Watershed-based sources of
polycyclic aromatic hydrocarbons in

urban stormwater

ABSTRACT

Previous studies have documented that poly-
cyclic aromatic hydrocarbons (PAHs) from urban
runoff accumulate in coastal estuarine and marine
sediments. However, little is known about the
sources and temporal patterns of PAH loading from
stormwater. This study characterized the sources
and temporal patterns of PAHs in urban stormwater
by analyzing PAH concentrations and loads from a
range of homogenous land use sites and in-river
mass emission sites throughout the greater Los
Angeles, California, USA region. Samples were
collected at 30 to 60 min intervals over the course
of a storm during multiple storm events over a
four-year period. Polycyclic aromatic hydrocarbon
storm fluxes ranged from 1.3 g/km? for the largely
undeveloped Arroyo Sequit watershed to
223.7 g/km? for the highly urbanized Verdugo Wash
watershed, with average storm fluxes being
46 times higher in developed versus undeveloped
watersheds. The magnitude of PAH loading was
affected more by the period of the storm season
than by the size of the storm. Early season storms
repeatedly produced substantially higher loads than
comparably sized late-season storms, and loading
was not correlated with storm size. Within individ-
ual storms, PAHs exhibited a moderate first flush
with between 30 and 60% of the total PAH load
being discharged in the first 20% of the storm vol-
ume. The relative distribution of individual PAHs
demonstrated a consistent predominance of high
molecular weight compounds indicative of pyro-
genic sources. The results of this study indicate
that aerial deposition of combustion by-products is
likely the dominant source of PAHs in the water-
sheds that drain to the greater Los Angeles coastal
region, and this source is consistent during all por-
tions of stormwater runoff.

Eric D. Stein, Liesl L. Tiefenthaler and
Kenneth Schiff

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are
associated with carcinogenic and mutagenic effects
in humans and biota (Lehr and Jerina 1977, Bjorseth
and Rambhal 1985, Crunkilton and DeVita 1997,
Karahalil ef al. 1998). These compounds are ubiqui-
tous in the air and water of urban environments and
have been shown to accumulate in coastal estuarine
and marine sediments (Daskalakis and O’Connor
1995, Zeng and Vista 1997, Su et al. 1998, Menzie
et al. 2002, Mai et al. 2003). Although some PAHs
are naturally occurring, the majority are anthro-
pogenic and enter the environment through release
of petroleum products (petrogenic sources) or by
combustion of organic matter (pyrogenic sources)
(Eaganhouse et al. 1981, Hoffman et al. 1984,
Soclo et al. 2002). Recent studies have shown that
pyrogenic sources predominate in urban settings and
that the profile of PAHs in urban stormwater resem-
bles that of atmospheric deposition (Hoffman et al.
1984, Burns et al. 1997, Gigliotti et al. 2002, Menzie
et al. 2002, Larsen et al. 2003).

The discharge of PAHs from urban watersheds is
exacerbated in arid regions. Arid urban watersheds
have a tremendous number of sources. For example,
the average daily traffic in the Los Angeles,
California, USA region exceeds 81 million vehicle
miles traveled per day (Mobility Monitoring
Program 2003). These mobile sources lead to
exceedingly high PAH levels in the atmosphere
(Naumova et al. 2002, Park et al. 2002, Sabin and
Schiff 2004). Moreover, the long antecedent periods
without rain in arid regions potentially enhance the
dry deposition of PAHs to urban landscapes from
these atmospheric sources. When rainfall does
occur, the precipitation is often short, but intense.
Storms flows in urban watersheds from the Los
Angeles region can range from <0.5 cubic meters per
second (cms) to >1,000 cms in less than one hour
(Ackerman and Weisberg 2003). Runoff from these
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largely impervious urban surfaces efficiently mobi-
lizes deposited material, including PAHs, in the
resulting surface runoff.

Although previous studies have documented
concentrations and loads of PAHs in urban stormwa-
ter runoff (Hoffman et al. 1984, Crunkilton and
DeVita 1997, Menzie et al. 2002, Mabhler et al.
2004), little is known about the sources and temporal
patterns in PAH loading from stormwater. Studies
on other pollutants, such as pesticides (Schiff and
Sutula 2004) and metals (Characklis and Wiesner
1997), have shown that concentrations can vary dra-
matically between individual storms, as well as over
the course of a single storm. However, this informa-
tion has not been documented for PAHs. Because
these temporal patterns can influence the ultimate
fate of a pollutant, this knowledge is important for
developing predictive models and management
strategies for stormwater pollutants.

The objective of this study was to characterize
temporal patterns and sources of PAH concentrations
and loads in stormwater. The goal was to answer the
following four questions: first, how does the concen-
tration and flux of total PAH differ between urban
and arid watersheds? Second, how does the concen-
trations of total PAH vary within a storm season?
Next, how does the concentration and load of total
PAH vary within storm events? Last, what are the
potential sources of PAH in stormwater runoff from
urban watersheds? The first question was addressed
by sampling at the mouth of various watersheds with
differing levels of development. The second ques-
tion was addressed by sampling multiple storm
events with varying size, duration, intensity, and
antecedent dry periods at the same watershed. The
third question was addressed by measuring PAH
concentrations over the course of entire storm events
to construct time versus concentration plots. The
fourth question was addressed in two fashions. First,
concentrations and flux were compared among a
variety of small, homogeneous land use types.
Second, the relative distribution of individual PAHs
were examined for source signatures indicative of
pyrogenic versus petrogenic origin.

METHODS

Sampling locations

The highly urbanized greater Los Angeles metro-
politan area, in southern California, has a population
of approximately 15 million residents (US Census
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Bureau 2000). Winter storms generally occur
between December and March, with approximately
30 cm of total precipitation being distributed over
3 to 5 large and 8 to 10 small storms (Ackerman
and Weisberg 2003). Runoff from a range of resi-
dential, commercial, industrial, and other land
uses drain to engineered flood control channels
(highly modified rivers) and ultimately discharge
to the Pacific Ocean. These flood control channels
integrate runoff from all the land use types in their
contributing watersheds and are termed mass emis-
sion (ME) sites. Eight different ME sites represent-
ing 6 developed and 2 undeveloped watersheds, rang-
ing in size from 31 to 2,161 km?2 were sampled
during the 2000-2001 storm season through
2003-2004 storm season (Table 1; Figure 1). In addi-
tion, 15 homogenous land use sites, representing 7
land use types, were sampled (Figure 1). Land use
categories included high-density residential, low den-
sity residential, commercial, industrial, agricultural,
recreational, and transportation.
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Figure 1. Map of in-river mass emission sampling
sites and watersheds within the greater Los Angeles
region, California, USA. Watersheds indicated in grey
contained land use sites that drain catchments that are
>90% undeveloped.

Sampling and analysis

A total of 10 discrete storms were sampled,
with each site being sampled between 1 and 4
individual storms. Rainfall amounts ranged from
0.28 t0 9.17 cm, and antecedent conditions ranged
from 2 to 142 days without measurable rain.
Rainfall was measured and recorded in 0.25 cm
increments, using a standard tipping bucket at
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each site. Antecedent dry conditions were deter-
mined as the number of days since the cessation of
measurable rain. Water quality sampling was initi-
ated when flows were greater than base flows by
20%, continued through peak flows, and ended
when flows subsided to less than 20% of base flow.
Since watersheds in southern California have highly
variable flows that may increase orders of magni-
tude during storm events, these criteria are consid-
ered conservative. Flow at ME sites was estimated
at 15 minute intervals using existing, county main-
tained flow gauges or stage recorders in conjunc-
tion with historically derived and calibrated stage-
discharge relationships. At ungauged ME sites and
previously unmonitored land use sites, stream dis-
charge was measured as the product of the channel
cross-sectional area and the flow velocity. Velocity
was measured using an acoustic-Doppler velocity
(AV) meter. The AV meter was mounted to the
invert of the stream channel, and velocity, stage,
and instantaneous flow data was transmitted to a
data logger/controller upon query commands pro-
vided by in the data logger software.

Between 10 and 15 discrete grab samples were
collected per storm, at approximately 30- to 60-minute
intervals, for each site-event based on optimal sam-
pling frequencies in southern California described
by Leecaster et al. (2001). Samples were collected
more frequently when flow rates were high or rapid-
ly changing, and less frequently during lower flow
periods. All water samples were collected by one of
three methods. Peristaltic pumps with Teflon tubing
and stainless steel intakes that were fixed at the bot-
tom of the channel or pipe pointed in the upstream
direction in an area of undisturbed flow. By direct
filling of the sample bottle either by hand or affixed
to a pole; or by indirect filling using an intermediate
bottle for securing large volumes. After collection,
the samples were stored in pre-cleaned amber glass
bottles on ice with Teflon-lined caps until they were
shipped to the laboratory for analysis. Twenty-six
specific PAHs were extracted, separated, and quanti-
fied by capillary gas chromatography coupled to
mass spectrometry according to United States
Environmental Protection Agency (USEPA) method
625 (USEPA 1991).

Data analysis

Total PAH was computed as the sum of the 26
individual PAH compounds quantified (Table 2).
The individual PAHs were divided into low molecu-

PAHSs in urban stormwater - 36

lar weight (LMW) PAH compounds (<230, 2 - 3
rings) and high molecular weight (HMW) PAH com-
pounds (>230, 4 - 6 rings) for source analysis.

Four basic analyses were used to characterize
temporal patterns and determine sources of PAH in
stormwater. First, event flow-weighted mean
(FWM) concentrations, loading, and flux rates
among undeveloped and developed ME sites were
compared to determine if significant differences
existed among watershed types. Using only those
samples for a single storm, the event FWM was cal-
culated according to Equation 1:

SCeF,

FWM =2

: M

where:
FWM = Flow-weighted mean for a particular storm

C,; = Individual runoff sample concentration of

ith sample
F, = Instantaneous flow at the time of ith sample

n = Number of samples per event

Mass loading was calculated as the product of
the FWM and the storm volume during the sampling
period. Flux estimates facilitated loading compar-
isons among watersheds of varying sizes. Flux was
calculated as the ratio of the mass loading per storm
and watershed area. Differences in concentration or
flux between ME sites were investigated using a
one-way analysis of variance, with p <0.05 signifi-
cance level (Sokal and Rohlf 1969). In all cases,
nondetectable results were assigned a value of zero.

The second analysis compared seasonal patterns
of total PAH concentration and load by plotting
FWM concentration, load, and flux as a function of
cumulative rainfall prior to the date of the storm
being sampled. For this analysis, all ME sites were
analyzed as a group to look for differences between
early and late season storms across the sampling
region. Annual total PAH loads per year (kg/year)
for each site were calculated by summing mean daily
flow data for all days with storm flow for the corre-
sponding watershed water years to get an annual
storm volume. The annual storm volume was multi-
plied by the storm event mean concentration to pro-
duce an estimated annual load.

The third analysis compared flows and total
PAH concentration within storm events. This
comparison was evaluated by examining the time-
concentration series relative to the hydrograph



Table 2. List of the 26 individual polycyclic aromatic hydrocarbon compounds measured during the study.
Compounds were divided into low molecular weight (LMW) compounds (<230, 2 - 3 rings) and high molecular
weight (HMW) compounds (>230, 4 - 6 rings) for source analysis.

LMW Compounds Weight No. Rings HMW Compounds Weight No. Rings
1-Methylnaphthalene 156+170 2 Benz[a ]Janthracene 228 4
1-Methylphenanthrene 192+206 3 Benzo[a]pyrene 252 5
2,3,5-Trimethylnaphthalene 155+170 2 Benzo[b ]fluoranthene 252 5
2,6-Dimethylnaphthalene 156+170 2 Benzo[e ]pyrene 252 5
2-Methylnaphthalene 156+170 2 Benzo[ghi]perylene 276 6
2-Methylphenanthrene 192+206 3 Benzolk Jfluoranthene 252 5
Acenaphthene 154 2 Chrysene 228 5
Acenaphthylene 152 3 Dibenz[a,h]anthracene 278 5
Anthracene 178 3 Fluoranthene 202 4
Biphenyl 154 2 Indeno[1,2,3-cd |pyrene 276 6
Fluorene 166 3 Methylanthracene 222 5
Naphthalene 128 2 Perylene 252 5
Phenanthrene 178 3 Pyrene 202 4
using a plot referred to as a pollutograph. A first RESULTS

flush in concentration from individual ME storm
events was defined as the condition when the peak
in concentration preceded the peak in flow. This
was quantified using cumulative discharge plots
whereby cumulative mass emission was plotted
against cumulative discharge volume during a sin-
gle storm event (Bertrand-Krajewski et al. 1998).
When these curves were close to unity, mass emis-
sion operated as a function of flow discharge. A
strong first flush was defined when greater than or
equal to 80% of the mass was discharged in the
first 20% of runoff volume. A moderate first flush
was defined as the condition when greater than or
equal to 30% and less than or equal to 80% of the
mass was discharged in the first 20% of runoff
volume. No first flush was assumed when less
than or equal to 30% of the mass was discharged
in the first 20% of runoff volume.

The fourth analysis examined sources of PAHs.
First, the FWM concentrations from the homoge-
neous land use sites were compared. Differences
between land use sites were investigated using a one-
way analysis of variance, with p <0.05 significance
level (Sokal and Rohlf 1969). Next, the ratio of flu-
oranthene (F) to pyrene (P) (F/P) and the ratio of
phenanthrene (P) to anthracene (A) (P/A) were used
to determine pyrogenic versus petrogenic sources of
PAH. Pyrogenic sources predominated when F/P
ratios approach 0.9 (Maher and Aislabie 1992).
Pyrogenic sources predominated when P/A ratios
ranged from 3 to 26 (Lake et al. 1979, Gschwend
and Hites 1981).

Developed versus undeveloped watersheds

In-river total PAH loads, concentrations, and flux-
es were higher for developed watersheds than for
undeveloped watersheds. For the 14 storm events
measured, mean PAH load from developed watersheds
was 5.6 = 5.1 kg/storm, while mean load from unde-
veloped watersheds was 0.03 + 0.02 kg/storm.
Similarly, mean total PAH concentration from
developed watersheds exceeded those from unde-
veloped watersheds (2,655.0 £ 1,768.1 ng/L vs.
452.2 + 4449 ng/L; Tables 1 and 3). Flux of PAHs
from developed watersheds was 47 times greater
than that from undeveloped watersheds (Table 1).
Mean PAH flux from the developed watersheds was
35.6 + 69.8 g/km? and 0.75 + 0.77 g/km? for the
undeveloped watersheds. When the anomalously
high fluxes from the Dominguez watershed were
removed, flux from the developed watersheds was
7.8 £ 8.6 g/km2, or greater than ten times that of the
undeveloped watersheds. Furthermore, the higher
fluxes from developed watersheds were generated
by substantially less rainfall than the lower fluxes
from the undeveloped watersheds (1.85 = 0.97 cm
for storms in developed watersheds and 6.11 +4.32 cm
for storms in undeveloped watersheds).

The annual output rate of total PAHs in the Los
Angeles River watershed during 2002-2003 water
year was approximately 34.9 kg/year (Table 1).
During this same period, Ballona Creek had an
annual output rate of approximately 20.0 kg/year
into Santa Monica Bay. The following water year
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(2003 - 2004) the stormwater runoff discharge rate
from Ballona Creek increased by a factor of 4
(72.9 kg/year). Notably, during the same time
period, the Los Angeles River watershed dis-
charged an estimated 150.6 kg/year of total PAHs
into Santa Monica Bay. Annual output rates for
undeveloped watersheds could not be estimated
because those sites are not gauged; consequently,
annual storm volumes are not available for estima-
tion of annual PAH loads.

Effect of rainfall patterns

Antecedent dry period (expressed as cumulative
rainfall) was strongly correlated with total PAH
concentration, load, and flux in an exponentially
nonlinear manner (72 = 0.54 - 0.81; Figure 2).

Early season storms have significantly higher PAH
loads than late season storms, both within and
between watersheds, even when rainfall quantity is
similar. For example, the two early season storms
from Ballona Creek in water years 2002 - 2003 and
2003 - 2004 had total PAH loadings that were
approximately four times larger (ranging from 7.9 -
8.3 kg) than the two storms which occurred at the
end of the rainy season (1.1 - 1.8 kg), despite the
early and late season storms resulting from compara-
ble rainfall. When all watersheds were analyzed
together, PAH concentration and load decrease with
increasing cumulative rainfall until approximately
10 cm (average annual rainfall = 33 cm), beyond
which the effect is markedly less dramatic (Figure 2).

Polycyclic aromatic hydrocarbons variability
within storms

The greatest total PAH concentrations occurred
during the rising limb of the storm hydrograph for
nearly every storm sampled. For example, peak con-
centrations (2,761 ng/L and 2,276 ng/L) occurred
prior to the peak in flow (757 cms and 101 cms) in
both the Los Angeles River and Ballona Creek,
respectively (Figure 3). In the Los Angeles River
example, peak total PAH concentrations occurred
almost eight hours prior to the peak in storm flow.

In the Ballona Creek example, a second peak in flow
(75 cms) was also preceded by a second peak in total
PAH concentration (1,015 ng/L).

Despite a strong and consistent pattern of first
flush in concentration, cumulative mass loading
plots exhibited only a moderate first flush of PAHs.
Between 30% and 60% of the total PAH load was
discharged in the first 20% of storm volume for the
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storms examined in this study. The mass loading
plots for Ballona Creek (Figure 4) illustrate a con-
sistent pattern of higher mass loading in the early
portions of the storm, with a slightly stronger first
flush in late season storms.
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Figure 2: Cumulative annual rainfall versus polycyclic
aromatic hydrocarbon (PAH) event mean concentra-
tion (EMC) (a), load (b), and flux (c). Plots show data
for mass emission sites only.

Potential sources of PAHs

Sources of PAHs were investigated by compar-
ing concentrations and loads in runoff from homoge-
nous land uses sites. For all land use sites samples,
mean PAH flux was between 0.33 and 140 g/km?2,
while FWM concentration was between 4.6E+02 and
4.4E+03 ng/L (Table 4). Despite some apparent dif-
ferences between land uses (e.g., high density resi-
dential having higher concentrations and industrial
having higher flux), there were no significant differ-
ences in either concentration or flux among land use
category (p = 0.94 and 0.60 analysis of covariance,
with rainfall as a covariate).

The relative proportion of individual PAH com-
pounds were also used to determine the source of
PAHs in stormwater. High molecular weight PAHs
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Figure 4: Cumulative polycyclic aromatic hydrocarbon
mass loading for four storms in Ballona Creek,
California, USA. Plots show percent of mass washed
off for a given fraction of the total runoff. Reference
line indicates a 1:1 relationship between volume and
mass loading. Portions of the curve above the line
indicate proportionately higher mass loading per unit
volume (i.e., first flush). Portions below the line (if any)
indicate the reverse pattern.

dominated LMW PAHs in runoff from all storms
analyzed, suggesting a pyrogenic source. During
the May 2-3, 2003 storm, HMW PAHs in runoff
from the Los Angeles River and Ballona Creek
accounted for 72% of the total PAH concentrations
from these watersheds (Figure 5; Table 3).
Similarly, HMW PAHs in runoff from the
Dominguez channel watershed in Los Angeles
County, California, USA accounted for 74% of the
total PAH concentrations from its watershed. Even
in the undeveloped Arroyo Sequit watershed, HMW
PAHs accounted for 63% of the total PAH concen-
trations. In all storms and at all sites, the HMW
compounds F and P were the dominant HMW
PAHs. Analysis of the distribution of PAHs within
each storm event shows that HMW PAHs are pre-
dominant uniformly throughout each storm regard-
less of land use (Figure 6). The exceptions were
the industrial oil refinery and the agricultural sites,
where the proportions of HMW and LMW PAHs
were comparable throughout the storm. In all cases
(except the oil refinery and agricultural sites), the
relative contribution of low molecular weight PAH
compounds averaged 14% to 30% of the total PAH
mass. Phenanthrene was the most dominant LMW
PAH comprising 7% to 21% of the total PAH
contribution (Table 3).

The F/P ratio was between 0.9 and 1.2 for all
storms in this study, indicating a strong predomi-
nance of pyrogenic PAH sources (Table 3).
Furthermore, the P/A ratio was nearly always less
than 21, once again indicating a strong predomi-
nance of pyrogenic PAH sources (Table 3; Lake et
al. 1979, Gschwend and Hites 1981, Maher and
Aislabie 1992). Only one storm, March 17, 2002 to
March 18, 2002 at the Dominguez channel site, had
a potential petrogenic source; the F/P ratio was 0.9,
but the P/A ratio was >74. This result is consistent
with the data from the land use sites, as the
Dominguez watershed contains four major oil
refineries. As with the distribution of HMW versus
LMW PAHs, the F/P and P/A ratios indicate a con-
sistent pyrogenic source for all lands use and mass
emission sites, regardless of the point within the
storm (Figure 7). Again, the exception was at the
industrial oil refinery, where the P/A ratio is low
until the peak runoff occurs, at which time it rises
to between 17 and 20. For both Ballona Creek and
the Los Angeles River, a moderate, transient
increase in the P/A ratio occurs coincident with the
time of peak flow (Figure 5).
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Figure 5: Distribution of polycyclic aromatic hydrocarbons (PAHs) within storms for mass emission
sites located in the Los Angeles Region, California, USA. Plots on the left (a - ¢) show distribution of
high versus low molecular weight PAHs throughout individual storms. Plots on the right (d - f) show
Phenanthrene/Anthracene (P/A) and Fluoranthene/Pyrene (F/P) ratios throughout individual storms. Peaks in the
P/A ratio correspond to peak storm flows.
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Figure 6: Distribution of polycyclic aromatic hydrocarbons (PAHs) within storms for representative land use
sites. Plots show distribution of high versus low molecular weight PAHs throughout individual storms. Data is
shown for six sites that represent the results observed for the 15 land use sites where data was collected.
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Figure 7: Distribution of polycyclic aromatic hydrocarbons within storms for representative land use sites.
Plots show Phenanthrene/Anthracene (P/A) and Fluoranthene/Pyrene (F/P) ratios throughout individual
storms. Data is shown for six sites that represent the results observed for the 15 land use sites where data
was collected.
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DiScussION

Anthropogenic sources of total PAHs in
stormwater runoff from urbanized coastal watersheds
appears to be a significant source of PAHs to the
Southern California Bight (SCB). Estimates from
this study based on FWM concentrations and gauged
annual discharge volume indicate that approximately
92.8 kg/year and 32.7 kg/year of total PAH are dis-
charged annually from the Los Angeles River and
Ballona Creek watersheds, respectively. Over the
same time period, the combined treated wastewater
discharge from the City and County of Los Angeles
(~ 2.8 x 106 m3/day) discharged an estimated 740 kg
of PAHs to the SCB (Steinberger and Schiff 2003).
The main difference between the two types of dis-
charges is the delivery of the load to the coastal
oceans; the treated wastewater discharge occurs in
small steady doses that occur daily while stormwater
loading occurs over the 10 to 12 precipitation events
that this region averages annually.

The impact of the total PAHs in stormwater dis-
charged from urbanized watersheds is also reflected
in receiving waterbody impacts. Regional monitor-
ing of the SCB revealed that the highest concentra-
tions of PAHs were associated within bay and har-
bor areas that receive inputs from urbanized coastal
watersheds (Noblet et a/. 2003). Bays and harbors
only accounted for 5% of the total area of soft bot-
tom habitat, but contained approximately 40% of
the total PAH mass residing in SCB surficial sedi-
ments. A second concern is the cost of remediating
PAH in dredged materials. Total PAH is one of the
most commonly occurring contaminants in dredged
materials from San Pedro Bay (Steinberger et al.
2003). While some of these contaminants likely
arise from port and industrial activities, they are co-
located at the mouths of the Los Angeles River and
Dominguez Channel watersheds, which is likely a
contributing source.

The impact of PAH contributions on receiving
waters from urbanized watersheds are not con-
strained to the SCB. The National Status and Trends
Program, which samples sediments and tissues in
estuaries and coastal areas nationwide, repeatedly
finds elevated PAHs near urban centers (Daskalakis
and O’Connor 1995). San Pedro Bay, California,
USA, ranked third nationwide in total PAH concen-
tration in mussel tissue during 2002. The top two
locations are Elliott Bay and Puget Sound,
Washington, USA, both located near urban centers.
On the east coast, Long Island Sound, New York,

USA, adjacent to New York City was ranked fourth
(Noblet et al. 2003).

The annual watershed loadings of PAHs esti-
mated from this study are lower than those estimat-
ed from two studies in the eastern United States.
Hoffman ef al. (1984) estimated 680 kg/year of
PAH loading from the 4,081 km?2 Narragansett Bay
watershed in Rhode Island, USA. Similarly,
Menzie et al. (2002) estimated 640 kg/year of PAH
loading from the 758 km2 Massachusetts Bay, USA
watershed. This difference may be explained by
several factors. First, PAH loading relies on
washoff of aerially deposited materials. Watersheds
in the western United States typically experience
less than one third rainfall and runoff volumes than
comparably sized watershed in the eastern United
States. The lower volumes of annual runoff likely
translate to lower loads. Second, PAH in the east-
ern United States are predominantly from concen-
trated point-sources, such as coal-fired power
plants. Southern California does not have coal-
fired power plants, rather PAHs are predominantly
from mobile sources (cars, trucks, and trains) which
discharge more diffusely across the region.

Concentrations in runoff from land use sites in
this study were between 0.03 and 7.84 nug/L; these
values are similar to those observed in previous
studies by others. For example, Mahler et al.
(2004) reported PAH concentrations between 5.1
and 8.6 pg/L in parking lot runoff, and Menzie et
al. (2002) reported concentrations between 1 and
14 pg/L from a broad range of land uses.

In contrast to the results of this study, stormwa-
ter monitoring by local municipalities in southern
California consistently report no detectable PAHs in
stormwater. This discrepancy is likely attributable
to two factors. First, the practical PAH detection
limit used by local municipalities is typically
between 1 and 5 pg/L, which is acceptable by
USEPA regulatory guidelines. However, the FWM
mean concentrations in stormwater during this
study were often lower than this level. The second
factor is the sampling design used for regulatory-
based monitoring. Most local municipalities are
mandated to collect a storm composite sample that
do not emphasize, and may completely miss, the
first flush of total PAH that this study observed.
The greatest peaks in total PAH concentrations
were almost always observed during initial storm
flows, up to eight hours prior to peak flow. This
pronounced first flush suggests that in highly
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urbanized watersheds, particle-bound PAHs may be
rapidly mobilized from impervious land surfaces
during the hours of storms. Similar first flush pat-
terns in PAH concentrations during storms were
observed by Hoffman et al. (1984) and Smith et al.
(2000). Furthermore, Buffleben et al. (unpublished
data, University of California, Los Angeles, Los
Angeles, CA, USA) also observed that peak PAH
concentrations in Ballona Creek occur up to 14
hours prior to peak flow.

Seasonal flushing at mass emissions sites was
one phenomenon not previously reported by others.
Seasonal flushing occurred when early-season storms
consistently discharged higher PAH loads than
storms of a similar size, or larger, later in the season.
This seasonal effect was correlated with the length
of the antecedent dry condition, but not with rain-
fall quantity. The lack of a meaningful relationship
between rainfall quantity and PAH loading has been
reported in several other studies (Eaganhouse ef al.
1981, Hoffman et al. 1984). Hoffman et al. (1984)
suggested that the lack of a clear relationship was
due to the complex spatial and temporal dynamics
associated with rain patterns, which may affect
runoff patterns more than the total amount of rainfall
during a given storm. In addition, differential parti-
cle washoff from land surfaces may mask any differ-
ences associated with total rainfall. The strong rela-
tionship between PAH flux and antecedent dry peri-
od suggests that storm event PAH loads are primarily
a function of the amount of time available for PAHs
to build up on land surfaces between subsequent rain
events. The PAH loads from land surfaces during
later season storms (i.e., after ~ 10 cm of accumulat-
ed rainfall) may reflect contributions from wet dep-
osition or from localized accumulation; however,
there is insufficient data to answer this question
definitively. Analysis of PAH concentration in wet
deposition would help improve understanding of the
sources of PAHs during the latter part of the storm
season. Environmental managers can use this
knowledge of the temporal patterns of PAH loading
to focus efforts on storm capture or treatment during
the early stages of storms and during the earliest
storms of the year.

Sources of PAH in stormwater

Several lines of evidence implicate aerial deposi-
tion and subsequent washoff of combustion by-prod-
ucts as the main source of PAH loading in stormwa-
ter for most watersheds. First, the flux of total PAHs
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among large developed watersheds were similar
throughout the urbanized region of Los Angeles,
California, suggesting a similar regional source of
PAHs. If urban land use distribution strongly influ-
enced PAH loadings, then flux would have differed
by watershed based on differential urban land use
practices. In fact, there was no difference in PAH
concentrations in runoff between various urban land
uses, which differs from the findings of previous
studies in the eastern United States (Ngabe et al.
2000). Menzie et al. (2002) concluded that residen-
tial and commercial land uses generated higher PAH
concentrations than other land use types due to sec-
ondary petrogenic sources that enhanced the regional
pyrogenic source of PAHs. Hoffman ef al. (1984)
found that runoff from industrial and highway sites
had higher PAH concentrations than residential
runoff, but attributed these differences to runoff
dynamics, as opposed to unique sources.

Second, the relative abundance of individual
PAHs in runoff suggests a strong pyrogenic source
indicative of combusted fossil fuels. The typical
distribution of PAHs observed from mass emission
sites (Figure 8) was similar to the distribution of
PAHs observed in dry deposition collected in Los
Angeles, California, by Sabin and Schiff (2004).
Furthermore, in this study, HMW PAH consistently
comprised approximately 73% of the total PAH
concentration regardless of land use. Hoffman et
al. (1984) reported comparable results in their study
of urban runoff in Rhode Island’s Narragansett
Bay watershed, where high molecular weight
PAHs accounted for 71 % of the total inputs to
Narragansett Bay. A more recent study of PAHs in
stormwater runoff in coastal Massachusetts (Menzie
et al. 2002) identified similar high molecular
weight PAH compounds, as observed in this study
(chrysene, fluoranthene, phenanthrene, and pyrene)
as the primary PAH compounds in stormwater.
Similarly, Soclo et al. (2002) found that high PAH
loads associated with stormwater runoff to the
Cotonou Lagoon, in Benin, were characterized by
high molecular weight PAHs that appear to be
derived from atmospheric deposition. The consis-
tent predominance of HMW PAHs throughout all
storms, even during the period of first flush, further
indicates a consistent regional source, such as aerial
deposition. If specific land uses were generating
secondary petrogenic washoff, as suggested by
Menzie et al. (2002), the distribution of PAHs
would have changed during the storm; however, no
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Figure 8: Relative distribution of individual poly-
cyclic aromatic hydrocarbon compounds in
California watersheds.

differences were observed within storms. The
exception to this pattern was for the industrial oil
refinery site, where the signature of petrogenic PAHs
was more pronounced. These findings are consid-
ered reasonable, given the obvious petrogenic source
associated with this land use type. Nevertheless, the
pyrogenic signature was still prevalent for this land
use, especially during the latter stages of the storm.

Polycyclic aromatic hydrocarbon sources can
also be inferred by examining ratios of particular
PAHSs in runoff samples. For this study, both F/P and
P/A ratios were used. Small F/P ratios close to 0.9
suggest that individual PAHs are associated with
combustion products (Maher and Aislabie 1992); in

contrast, large F/P ratios suggest petrogenic sources
of PAHs (Colombo et al. 1989; Table 5). Both the
F/P and P/A ratios observed in this study indicate
that aerial deposition of combustion by-products is
likely the dominant source of PAHs in the water-
sheds that drain to the greater Los Angeles coastal
region (with the exception of Dominquez channel),
and this source is consistent for all portions of
stormwater runoff. Several additional ratios have
been used to assess the different sources of PAHs.
Takada ef al. (1990) used methylated/parent PAH
ratios as indicators of PAH sources. Results showed
that PAHs in runoff from residential streets had a
more significant contribution from atmospheric fall-
out of other combustion products. Zakaria et al.
(2002) explained their low methylphenanthrene to
phenanthrene (MP/P) ratios (<0.6) to mean that com-
bustion derived PAHs are transported atmospherical-
ly for a long distance and serve as background con-
tamination. The ratios of methylphenanthrene to
phenanthrene in this study (0 - 0.2) also suggest a
strong contribution of aged urban aerosols to overall
PAH loads (Nielsen 1996, Simo et al. 1997).
Watersheds in the greater Los Angeles area are
heavily urbanized; therefore, there is ample
opportunity for combustion derived aerosols,
which generate particulate matter, to be deposited
on land surfaces. The petrogenic signature seen
in the Dominguez channel can be explained by
the presence of slightly different sources in this
watershed. The Dominguez watershed contains a
high density of oil refineries and other industrial
land uses that drain directly to the Ports of Los
Angeles and Long Beach, California. The pres-
ence of multiple oil refineries discharging to a
single stream explains the concentration of petro-
genic PAHs in this area.

Conclusions based on ratios of specific PAH
compounds should be used with some caution, espe-
cially because a relatively limited set of PAHs were
analyzed in this study. Furthermore, if reference (or

Table 5. Selected polycyclic aromatic hydrocarobon ratios and their source signature ranges.

Indicator Pyrogenic Petrogenic Reference
Fluoranthene / Pyrene Ratio (F/P) 0.9.-<1 >1 Mahler et al. 2004
Phenanthrene / Anthracene Ratio (P/A) 3-26 >26 Lake et al. 1979, Gschwend and
Hites 1981
Methylphenanthrene / Phenanthrene (M/P) <1.0 2-6 Hwang et al. 2003
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source) samples have not been analyzed, it is always
a good idea to use these ratios on a relative basis.
Nevertheless, the preponderance of evidence from
this study, combined with the well documented fact
that atmospheric deposition (both wet and dry) is the
major source of contamination in arid and semi-arid
climates, such as those which exist in southern
California (Gunther et al. 1987, Sabin and Schiff
2004), supports the conclusions of this study: The
predominant source of PAHs in urban stormwater in
the greater Los Angeles area is from aerial deposi-
tion and subsequent washoff of PAHs associated
with combustion by-products.
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