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ABSTRACT
The effects from two winter rain storms on the
coastal ocean of the Southern California Bight (SCB)
were examined during February 2004 and FebruaryMarch 2005. The impacts of stormwater from fecal
indicator bacteria, water column toxicity, and nutrients were evaluated for five major river discharges:
the Santa Clara River, Ballona Creek, the San Pedro
Shelf (including the Los Angeles, San Gabriel, and
Santa Ana Rivers), the San Diego River and the
Tijuana River. Exceedances of bacterial standards
were observed in most of the systems. However, the
areas of impact were generally spatially limited, and
contaminant concentrations decreased below
California Ocean Plan (COP) standards typically
within 2 to 3 days. The largest bacterial concentrations occurred in the Tijuana River system, where
fecal indicator bacteria (FIB) exceedances were
noted well away from the river mouth. Maximum
nitrate concentrations (~40 µM) occurred in the San
Pedro Shelf region near the mouth of the Los
Angeles River. Based on the results of general linear
models, individual sources of stormwater differ
among nutrient concentrations and FIB concentration
and composition. While nutrients appeared to
decrease in plume waters due to simple mixing and
dilution, FIB concentrations in plumes depend on
more than loading and dilution rates. The relationships between contaminants (nutrients and FIB) and
plume indicators (salinity and total suspended solids
(TSS)) were not strong indicating the presence of
other potentially important sources and/or sinks for

both nutrients and FIB. The COP standards were
often exceeded in waters containing greater than
10% stormwater (<28 - 30 salinity range). Median
concentration dropped below the standard 32 - 33
salinity range (1 - 4% stormwater) for total coliforms
and Enterococcus sp., and the 28 - 30 salinity range
(10 - 16% stormwater) for fecal coliforms. Nutrients
showed a similar pattern with the highest median
concentrations in water containing greater than 10%
stormwater. Relationships between colored dissolved organic matter (CDOM) and salinity, and
between TSS and beam attenuation indicated that
readily measurable, optically active variables can be
used as proxies to provide at least a qualitative, if
not quantitative, evaluation of the distribution of dissolved, and particulate components of stormwater
plumes. In this context, both CDOM absorption
and the beam attenuation coefficient can be
derived from satellite ocean color measurements
of inherent optical properties, suggesting that
remote sensing of ocean color should be useful in
mapping the spatial areas and duration of impacts
from these contaminants.

INTRODUCTION
The monitoring and improvement of water quality is a major issue for local, state, and federal agencies and organizations. Coastal waters provide
numerous beneficial uses including recreation, commercial and sport fisheries, marine habitat, commerce and transportation, and aesthetic enjoyment.
In southern California, approximately $9 billion of
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coastal communities’ local economies come from
ocean-dependent activities (Bay et al. 2003). A
broad range of chemical and biological contaminants
is discharged into coastal waters of the SCB, including: pesticides, fertilizers, trace metals, synthetic
organic compounds, suspended sediments, inorganic
nutrients, and human pathogens (National Research
Council 1990). Reductions in water quality due to
these discharges can adversely affect the beneficial
uses of the receiving waters and affect the local
coastal economies.
Flood events due to rain storms contribute more
than 95% of the total runoff volume annually to the
coastal zone (Schiff et al. 2000). Surface runoff,
which receives no treatment prior to discharge into
ocean waters, is one of the largest sources of contaminants to the SCB (Schiff et al. 2000). Many
studies of stormwater runoff conducted in southern
California have focused on public health issues, such
as human pathogens and contaminants (Schiff et al.
2002). Beach closures due to high FIB levels and
other indicators of human pathogens have been common during and immediately following rain events
(Geesey 1993). Public health officials currently
advise the public to avoid any contact with stormwater runoff for at least 72 hours following a significant
storm event (CDPH 2006). Evidence of high levels
of toxicity associated with urban runoff, especially
stormwater runoff, has also been noted in several
southern California regions (Bay et al. 2003,
Gersberg et al. 2004). Even the high levels of sediment themselves can cause environmental damage
through several mechanisms such as smothering of
benthic organisms, reduction of visual clarity, irritation of fish gills, and reduction of light available for
photosynthesis (Davies-Colley and Smith 2001).
Proper management of these parameters is important
for restoring and maintaining healthy beaches, marinas, bays, and coastal areas.
Both in situ and satellite remote sensing studies
of stormwater plumes in the SCB have shown that
plumes created from pulses of stormwater runoff can
affect large areas, penetrate up to 10 m into the water
column, and persist for days to weeks (Washburn et
al. 2003, Nezlin et al. 2005). Although the spatial
and temporal extent of stormwater plumes have
begun to be examined, the extent of impact from
human pathogens, nutrients, and toxicants is not well
known (e.g., Nezlin et al. 2008). Runoff plumes
have the potential, however, to disperse these constituents over large distances (Warrick et al. 2007),
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especially small particles and dissolved materials
that remain in the surface waters.
The COP and Assembly Bill 411 define the current standards required by the state of California for
beach monitoring (State Water Resources Control
Board 2005). Beach posting is recommended, and in
some cases required, when single FIB samples
exceed these standards. The accepted monitoring
protocols involve collection of water samples that
are evaluated for FIB using assays that require 24 to
48 hours to complete, thus limiting the number of
samples that can be practically analyzed. It is
impossible to adequately and routinely sample
plumes by collecting water samples from a few locations limited by sampling capabilities and resources.
Remotely sensed ocean color could be used as a way
to track stormwater plumes over large spatial scales
with high temporal frequency (e.g., Nezlin and
DiGiacomo 2005; Nezlin et al. 2005, 2007, 2008).
Knowledge of the distribution and fate of contaminants within the plumes is still limited and a focus of
this study.
Based on data collected by the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) and the
Moderate-resolution Imaging Spectroradiometer
(MODIS), remote sensing studies of stormwater
plumes have used reflectance from the near-surface
layer, typically measured as normalized water-leaving radiance in the range 551 to 555 nm (nLw551 for
MODIS and nLw555 for SeaWiFS), as a tracer of
plumes in the southern California coastal area.
Remote sensing reflectance at these wavelengths is
primarily a function of light backscattering from
small particles, and is therefore related to turbidity.
By analyzing SeaWiFS imagery, Nezlin and
DiGiacomo (2005) concluded that measurements of
nLw555 greater than 1.3 mW cm-2 µm-1 sr-1 distinguished stormwater plumes from ambient water on
the San Pedro Shelf. As turbidity is associated with
sediment particles, the majority of which quickly
sink from surface waters (Hill et al. 2000, Warrick et
al. 2004), turbidity can only be used as a short-term,
non-conservative tracer to follow the particulate
components of stormwater plumes. The actual freshwater plume could be much more extensive than the
sediment plume (Geyer et al. 2000). Chromophoric
CDOM, defined as the light-absorbing fraction of
dissolved organic matter, is a conservative tracer and
not subject to sedimentation. Decreases in its concentration occur through the process of photodegradation, which takes between weeks and months to

occur (Vodacek et al. 1997, Opsahl and Benner
1998). Rivers constitute a major source of CDOM
in the coastal ocean (Siegel et al. 2002, Del Castillo
2005); therefore, CDOM concentration is useful in
tracking freshwater plumes and can be used to assess
the impact of river-borne contaminants such as nutrients and pollutants in the coastal ocean (Coble et al.
2004). Like turbidity, CDOM can also be estimated from ocean color, but is more likely to be associated with dissolved plume constituents rather
than particulate fractions.
In this study, two aspects of the impact of
stormwater plumes on the continental shelf of the
SCB were addressed. First, an attempt was made to
determine the magnitude and area of impact of contaminants (nutrients and FIB) in the coastal zone
based on ship-based sampling. Second, the utility of
variables that can be derived from remotely sensed
measurements of ocean color (e.g., CDOM and beam
attenuation) to estimate the distribution and impacts
of runoff plumes in the coastal area was evaluated.
The correlation was examined between known contaminants and components that can be readily
measured using ocean color data, to evaluate the
extent to which remotely sensed ocean color can be

used to infer the magnitude and spatial extent of
plume impacts.

METHODS
Field Collections
Seven agencies participated in field collections:
City of Oxnard/ABC Labs, City of Los Angeles, Los
Angeles County Sanitation District, Weston
Solutions (formerly MEC Analytical Systems, Inc.),
Orange County Sanitation District, City of San
Diego, and Universidad Autónoma de Baja
California. Shipboard sampling for this study
occurred on grids offshore of five regions (including
eight major river systems) in the SCB (Figure 1).
Storm 1 took place on 25 February 2004, which is
considered Day 0 in the following analyses. For the
San Diego and Tijuana Rivers, an earlier storm that
ended on 23 February was also sampled. Storm 2
occurred on 22 March 2005 (Day 0). A separate
storm that ended on 12 February 2005 was sampled
offshore of the San Diego and Tijuana Rivers.
Stations were scheduled to be sampled on Days 1, 3,
and 5 after Storm 1, and on Days 1, 2, and 3 after
Storm 2. However, sampling was sometimes shifted
forward or back a day depending on sampling condi-

Figure 1. Map of the Southern California Bight indicating regions sampled during the study. Note that the San
Pedro Shelf region was broken into the Los Angeles/San Gabriel Rivers, the Santa Ana River, and Newport Harbor
for correlation analyses. Black dots indicate locations of stations sampled during the field sampling effort.
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tions and vessel/crew availability. Not all sites were
sampled on all days largely due to limitations from
weather and sea-state.
Vertical profiles of conductivity and temperature
(Sea-Bird SBE 25 or SBE 9/11), beam attenuation
(WET Labs C-Star transmissometer) and CDOM fluorescence (WET Labs WETStar) were collected at
each station. The instrument and manufacturer are
given in parentheses; note that several different
instruments were used among the seven participating
agencies. Beam attenuation was computed from
transmissometer observations as the beam attenuation coefficient at 660 nm (hereafter referred to as
beam-c). CDOM fluorescence was converted to quinine sulfate dehydrate (QSD) concentration (in ppb)
using linear calibrations provided by the manufacturer.
Water samples for TSS, macronutrients (NO2, NO3,
PO4, SiO4), FIB and toxicity were also collected
using 5-L Niskin bottles attached to the CTD
carousel or by stringing individual bottles on a line
in lieu of using a rosette. These samples were collected at 1 m depth at all stations. Multiple depths
were sampled at three stations for each river system.
Sampling occurred on regularly spaced grids for
each region (Figure 1). The primary intent of the
grids was to sample the nearshore discharge areas
and assess water quality there, not necessarily to
fully encompass and track plumes as they advected
away from the river mouth regions. Some stations
were positioned further offshore and were intended
to provide “non-plume” profiles for comparative purposes. Profiles were obtained to within 2 m of the
seabed or to a depth of 60 m for sites deeper than
60 m. Figures of the spatial distributions of nutrients
and FIB were created using Interactive Graphical Ocean
Database System (IGODS; Ocean Software 2009).
Samples for the measurement of macronutrients
and TSS were analyzed at the University of Southern
California. The NO2, NO3, PO4, SiO4 concentrations
were measured on an Alpkem RFA 300 Series nutrient analyzer (Sakamoto et al. 1990, Gordon et al.
1993). The bulk concentration of TSS was determined using EPA method 160.2 (USEPA 1983).
Briefly, whole water samples were filtered through
pre-weighed Whatman GF/F (0.7 µm) filters. The
filters were then dried at 100ºC for 2 hours and reweighed. FIB concentrations were measured by six
of the participating agencies according to each
agency's standard procedures. Prior to sampling, all
laboratories participated in an inter-calibration exercise to ensure comparability. The among-laboratory
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variability was not significantly different from variability within each laboratory (Griffith et al. 2006).
Samples were collected in sterile 120-ml polystyrene
bottles and transported to local laboratories on ice.
The concentration of total coliforms and fecal coliforms were determined using standard methods for
multiple-tube fermentation - APHA methods 9221B
and 9221E.1, or membrane filtration - APHA methods 9222B and 9222E (APHA 1998a, 1998b, 1998c,
1998d). Enterococcus spp. were enumerated using
Enterolert™ (IDEXX Westbrook, ME) defined substrate kits following the manufacturer’s instructions,
or using membrane filtration and EPA Method 1600
(Messer and Dufour 1998). Toxicity was measured
as percent fertilization in the sea urchin fertilization
assay (USEPA 1995). In this method, sea urchin
sperm are exposed to the sample, and the ability of
the sperm to fertilize the egg is evaluated.
Significant toxicity was chosen to be those values
where sea urchin fertilization success was less than
84% (Bay et al. 2003).

Data Analyses
To examine the fate of various contaminants in
relation to stormwater plumes, relationships of contaminants to salinity and TSS were explored. The
contaminants measured include nitrate (NO3-), nitrite
(NO2-), phosphate (PO43-), silicate (SiO4), FIB (total
coliforms, fecal coliforms, and Enterococcus spp.),
and toxicity (measured as percent fertilization in the
sea urchin assay). Stations were separated into
regional groupings based on their proximity to major
sources of inflow. For the three regions in the San
Pedro Shelf area (Los Angeles/San Gabriel Rivers,
Santa Ana River, and Newport Harbor), stations
were grouped by examining nearshore salinity data.
Note that these regions were not analyzed individually in the spatial analyses, but were grouped as the
San Pedro Shelf. General linear models (GLMs)
were constructed for each contaminant for each
storm. Salinity or TSS (continuous), region (categorical), and day after storm (categorical) were included
in the models as independent variables. Only data
from the top 5 m were included as the majority of
stormwater is found within this depth (Washburn et
al. 2003). Because the number of ship-based samples was very high (250 - 376), P-values were generally low and were not always useful in distinguishing
model fit. We therefore focused on improvements to
other parameters such as the coefficient of determination (R2) when selecting the best models. The

adjusted R2 was considered to account for erroneous
improvements in model fit due to the inclusion of
additional independent variables. Statistical analyses
were done using SYSTAT™ v. 11.0 (SSI 2004b).
Approximately 28, 56, and 59% of the total coliform, fecal coliform, and Enterococcus spp. data,
respectively, were recorded as being below 1 of 3
detection limits (10 and 100 most probable number
(MPN)/100 ml for total and fecal coliforms; 10 and
20 MPN/100 ml for Enterococcus spp.). An additional 7 total coliform values (approximately 1%)
were reported as >80,000 MPN/100 ml. A small
number of nitrite and nitrate samples were also
recorded as being below a detection limit (0.1 and
0.05 µM, respectively). Data values known only to
be above or below a threshold value are referred to
as censored data. Censored data cannot be analyzed
using standard statistical methods. Instead, the data
were analyzed using the methods of Helsel (2005)
through the S-language software package NADA, an
add-on package for the R environment for statistical
computing (R Development Core Team 2006).
These methods can be used to analyze multiply-censored data sets (data sets with multiple detection limits) with up to 80% censored data. However, the
program only supports left-censored data. Therefore,
the 7 total coliform data points reported as >80,000
MPN/100 ml were replaced with the value 80,000
MPN/100 ml. Though this will introduce some
error, these values represent such a small proportion
of the data set that this error is expected to be small.
For data sets containing censored data, GLMs were
constructed using the cenreg function in NADA.
This function computes GLM parameters (e.g., slope
and intercept) using maximum likelihood estimation
(MLE). The MLE assumes that data above and
below the detection limit follow a particular distribution. Parameters are computed that best match a fitted distribution to the observed values above each
detection limit and to the percentage of data below
each limit (Helsel 2005). The cenreg function also
estimates the likelihood R2 (similar to R2 in linear
regression), the log-likelihood statistic, and the associated P-value.
In addition to GLM analyses, contaminant data
were examined by grouping the data into several
salinity and TSS ranges, then calculating the summary statistics for each group. Box plots were created
showing the median and spread of data within each
group. For all uncensored data, box plots were created using SigmaPlot v. 9.01 (SSI 2004a). For

groups containing censored data, summary statistics
were calculated using the censored regression on
order statistics (ROS) method (Lee and Helsel 2005).
ROS is a probability plotting and regression procedure that models censored distributions using a linear
regression model of observed concentrations vs. their
normal quantiles. This method has been evaluated as
one of the most reliable procedures for developing
summary statistics of multiple-censor data
(Shumway et al. 2002). Censored box plots were
created using the NADA package for R.
The relationships between in situ tracers of
plume water and variables that can be estimated
using ocean color data from satellite imagery were
also explored. The best in situ tracer of freshwater
plumes is salinity. Because evaporation will have a
minimal effect over the time spans of storm events,
surface salinity acts as a conservative tracer of freshwater runoff. Salinity is not currently measured
using satellite imagery. Other dissolved constituents
with high concentrations in stormwater, such as
CDOM, can be estimated using satellite ocean color.
Therefore, the in situ relationship between salinity
and CDOM was explored to determine whether
salinity could ultimately be approximated from
CDOM via satellite ocean color observations
(Monahan and Pybus 1978, D'Sa et al. 2002, Busse
et al. 2006). Turbidity is another commonly used
tracer of stormwater plumes. Turbidity can be measured in situ by measuring the concentration of TSS
in bulk water samples or optically with a transmissometer that measures beam-c. Whereas salinity and
CDOM represent the dissolved components of the
plume, TSS and beam-c represent the particulate
components. Again, TSS cannot be measured
directly from satellites, but beam-c can be estimated
from ocean color data. GLMs were constructed
with salinity or TSS, region, and day after storm
as independent variables and CDOM or beam-c as
the dependent variable. The number of samples
was very high (276 - 1030); therefore, focus was
placed on adjusted R2 values when selecting the
best models.

RESULTS
The first part of this study’s results evaluates the
spatial and temporal extent of contaminant impacts
in the SCB, specifically FIB, toxicity, and nutrients.
The second part considers the use of remotely sensed
ocean color for the evaluation of plume impacts
based on the ability to estimate water quality paramRelationships among stormwater runoff constituents - 165

eters of interest from satellite ocean color observations using in situ satellite proxy relationships to
infer spatial and temporal scales of stormwater
impacts. The third part examines relationships
between the contaminants and readily measured, and
commonly used in situ water quality parameters that
are considered robust tracers of stormwater plumes
(salinity, TSS), and addresses the question of the
extent to which these parameters can be used as a
proxy for contaminants of concern.

Spatial and Temporal Extents of Impact
The two sets of contaminants for which either
a receiving water standard or environmental impact
threshold exists are FIB and toxicity as measured
by the sea urchin fertilization test. Tables 1 and 2
summarize the number of samples and exceedances
of these thresholds that occurred for each of the
five major river discharges that were studied
(Santa Clara River, Ballona Creek, San Pedro
Shelf, San Diego River, and Tijuana River).
Nutrient distributions were also examined, but regulatory standards do not currently exist for these
runoff constituents.

Fecal Indicator Bacteria
Over 2000 water samples were analyzed for
FIB from all surveys and river systems combined.
Elevated FIB concentrations were found offshore of
every major river system following both storm
events, although the COP standards were not
always exceeded (Figure 2). Nearly all of the FIB
exceedances occurred in the top 10 m of the water
column and in the very nearshore region of the discharge. In 2004, less than 10% of the samples
exceeded the COP standards offshore each of the
river systems (Table 1). Exceedances tended to be
highest during the first day after the storm, but
were sometimes higher on Day 2, especially near
the Tijuana River during Storm 2 (2005). The
extent of FIB impact was greatly reduced or absent
by the third or fourth day of sampling. Of the three
FIB examined, the Enterococcus spp. threshold was
most often exceeded. During 2005, the total number of exceedances across all river systems
increased (from 7.2% in 2004 to 13% in 2005).
However, this was the result of a large increase in
exceedances of all FIB thresholds offshore of the
Tijuana River, where the standards were exceeded
in 49% of the samples. Exceedances offshore of
the Santa Clara River, Ballona Creek, and the San
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Pedro Shelf in 2005 were similar or less than those
in 2004.
The extent of impacts due to FIB varied among
regions. The San Pedro Shelf region and the Tijuana
River regions showed the largest areas of impact.
During both storms, a large proportion of stations
sampled offshore of the Tijuana River (up to 78%)
exceeded the single sample standard on at least one
day for each FIB group (Table 1; Figure 2). This
suggests that the sampling area may not have been
large enough to encompass the entire affected area.
Whereas exceedances in all other regions were confined near major inflows, exceedances near the
Tijuana River spanned a large area (Figure 2).
Coastal areas near the Santa Clara and San Diego
Rivers appeared to be the least affected during both
storms (Table 1). However, it is conceivable that by
the time of sampling, the plumes had advected away
from the sampling areas, especially in the Santa
Clara River region.

Nutrients
The distributions of nutrients offshore of the
major regions after each storm tended to mirror FIB
distributions. High concentrations were typically
found near the river mouths, and nutrient concentrations tended to decrease and disperse over time
(Figure 3). Maximum NO3- concentrations (~40 µM)
were found in the San Pedro Shelf region at the
mouth of the Los Angeles River. Concentrations of
10 - 15 µM were also observed off the mouths of
Ballona Creek and the Santa Clara River. In the San
Diego region, concentrations were elevated less than
10 µM. The maximum near-surface nutrient concentrations were greater in 2004 than in 2005. Storm
sampling in 2004 occurred one month earlier than in
2005. It is possible that many watersheds had been
flushed out by earlier storm events prior to sampling
in 2005 resulting in an overall decrease in nutrient
loading from that storm. Another apparent difference between the two years was the higher concentrations of nutrients below 10 m in 2005. These
higher concentrations may be due to upwelling
occurring along the coast, which usually begins in
mid to late March in this region.

Toxicity
Of the over 700 water samples that were analyzed for toxicity by the sea urchin fertilization assay
from all surveys and river systems combined, very
few exhibited toxicity (Table 2). Only 30 samples

Table 1. Summary of the number of single sample FIB exceedances by day for the first (Storm 1 = 2004) and
second (Storm 2 = 2005) storm events. Numbers in parentheses indicate total number of stations sampled.
n.d. = no data.

were considered toxic (<84% fertilization), and only
2 samples exhibited highly toxic effects (<50% fertilization). All of these were located in the top 10 m
of the water column. The greatest number of toxic
samples was observed in the Tijuana River plume on
the first day of sampling during the February 2004

event, when the fertilization rate for 13 out of 18
samples (72%) was less than 84%. In contrast, during February 2005 when high bacteria concentrations
were observed in the Tijuana River plume, no toxicity values less than 84% fertilization were observed
in the plume.
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Table 2. Summary of toxicity evaluation (as percent fertilization in the sea urchin assay) by day and sampling region for the first (Storm 1 = 2004) and second
(Storm 2 = 2005) storm events. Significant toxicity was chosen to be samples for which fertilization was less than 84% (Bay et al. 2003). n.d. = no data.
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In situ Relationships: CDOM vs. Salinity and
Beam-c vs. TSS
CDOM concentration generally increased linearly with decreasing salinity or increased freshwater
content (Figure 4). The opposite trend was observed
in the beam-c vs. TSS relationship. Beam-c generally increased with increasing TSS concentration, with
some scatter around the best-fit lines (Figure 5). The
addition of regions as an independent variable greatly improved the CDOM/salinity models (increase in
adjusted R2 of ~0.1), and the addition of day after
storm resulted in a slight further improvement
(increase in adjusted R2 of 0.01 to 0.04; Table 3). The
addition of both region and day after storm improved
the beam-c vs. TSS relationships (increase in adjusted R2 of 0.04 to 0.06 and 0.03 to 0.05, respectively;
Table 3). The CDOM vs. salinity relationship was
consistently strong (adjusted R2 ~0.6 for both storms;
Table 3). The relationship between beam-c and TSS,
however, varied considerably between the two storm
events (adjusted R2 ranged from 0.4 to 0.7; Table 3).
In analyzing the CDOM vs. salinity relationship,
a subset of the samples demonstrated increased
CDOM fluorescence with little to no change in salinity (river mouth subset; Figure 4). Samples within
this subset were collected at three stations in the Los
Angeles/San Gabriel River region and three stations
near Newport Harbor during the 2004 storm event.
Four of the six stations were only sampled in 2004.
These stations were relatively shallow and were
located either just inside or just outside major river
mouths. At these stations, CDOM fluorescence was
generally high at all depths even though low-salinity
waters indicative of stormwater runoff were noted
only in surface waters (the top 1 or 2 m).

In situ Contaminant Relationships with
Salinity and TSS
Relationships of nutrients and salinity were variable but were generally negative, i.e., increasing
nutrient concentrations with decreasing salinity
(Table 4). The addition of region as an independent
variable again greatly improved most relationships.
The addition of day after storm also improved the
models, but in many cases only slightly. Even when
both region and day after storm were included; however, the models only explained up to half of the
variation in the nutrient data (adjusted R2 or likelihood R2 = 0.26 to 0.55; Table 4). Although the data
were variable, nutrient concentrations appeared to

Figure 2. Spatial distributions of FIB for each of the five major regions following Storm 1 (2004). Similar patterns
were observed during Storm 2 (2005). Dark red represent areas where a California Ocean Plan standard was
exceeded. Note that color bars are plotted on log scale.

decrease as the fraction of stormwater decreased
(Figure 6 A through D). The largest decrease in all
nutrients occurred in the 32 to 33 psu (1 - 4%
stormwater) salinity range where median nutrient
concentrations were 2 to 3 times lower than in the
next lower salinity range (30 to 32 psu; 4 - 10%
stormwater). Not surprisingly, the relationships
between nutrients and TSS, an index of turbidity,
were not as strong as the nutrient vs. salinity relationships. GLMs that included region and day after
storm as independent variables again explained only
up to half of the variation (adjusted R2 or likelihood

R2 = 0.19 to 0.52; Table 4). When grouped into TSS
ranges, higher nutrient concentrations tended to occur
at very high concentrations of TSS (>30 mg L-1;
Figure 6 E through H).
Relationships between salinity and FIB were
generally negative (Table 4). Unlike the nutrient
relationships, the addition of day after storm as well
as region improved the models. When both variables
were included, the models explained less than half of
the variation in the FIB data (likelihood R2 = 0.35 to
0.48; Table 4). The median FIB concentration
dropped below COP standards in the 32 to 33 psu
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Figure 4. Relationships between CDOM and salinity
separated by region for the 2004 (A) and 2005 (B) storm
events. Linear regressions are plotted for the Santa
Clara River (solid line), Ballona Creek (long dashed
line), Los Angeles/San Gabriel Rivers (short dashed
line), Santa Ana River (dot dashed line), and Newport
Harbor (grey line). These lines are plotted for visual
purposes and were not used for statistical analyses.
CDOM data were not available for the San Diego and
Tijuana Rivers. The river mouth subset for the 2004
storm event (A, grey points) consists of three stations
in the Los Angeles/San Gabriel Rivers region and three
stations near Newport Harbor, all located inside or just
outside major river mouths.
Figure 3. Surface distributions of nitrate for the
Newport Harbor area (including the Santa Ana River
and Newport Harbor) for Storm 2 (2005) showing the
dispersion and dilution of nitrate over time after the
storm. Note that color bar is plotted on log scale.

salinity range (1 - 4% stormwater) for total coliforms
and Enterococcus spp. and in the 28 to 30 psu salinity range (10 - 16% stormwater) for fecal coliforms
(Figure 7 A through D). When salinity values indicated that greater than 10% stormwater was present
(<28 psu and 28 - 30 psu ranges), the median FIB
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concentrations often exceeded COP standards. Fecal
indicator bacteria concentrations were generally very
low, often below the maximum detection limit, in
water for which salinity was greater than 32 to 33
psu. Median FIB concentrations in the greater than
33 psu salinity range were 7 to 16 times lower than
those in the next lower salinity range (32 - 33 psu).
The relationships between FIB and TSS were
quite weak (Table 4). Similar to the FIB vs. salinity
relationships, the strongest models included both
region and day after storm as independent variables.

Toxicity showed no patterns with salinity or with
TSS (Figures 6 and 7). The median percent fertilization was around 100% for all salinity and TSS
ranges and never fell below 84%.

DISCUSSION
This study shows that optical signatures of
stormwater plumes in southern California can be
used to assess plume size and direction (see also
Warrick et al. 2007, Nezlin et al. 2008, Reifel et al.
2009). However, contaminated parts of plumes were
too small to be accurately resolved by satellite
remote sensing (spatial resolution ~1 km). The in
situ measurement of contaminants requires significant effort to both acquire and analyze (especially in
a timely manner) samples, thereby limiting the ability to make frequent offshore measurements for FIB
concentrations, water column toxicity, and nutrients.
The results presented above indicate that impacts
from contaminants, such as nutrients and FIB, after
storm events were generally brief and tended to
occur near major sources of stormwater in the SCB.
However, important exceptions to this, such as
stormwater from the Tijuana River, do occur.
Figure 5. Relationships between beam attenuation
coefficient and total suspended solids separated by
region for the 2004 (A) and 2005 (B) storm events.
Linear regressions are plotted for the Santa Clara River
(solid line) Ballona Creek (long dashed line), Los
Angeles/San Gabriel Rivers (short dashed line), Santa
Ana River (dot dashed line), Newport Harbor (grey line),
San Diego River (dotted line), and Tijuana River (dot dot
dashed line). These lines are plotted for visual purposes and were not used for statistical analyses. No data
were available for the San Diego River for Storm 2.

However, these models explained only a small
amount of the variation in the FIB data (likelihood
R2 = 0.28 - 0.40; Table 4). Similar to what was
observed with nutrient concentrations, FIB concentrations were characteristically higher in waters with
higher TSS loadings (>30 mg L-1; Figure 7 E
through H). This result is somewhat surprising as
we generally find that human pathogenic bacteria are
associated with smallest size fractions, not with larger particulate size fractions (i.e., <1 µm). At lower
TSS concentrations, FIB concentrations were generally below COP standards; fecal coliforms and
Enterococcus spp. were often below detection limits.

How Problematic is Stormwater?
Relationships of nutrient concentrations with
salinity and TSS varied among regions, but not
between the days sampled. Therefore, individual
sources of stormwater probably differ in nutrient
composition, but nutrients seem to decrease in plume
waters due to simple mixing and dilution. The lack
of a strong linear relationship indicates that other
sources of nutrients, such as upwelling, were likely
present in the coastal ocean creating variability in
ambient nutrient concentrations. Unlike nutrients,
relationships of FIB with salinity and TSS depended
on both region and the number of days after the
storm. This indicates that the composition and FIB
concentrations in stormwater runoff vary among
regions, and that their concentration within stormwater plumes is dependent on more than just loading
and dilution rates. Fecal indicator bacteria cannot
survive for long periods of time in the surface ocean,
and mortality is increased by exposure to ultraviolet
radiation (Fujioka et al. 1981, Sinton et al. 2002,
Anderson et al. 2005). Therefore, FIB are likely lost
from plume waters faster than they would be through
simple mixing with ambient coastal water. Some
studies have found relationships between salinity and
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Table 3. Results of general linear models for CDOM vs. salinity and beam-c vs. TSS, with region and day after storm included as additional independent variables. n/a = not applicable.

Figure 6. Box plots showing the medians and quartiles
of nutrient concentrations in five salinity ranges (A
through D) and four ranges of total suspended solids (E
through H). Vertical lines in plots A through D indicate
10% stormwater salinity level. Whiskers on box plots
extend to the 10th and 90th percentiles. Points outside
this range are shown as open circles.

various contaminants, such as nutrients or toxicity
(Bay et al. 2003, Ragan 2003). However, others
have found no consistent relationship between FIB
and plume tracers (Ahn et al. 2005). Concentrations
of contaminants seem to be highly variable, especially when the proportion of stormwater is ~1 - 4% (see
Figures 6 and 7). However, it is possible to determine when and where contaminants are likely to
exceed COP standards through quick and easy measurements such as salinity and TSS concentration by
using the median values as a guideline.
In past studies of the SCB, high FIB concentrations and/or toxicity were found in stormwater itself,
near sewage outfalls and stormdrains/river outlets,
and at sites very nearshore (e.g., beaches and surfzone areas; Geesey 1993, Bay et al. 2003, Gersberg

Figure 7. Box plots showing the medians and quartiles
of concentrations of fecal indicator bacteria and toxicity in five salinity ranges (A through D) and four ranges
of total suspended solids (E through H). The solid horizontal lines indicate maximum detection limit. Below
this level, distributions are estimated. The dashed lines
indicate single sample California Ocean Plan standards. Dashed lines in toxicity plots indicate 84% toxicity. Vertical lines in plots A through D indicate 10%
stormwater salinity level. Whiskers on box plots extend
to four times the interquartile range, except in plots in
D and H where they extend to the 10th and 90th percentiles. Points outside these ranges are shown as
open circles. TC = total coliforms, FC = fecal coliforms,
and Ent. = Enterococcus spp.

et al. 2004). The few studies that have attempted to
examine FIB in offshore waters have found that they
tend to occur in low concentrations, but can exceed
California standards offshore of major rivers after
storm events (ZoBell 1941, Ahn et al. 2005). During
this study, with few exceptions, exceedances of COP
standards occurred near areas of stormwater discharge
during the first day or two after a storm event, similar
to what was found in these past studies.
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Table 4. Results of general linear models for contaminants vs. salinity and contaminants vs. TSS, with region and
day after storm included as additional independent variables. n/a = not applicable.
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Table 4. Continued
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In 2004, waters offshore of the Tijuana River
consistently exceeded COP standards for multiple
FIB species; in 2005, the area of exceedance was
even larger than what could be mapped based on the
fixed sampling grid. Gersberg et al. (2004) found
marked increases in toxicity in the Tijuana River
during storm events. The Tijuana River, with a discharge rate of 5 to 10 m3 s-1, does not have a large
flow volume compared to the Los Angeles or San
Gabriel River systems, whose storm discharge rates
often exceed 1000 m3 s-1 (see Warrick et al. 2007).
This implies that FIB in the Tijuana River are highly
concentrated and not always rapidly diluted or
advected from the region in the three to four days
following the storm.

during the event. Second, even if resources are
available, the sea state often prevents operations by
the vessels typically used for this type of sampling
(Nezlin et al. 2007). Third, it is hard to maintain a
sufficiently long time series to follow the evolution
of these systems because of the commitments of the
technical and scientific crews and vessels to other
projects. During this study, no sampling occurred
during the initial portions of the runoff events, so the
effects of the initial mixing of the stormwater into
the coastal ocean were missed. Bay et al. (2003)
were able to sample both during and immediately
after storm events, which may also explain the differences in their findings.

Contrary to prior studies, very few samples collected during the survey showed high levels of toxicity, and toxicity was not related to the variables used
to track plume location (salinity and TSS). Bay et
al. (2003) detected toxicity in samples collected in
the Ballona Creek discharge plume when the proportion of stormwater exceeded 10%. Samples outside
the Ballona Creek plume were not toxic. In Bay et
al., the authors did not use a fixed grid of samples,
but adapted stations based on salinity levels always
collecting samples both inside and outside the
plume. The present study was designed to monitor
specific locations around major river discharges and,
in most cases, not to adaptively track and sample
plumes. This design likely missed much of the
plume, as evidenced by the small proportion of sites
located in low-salinity water. Runoff plumes can be
advected through the area of a given sampling grid
in as little as a day and are often advected up or
downcoast (Warrick et al. 2007, Nezlin et al. 2008).
Because the plume was moving while the sampling
grid remained stationary, it is likely that even though
the sampling was distributed over several days, the
evolving discharge plume was not adequately sampled. Relationships between toxicity and variables
indicative of plumes may have been detected under a
different sampling scheme.

Feasibility of Using CDOM and Beam-c to
Map Plumes

Other differences between the results from this
and other studies may be due to differences in the
time spans over which sampling took place. In a
project of this type, it is difficult to obtain a good
series of observations that span the time from initial
discharge to thorough dilution and/or dispersion in
the coastal receiving waters. First, the exact timing
of storms is not known in advance, and it is difficult
to guarantee the availability of the boat and crew
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Strong correlations between CDOM and salinity,
and between beam-c and TSS indicate that satellite
ocean color data can be used to assess stormwater
plumes based on the gradients in salinity and turbidity. Beam-c and TSS represent two different ways to
examine the particulate component of seawater. TSS
is a measurement of the concentration, by weight, of
particles whereas beam-c is an optical measurement
related to both the size and concentration of particles. Because of the dependence of light attenuation
on particle size, beam-c depends on the geometrical
cross-section of particles per unit volume, not necessarily on TSS concentration alone (Davies-Colley
and Smith 2001). Therefore, changes in particle size
and composition (i.e., inorganic vs. organic) can
result in a change in beam-c without a corresponding
change in TSS. The relationship between beam-c
and TSS may be expected to change over space and
time as the particle composition may be quite different just after a storm versus several days later due to
the rapid sinking of large particles and flocs (Hill et
al. 2000, Warrick et al. 2004). Particle composition
might also vary among regions. Analysis of the
present study data confirms that the relationship
between beam-c and TSS varies among regions and
over time after a storm event.
Salinity and CDOM both represent concentrations of dissolved constituents. River and runoff
systems typically have elevated levels of CDOM
that can correlate with salinity, such that CDOM
concentration increases with decreasing salinity
(Twardowski and Donaghay 2001, D'Sa et al. 2002).
In theory, salinity and CDOM could be used interchangeably as tracers of the dissolved portion of a

runoff plume. In the SCB, the composition and concentration of CDOM likely varies among sources of
stormwater runoff. However, it appears that over at
least the first few days, CDOM concentration decreases in plume waters through simple mixing processes.
In contrast, for some shallow regions near major
river mouths, increased CDOM fluorescence was
uncorrelated with salinity. Twardowski and
Donaghay (2001) reported that deviations from the
typical inverse linear relationship between CDOM
and salinity could arise even in coastal waters due to
in situ CDOM production processes, including sediment resuspension and reworking of the products of
primary production. Chen and Bada (1992) noticed
that CDOM fluorescence decreased by about 20%
after filtration in nearshore samples. However, in a
more recent study, Belzile et al. (2006) observed little to no difference in CDOM fluorescence in filtered
vs. unfiltered samples. The rapid formation of
CDOM from dissolved organic matter precursors
exuded by phytoplankton has been observed in several studies (reviewed in Twardowski and Donaghay
2001). Localized phytoplankton blooms tend to persist near the mouth of the Los Angeles River (Hardy
1993, Gregorio and Pieper 2000), and elevated concentrations of chlorophyll a were observed at stations
within the Los Angeles Harbor. Although chlorophyll a concentrations were not high at stations near
Newport Harbor at the time of sampling, it cannot be
ruled out as contributing to the production of CDOM
from a past localized bloom in that area. Further
research is needed to determine whether in situ production of CDOM occurs due to processes such as
sediment resuspension, or due to production of algal
exudates in the Southern California Bight, and
whether these processes contribute to deviations in
the CDOM/salinity relationship.
In previous studies, detection of stormwater
plumes off southern California using ocean color has
generally relied on increases in nLw in the 531 to
551 nm range for MODIS (e.g., Nezlin et al. 2008)
and 555 nm for SeaWiFS (e.g. Otero and Siegel
2004, Nezlin and DiGiacomo 2005, Nezlin et al.
2005). The increase in nLw at these wavelengths is
likely due to increased concentrations of suspended
sediments within plumes, which increase backscattering. This signal is an indication of only the particulate portion of the plume. MODIS ocean color data
analyzed as part of the present project showed both
an increase in nLw within the plume waters at longer
wavelengths (primarily 531 to 551 nm) and a

decrease in nLw at short wavelengths (primarily
412 nm), the latter potentially explained by light
absorption by CDOM (Nezlin et al. 2008). In this
manner, it should be possible to use satellite ocean
color-derived estimates of CDOM absorption and
increased backscatter (increased nLw) at long wavelengths as fairly conservative tracers of stormwater
runoff plumes off southern California, representing
the dissolved and particulate constituents of the
plumes, respectively, as described above.
Analogs for CDOM and beam-c can be derived
from the inherent optical properties of the water column, which in turn can be derived from the remote
sensing reflectance obtained by satellite ocean color
sensors. In this context, methods such as the QuasiAnalytical Algorithm (QAA), developed for deriving
inherent optical properties (IOPs) from remotely
sensed ocean color measurements (Lee et al. 2002,
2006), are available to do this in complex nearshore
waters such as those off southern California, which
derive potentially informative properties such as
adg(412) and bb(551). Strong correlations between
CDOM and salinity, and between beam-c and TSS,
indicate that satellite ocean color data can potentially
be used to infer and perhaps accurately assess gradients in salinity and turbidity. However, these
remotely-sensed measurements may be limited by
spatial resolution of satellite sensors (~1 km), which
in southern California is comparable with the spatial
extent of the impacted areas. The actual
CDOM/salinity and beam-c/TSS relationships differ
among regions and between storm events.
Therefore, quantitative estimations of salinity or TSS
via satellite ocean color measurements would require
building empirical relationships specific to each
region. Regardless, ocean color imagery can, and
should, be built into regional monitoring programs to
provide qualitative information on the locations of
plumes and areas likely impacted by contaminants,
and to guide ship-based monitoring efforts.
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