collected as filtrate for
quality analyses. Thirty milliliters of each filtrate were pla
with 3 drops of trace metal grade concentrated HNO3 in 30 mL
Nalgene low density polyethylene~LDPE! bottles for trace met
analysis. Filters were then dried according to the methods o
pangapangan and Suffet~1998! in which the filter paper is place
on top of folded weighing paper that rests on anhydrous cal
chloride desiccant in a precleaned glass jar. Following dr
each filter was cut into pieces and placed into 250 mL bea
with 20 mL of HCl and 5 mL of HNO3 for 20 min. After the
initial digestion the samples were transferred to a Whatman N
ber 41 filter paper and washed with 5 mL of hot HCl followed
20 mL of hot water. The resulting filtrate was collected in a
mL volumetric flask. The remaining digestate and filter were
transferred back into the beaker with 10 mL of HCl and dige
for another 10 min. This second digestion was then transferr
another Whatman Number 41 filter and washed with 25 mL o
water. The resulting filtrate was collected in the same 100
volumetric flask. The final solution was then diluted to 100

ek Watershed
a Cre
-total volume. From this solution a 15 mL aliquot was transferred
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with 15 mL of water to a 30 mL Nalgene LDPE bottle for tra
metal analysis. The filtrates and suspended solids samples
analyzed for trace metals by inductinely coupled plasma–at
emission spectroscopy according toEPA Method 3120.B. The
metals concentrations in the filtrate represent the dissolved p
Total recoverable metals were calculated as the sum of diss
and suspended solids concentrations of metals.

The SMBURD database was queried for TSS and total Cu
Pb, and Ni data for the Ballona Creek, Sepulveda Channel
Centinela Creek catchments. Total metal concentrations
used as the parameter of study due to the low amount of diss
metals concentration data in the SMBURD database. The sa
sites used from SMBURD matched the sites sampled in the
mer of 1999. Data retrieved from SMBURD were defined as
weather or dry weather using the available rainfall record, an
dry-weather data were then combined with the summer
monitoring data to calculate the contaminant concentration
each catchment. Samples reported below the detection limit
transformed to half the detection limit. As in other urban ru
studies~Athayde et al. 1983!, the data were assumed to follow
log-normal distribution. In this study, a log-normal distribut
was used for each parameter to minimize the considerable
generated in load calculations by using the improper proba
distribution for urban runoff concentrations from a censu
dataset as discussed in Van Buren et al.~1997!. Table 1 shows th
average, median, and standard deviation of each metal i
dataset. Median concentrations of Cu, Pb, and Ni are simil
Ballona Creek and Sepulveda Channel but lower in Cent
Creek. Median Cr concentrations are similar in Centinela C
and Ballona Creek but lower in Sepulveda Channel. Becaus
DWF in Centinela Creek is less than 3% of the combined DW
Ballona Creek and Sepulveda Channel and the concentratio
the majority of parameters studied are lower in Centinela C
the Centinela DWF was considered negligible and was no

Fig. 2. Sample sites w
cluded in subsequent analyses.
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.

The DWF load from each catchment was calculated acco
to

W= o Cm 3 Vj/106 s1d

where W5load over a prescribed period of time~kg!;
Cm5median concentration at the site of interestsmg/Ld; and
Vj5DWF volume for the period of interest~L!. This approach i
similar to the sample mean approach listed in Mukhopadhya
Smith ~2000! in which the mean concentration and the ave
flow on each given day are multiplied and then summed ove
period of interest. Because our goal was an estimate of long
pollutant loadings, the median concentration at each location
used with the total volume of flow for the dry and wet seaso
characterize the seasonal and annual loading in the system

Table 1. Mean, Median, and Standard Deviation of Dry-Weather F
Total Metal Concentrationssmg/Ld in Ballona Creek Watershed Catc
ments

Location Total Cr Total Cu Total Ni Total Pb

Ballona Creek

Mean 38 23 16 21

Median 15 16 10 10

Standard deviation 87 28 19 28

Sepulveda Channel

Mean 4 16 37 8

Median 5 14 9 8

Standard deviation 3 13 103 4

Centinela Creek

Mean 11 12 16 11

Median 10 5 5 5

Standard deviation 5 9 28 20

Ballona Creek Watershed
ithin
05
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thermore, daily concentration data were not available for the
riod of our simulation.

Wet-Weather Flow Simulation

Stormwater models of the Ballona Creek watershed were d
oped as part of a larger environmental modeling project
formed at Los Alamos National Laboratory~Heiken et al. 1999!.
These models were developed using the U.S. Environmenta
tection Agency ~EPA! SWMM ~Huber and Dickinson 1988!.
Separate stormwater models were developed for the Ba
Sepulveda, and Centinela Catchments~Burian et al. 2000!. The
development of the stormwater models required digitizing 3
storm drains and delineating over 2,000 subcatchments usin
formation obtained from microfiche as-built construction dr
ings of the storm drainage system and drainage maps stored
LADPW. Other data necessary to develop the models incl
United States Geological Survey digital elevation models
1993 land use data from the Southern California Associatio
Governments~SCAG!. The land use data obtained from SC
were categorized according to the Modified Anderson L
III/IV classification. This classification was aggregated into
land use classes selected for inclusion in the stormwater q
simulation. The breakdown of land use for the three catchme
shown in Table 2.

The WWF quality was simulated in SWMM by attributing
event mean concentration~EMC! to each of the land uses sim
lated. The EMC procedure was used because the goal o
research is a long-term prediction of seasonal and annual
not an intrastorm evaluation, which would require a more c
plicated modeling approach such as the use of buildup wa
coefficients. Under these circumstances, the event load is
important than the exact contaminant concentrations durin
storm event. Furthermore, the total load estimated with EMC
a long-term simulation can be as accurate as that obtained
more complex models, e.g., buildup washoff in most cases~Char-
beneau and Barrett 1998!.

The Runoff Block of SWMM was used to simulate the run
quantity and quality from each catchment to a specified i
Runoff quality simulation with the EMC procedures requires
input of appropriate flow-weighted EMCs for each of the po
ants for each of the land classes being simulated. The EMCs
in this study were obtained from the LADPW stormwater m
toring program~LADPW 2000!. Part of the LADPW stormwate
monitoring program is the monitoring of runoff from predom

Table 2. Total Area and Assigned Percent Imperviousness for Each
Class Included in Ballona Creek Watershed Storm Water Model

Land use
Area
~ha!

Percent imperviousne
~%!

Commercial 3,843 92

High-density single family residential 13,033 68

Mixed residential 1,577 75

Multifamily residential 3,675 80

Industrial 1,272 91

Institutional 993 30

Urban vacant 4,744 0

Water 177 0

Transportation 726 92

Other/unknown urban 145 80
nantly single land use catchments. The number of storms moni-

JOURNA
,

tored at each site ranged from 24 to 67. The median conce
tions for each constituent of concern from the single land
catchments were used in the SWMM model. These EMCs
not specific to the watershed studied. The EMCs were spec
Los Angeles County and the study watershed resides in
county. Simulating stormwater quality using land use spe
EMCs in SWMM produces constant concentrations from
land use during each storm event. Concentrations at the ou
the watershed are variable because different catchments wi
ferent land uses contribute flow throughout the runoff event

Model Calibration

Calibration is a crucial step in stormwater quality modeling. C
bration of the Ballona Creek SWMM model was performed u
data from a mass emission monitoring station at the downs
end of the Ballona catchment. The Ballona Creek SWMM m
was calibrated for water quality and quantity for four storm
the 1997 water year using flow and concentration data from
mass emission station. Percent imperviousness was modifie
bally in the model until runoff volumes and estimated total
lutant loads were comparable to observed data. Table 3 show
results of the model calibration. The cumulative relative erro
the simulated runoff volumes in the four calibration storms
10% indicating good agreement with observed data. The p
mance of the model was less for metals loads. All constitu
simulated had a cumulative relative error for mass loadin
50–75%.

Results

The DWF in Ballona Creek ranged from 8310−2 to 2 m3/s,
while the DWF in Sepulveda Channel and Centinela C
ranged from 2310−2 to 5.5310−1 m3/s and from 3310−3 to 8
310−2 m3/s, respectively. Fig. 3 compares the annual DWF
WWF volumes with the annual precipitation volume for the B
lona Catchment for the 1991–1996 water years. The DWF vo
was consistent at levels greater than 107 m3 for every year of th
study except the 1991 water year. Because of its dependen
the stochastic rainfall process, WWF volume was highly vari
from year to year and showed no general trend. The WWF
ume ranged from a low of 3.63107 m3 to a high of 10.6
3107 m3. The DWF accounted for 9–25% of the total ann
discharge from the Ballona catchment in this period. The an
DWF volume was fairly consistent. Therefore, the variation in
DWF contribution to the total annual volume of flow was dep
dent on the highly variable volume of WWF~i.e., in relatively
low precipitation years the DWF contribution was higher an
relatively high precipitation years the DWF contribution w
lower!.

Table 3. Ballona Creek Storm Water Management Model Model R
tive Error

Parameter Relative error

Runoff volume 10.6

Total copper 49.7

Total lead 75.9

Total nickel 68.3

Total chromium 57.5
While the DWF produced less than 25% of the average annual

L OF ENVIRONMENTAL ENGINEERING © ASCE / JULY 2005 / 1077



age
etal

ter-
nual
19–
The
was
for
etal,
, the

ona
the

et-
ad
dry
DPW

DWF
pol-
wet
tant
ts for
e ex-
dry

each
t was
d by

nean
not

ore
hed

r the
tage of
shed.
s still
rg-
DWF
than
veda
eda
TSS
rall,
llona
Bal-

the
goal

ry-

l

tant
runoff volume, it produced a higher proportion of the aver
annual pollutant loading. Table 4 details the annual trace m
pollutant load from DWF and WWF in the Ballona Creek wa
shed. WWF still produces the majority of the average an
pollutant load of TSS, Cu, Pb, and Ni, but DWF contributes
44% of the annual total metals load of those constituents.
average DWF contribution to the annual average load of Cr
greater than the WWF contribution. Although WWF accounts
between 41 and 81% of the average annual load for each m
precipitation occurs on average only 37 days/year. Therefore
majority of the annual load is being discharged from Ball
Creek during relatively short time periods occurring during
wet season.

Although WWF is the dominant source annually for most m
als, DWF is responsible for the majority of the pollutant lo
during the dry season. In this study, the definition for the
season, April 1–September 30, is same as that used by LA
~Los Angeles Department of Public Works 1998!. Fig. 4 shows
the percentage of the total annual load that is contributed by
and WWF seasonal pollutant loads. Greater than 70% of the
lutant loading of all metals from this watershed occurs in the
season. The WWF is responsible for the majority of the pollu
load during that season. During the dry season, DWF accoun
60–90% of the load of the metals. The seasonal results wer
pected because precipitation totals are very low during the
season and high during the wet season. The DWF load for
pollutant was nearly the same during the dry season as i
during the wet season suggesting that DWF is not influence

Table 4. Average Annual Total Trace Metal Pollutant Load in D
Weather Flow ~DWF! and Wet-Weather Flow~WWF! from Ballona
Creek Watershed

Contaminant

Average annual
DWF load

~kg!

Average annual
WWF load

~kg!

Percent of annua
load from

DWF

TSS 91,940 4,944,380 2

Chromium 220 190 54

Copper 250 1,060 19

Lead 150 300 33

Nickel 160 200 44

Fig. 3. Dry-weather flow and we
Note: TSS5total suspended solids.
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season. This is not an unexpected result in the Mediterra
climate of Southern California where outdoor water use may
change considerably throughout the year.

The contribution from DWF relative to WWF becomes m
significant when the individual catchments within the waters
are considered. Fig. 5 shows the WWF and DWF loads fo
Ballona, Sepulveda, and Centinela Catchments as a percen
the average annual load for the entire Ballona Creek water
The predominant source of each contaminant, except Cr, i
WWF from Ballona Creek, but DWF from Ballona Creek is la
est source of Cr and the second largest source of Pb and Ni.
from Ballona Creek is also a greater source of all metals
Centinela Creek WWF, but is a lower source than Sepul
Channel WWF for Cu. DWF from the Ballona and Sepulv
catchments are minimal sources of TSS. Nearly 95% of the
annual average load is from Ballona catchment WWF. Ove
the results from the analysis define the importance of the Ba
Catchment in the annual pollutant load discharge from the
lona Creek watershed.

Discussion

This study evaluated DWF and WWF heavy metal loads from
Ballona Creek watershed for the 1991–1996 water years. The

ther flow volumessm3d 1991–1996

Fig. 4. Dry-Weather Flow and Wet-Weather Flow seasonal pollu
load contributions
t-wea
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llut-
was to compare the relative contributions of TSS and the
metal loads of Cu, Pb, Ni, and Cr in DWF and WWF from
watershed and its catchments. The WWF was found to b
largest nonpoint source of metals from the Ballona Creek W
shed. The DWF was also an important source, contribu
9–25% of the flow volume and 19–54% of the annual pollu
load.

The ultimate toxic effect of DWF and WWF pollutant loa
depends on the physico-chemical properties of the rece
water and the constituents of concern. The Ballona Creek W
shed has two potential receiving water systems:~1! the Ballona
Creek Estuary, and~2! Santa Monica Bay. This research does
address the receiving water impacts on either of these sys
but assesses the relative pollutant contribution from DWF
WWF in each catchment. This assessment therefore pro
baseline information for effective decisions on reducing the
fects of urban runoff pollutant loads to these receiving wa
Both DWF and WWF eventually reach Santa Monica Bay and
toxic effect within that waterbody of the contaminant load in e
flow type should be considered. Bay et al.~1999! found stormwa
ter plumes discharged from Ballona Creek into Santa Monica
caused toxicity in tested species. Lau et al.~1994! came to a
similar conclusion for DWF samples from Ballona Creek, but
effect of DWF following discharge to and dilution in the Ballo
Creek Estuary or Santa Monica Bay is unknown. Due to the c
nelization of the Ballona Creek Estuary and the high flowrate
WWF, it is unlikely that the full toxic effect of the WWF polluta
load is exhibited in that system. Average base flow from the
lona Creek catchment was approximately 41310−2 m3/s from
1991 to 1996. During wet weather, the flow in the channel d
tically increases with flows greater than 283 m3/s having bee
recorded at the F38C-R gauging station.

While the tidal nature of this system was noted by Suffet e
~1997! to retain the WWF at high tide, the system also was n
to flush the visible contaminants~i.e., trash! during the ensuin
low tide. The low flowrates within DWF suggest that much o
contaminant load may remain within the Ballona Creek Est
for a significant period of time. This is potentially of concern
the Ballona Creek Estuary will be used as the source water fo
Ballona Creek wetlands, a wetland restoration effort in that
tershed. To assess the ultimate receiving water impacts of
and WWF a further understanding of the chemical propertie
each receiving water and their interactions with both DWF
WWF loads is necessary.

The results of this study indicate that in the Ballona Cr
Watershed the effects of pollutant loading from dry weather

Fig. 5. Dry-Weather Flow and Wet-Weather Flow catchment po
ant load contributions
sance flow may be significant. This phenomenon may be true in

JOURNA
,

other urbanized Southern California watersheds where the a
rainfall is low. The significance of DWF as shown by the res
indicates the need to consider its control or treatment. Integ
DWF and WWF management would likely be the most c
effective plan, but the infrequent and unpredictable nature o
WWF presents management difficulties. DWF on the other
is a fairly consistent flow in quantity and quality in this wa
shed, which would permit the easier development and imple
tation of management practices. Several treatment practice
already in place in the Los Angeles area. For example, DWF
been pumped from some storm drains to a centralized waste
treatment plant~Civil Engineering1999!, and, in December 200
the City of Santa Monica opened a treatment facility designe
treat DWF from residential and commercial areas~Antich et al.
2002!. Only considering the results of this study~neglecting fea
sibility studies, cost/benefit analyses, and environmental im
assessments! the treatment of DWF in Ballona Creek would se
to be a logical option to protect water quality in the Ballona C
Estuary and Santa Monica Bay.

Conclusion

In this study, we compared the relative pollutant contribution
the trace metals copper, lead, nickel, and chromium in u
DWF and WWF from a Los Angeles, Calif. watershed using
torical flow data, water quality monitoring data, and comp
modeling. The results indicate DWF contributes a conside
amount of flow and pollutants. The DWF accounted for u
25% of the total annual Ballona Creek flow volume in the y
studied and a considerable portion of the annual contaminan
for the metals studied. In the dry season when precipitatio
infrequent, the simulations indicate DWF accounts for an
larger fraction of the pollutant load. Therefore, this research
gests DWF controls may be an important part of nonpoint so
pollution mitigation plans for urban stormwater drainage sys
in Southern California.

Acknowledgments

This project was sponsored as part of the Urban Security I
tive at Los Alamos National Laboratory. The writers gratef
acknowledge the support of the Urban Security Principal Inv
gator Grant Heiken from Los Alamos National Laboratory for
continued support. The creation of the Ballona Creek water
pollutant loading models was made possible by the data colle
efforts of many individuals, but most notably Andy Lee from
UCLA Department of Civil Engineering, Bill DePoto from t
Los Angeles County Department of Public Works, and The
Lam from the UCLA Environmental Health Sciences Departm
in the School of Public Health.

References

American Public Works Association~APWA!. ~1969!. “Water pollution
aspects of urban runoff.”Rep. No. 11030DNS01/69, NTIS No. PB
215532, Chicago.

Antich, A., Gobas, H. R., and Salgaonkar, J.~2002!. “The Santa Monic
Urban Runoff Recycling Facility and the sustainable environm
Stormwater, 3~5!, 25–27.
Athayde, D. N., Shelley, P. E., Driscoll, E. D., Gaboury, D., and Boyd, G.

L OF ENVIRONMENTAL ENGINEERING © ASCE / JULY 2005 / 1079



tive
-

f
ary.”
m,

”
-00-

-

ard,

r su-
om-

r

rm

M.
er-
and

ess-

ack-
n

Rep.
tom-
MD.
-
torm

-
g.)

an

e-

nt

Tox-
ca

ort.”

ks,

ort.”
nd

”.

l
parse
vail-

f
lity in
ject

ration
alif.
of

., and
the
ns

. B.,

wet
s from

CLA

/
e of

-point

D.C.

ram-

.

~1983!. “Results of the nationwide urban runoff program, Execu
summary.”Rep. Prepared for the EPA, Office of Water Program Op
erations, Water Planning Division, Washington, D.C.

Bay, S., Jones, B. H., and Schiff, K.~1999!. “Study of the impact o
stormwater discharge on santa monica bay, executive summ
USCSG-TR-02-99, Univ. of Southern California Seagrant Progra
Los Angeles.

Burian, S. J., McPherson, T. N., Brown, M. J., and Turin, H. J.~2000!.
“Development of the ballona creek watershed stormwater model.Los
Alamos National Laboratory, Draft Research Rep. No. LA-UR
1849, Los Alamos, N.M.

California Environmental Protection Agency~EPA!, State Water Re
sources Control Board~SWRCB!. ~1999!. “1998 California 303~d! list
and TMDL priority schedule.” State Water Resources Control Bo
Sacramento, Calif.

Capangapangan, M. B., and Suffet, I. H.~1996!. “Optimization of a dry-
ing method for filtered suspended solids from natural waters fo
percritical fluid extraction analysis of hydrophobic organic c
pounds.”J. Chromatogr., A, 738, 253–264.

Charbeneau, R. J., and Barrett, M. E.~1998!. “Evaluation of methods fo
estimating pollutant loads.”Water Environ. Res., 70~7!, 1296–1302.

Civil Engineering. ~1999!. “Santa Monica Bay to receive treated sto
water.” August 1999, 28–28.

Culliton, T. J., McDonough, J. J., III., Remer, D. G., and Lott, D.
~1992!. “Building along America’s coasts: 20 years of building p
mits 1970–1989.” U.S. Dept. of Commerce, National Oceanic
Atmospheric Administration, ORCA, Stretegic Environmental Ass
ments, Silver Spring, MD.

Culliton, T. J., Warren, M. A., Goodspeed, T. R., Remer, D. G., Bl
well, C. M., and McDonough, J. J. III.~1990!. “50 years of populatio
change along the Nation’s coasts, 1960–2010.” Coastal Trends
No. 2, U.S. Department of Commerce, National Oceanic and A
spheric Administration, Strategic Assessment Branch, Rockville,

Duke, L. D. D., Lo, T. S., and Turner, M. W.~1999!. “Chemical constitu
ents in storm flow vs. dry weather discharges in California s
water conveyances.”J. Am. Water Res. Assoc., 35~4!, 821–836.

Field, R., and Turkeltaub, R.~1981!. “Urban runoff receiving water im
pacts: Program overview.”J. Environ. Eng. Div. (Am. Soc. Civ. En
107~1!, 83–100.

Heaney, J. P., and Huber. W. C.~1984!. “Nationwide assessment of urb
runoff impact on receiving water quality.”Water Resour. Bull.20~1!,
35–42.

Heiken, G., et al.~1999!. “Modeling cities—The Los Alamos urban s
curity initiative.” Public Works Manage. Policy, 4, 198–212.

Huber, W. C., and Dickinson, R. E.~1988!. “Storm water manageme
model, Version 4 Part A: User’s manual.”EPA-600/3-88-001a, U.S.
Environmental Protection Agency~EPA!, Athens, Ga.

Lau, S.-L., Stenstrom, M. K., and Bay, S.~1994!. “Assessment of storm
drain sources of contaminants to Santa Monica Bay. Volume V,
icity of dry weather urban runoff.”Rep. Prepared for Santa Moni
Bay Restoration Project, Monterey Park, Calif.

Los Angeles County Department of Public Works~LADPW!. ~1998!.
“Los Angeles County 1997–1998 stormwater monitoring rep
1080 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / JULY 20
Final Rep., Los Angeles County Department of Public Wor
Woodward-Clyde Consultants, and SCCWRP, Los Angeles.

Los Angeles County Department of Public Works~LADPW!. ~2000!.
“Los Angeles County 1994–2000 stormwater monitoring rep
Final Rep., Los Angeles County Dept. of Public Works a
Woodward-Clyde Consultants, Los Angeles.

Los Angeles Department of Water and Power~LADWP!. ~1999!. “Urban
water management plan: Fiscal year 1998–1999 annual update.Rep
Prepared for Water Resources Business Unit, City of Los Angeles
Dept. of Water and Power, Los Angeles.

Mukhopadhyay, B., and Smith, E. H.~2000!. “Comparison of statistica
methods for estimation of nutrient load to surface reservoirs for s
data set: Application with a modified model for phosphorous a
ability.” Water Res.34~12!, 3258–3268.

Pettyjohn, W. A., and Henning, R.~1979!. “Preliminary estimate o
ground-water recharge rates, related streamflow and water qua
Ohio.” Ohio State University Water Resources Center Pro
Completion Rep. No. 552, Ohio State Univ., Columbus, Ohio.

Santa Monica Bay Restoration Project~SMBRP!. ~1994!. “State of the
Bay 1993: Characterization study of the Santa Monica Bay resto
plan.” Santa Monica Bay Restoration Project, Monterey Park, C

Stephenson, D., and Green, I.~1988!. “A simplistic mass balance
storm-water pollutants for two urban catchments.”Water SA, 14~2!,
93–98.

Suffet, I. H., Froines, J., Ruth, E., Schweitzer, L., Capengpangen, M
Stenstrom, M. K.~1993!. “Chemical contaminant release into
Santa Monica Bay: A pilot study.”Final Rep. to American Ocea
Campaign, Los Angeles, CA.

Suffet, I. H., and Stenstrom, M. K.~1999!. “A study of pollutants from
the Ballona Creek watershed during wet-weather flow.”Final Rep. to
U.S. Army Corps of Engineers, UCLA, Los Angeles.

Suffet, I. H., Stenstrom, M. K., Noblet, J. A., Capangpangan, M
Adams, J. R., Bradley, G., and Ruth, E.~1997!. “A study of pollutants
from the Ballona Creek watershed and Marina Del Rey during
weather flow. Part 1. Pollutants associated with suspended solid
the Ballona Creek watershed and Marina Del Rey.”Draft Rep.,
UCLA Environmental Science and Engineering Program and U
Dept. of Civil and Environmental Engineering, Los Angeles.

United States Environmental Protection Agency~USEPA!. ~1998!. “Na-
tional Water Quality Inventory: 1996 report to Congress.”EPA/841
R/97/008, United States Environmental Protection Agency, Offic
Water, Washington, D.C.

United States Environmental Protection Agency~USEPA!. ~1993!.
“Guidance specifying management measures for sources of non
source pollution in coastal waters.”EPA/840/B/92/002, United State
Environmental Protection Agency, Office of Water, Washington,

Van Buren, M. A., Watt, W. E., and Marsalek, J.~1997!. “Application of
the log-normal and normal distribution to stormwater quality pa
eters.”Water Res.31~1!, 95–104.

Wong, K. M., Strecker, E. W., and Stenstrom, M. K.~1997!. “GIS to
estimate storm-water pollutant mass loadings.”J. Environ. Eng
123~8!, 737–745.
05


