Stormwater plume detection by MODIS
imagery in the southern California

coastal ocean

ABSTRACT

Stormwater plumes in the southern California
coastal ocean were detected by MODIS-Aqua satel-
lite imagery and compared to ship-based data on sur-
face salinity and fecal indicator bacterial (FIB)
counts collected during the Bight’03 Regional Water
Quality Program surveys conducted in February and
March of 2004 and 2005. MODIS imagery was
processed using a combined near-infrared/shortwave-
infrared (NIR-SWIR) atmospheric correction
method, which substantially improved normalized
water-leaving radiation (nLw) optical spectra in
coastal waters with high turbidity. Plumes were
detected using a minimum-distance supervised clas-
sification method based on nLw spectra averaged
within the training areas, defined as circular zones
with 1.5- to 5.0-km radii around field stations with a
surface salinity of S <32.0 (“plume”) and S >33.0
(“ocean”). The plume optical signatures (i.e., the
nLw differences between “plume” and “ocean”
were most evident during the first two days after the
rainstorms. To assess the accuracy of plume detec-
tion, stations were classified as “plume” and “ocean”
using two criteria: 1) “plume” included the stations
with salinity below a certain threshold estimated
from the maximum accuracy of plume detection; and
2) FIB counts in “plume” exceeded the California
State Water Board standards. The salinity threshold
between “plume” and “ocean” was estimated as 32.2.
The total accuracy of plume detection in terms of
surface salinity was not high (68% on average),
seemingly because of imperfect correlation between
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plume salinity and ocean color. The accuracy of
plume detection in terms of FIB exceedances was
even lower (64% on average), resulting from low
correlation between ocean color and bacterial con-
tamination. Nevertheless, satellite imagery was
shown to be a useful tool for estimating the extent of
potentially polluted plumes; such estimates were
hardly achievable by direct sampling methods, pri-
marily because the grids of ship-based stations cov-
ered only small parts of the plumes that can be
detected via synoptic MODIS imagery. In most
southern California coastal areas, the zones of bacte-
rial contamination were much smaller than the areas
of turbid plumes; an exception was the plume of the
Tijuana River, where the zone of bacterial contami-
nation was comparable to the zone of plume detected
by ocean color.

INTRODUCTION

This study focuses on developing the ability to
routinely detect and classify stormwater runoff
plumes in the Southern California Bight (SCB) for
the purpose of synoptic water quality assessments in
this region. Plumes are identified as water masses
with decreased salinity relative to ambient ocean
water. Such gradients in salinity can only be
presently measured through in situ measurements.
Salinity cannot yet be measured from space (nor in
the foreseeable future with necessary resolution for
coastal applications), although a high correlation
between salinity and “ocean color” parameters has
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been shown in many coastal regions (Monahan and
Pybus 1978, Vasilkov ef al. 1999, Siddorn et al.
2001, Miller and McKee 2004). The color of plumes
results from high concentrations of suspended sedi-
ments and Colored Dissolved Organic Matter
(CDOM). Suspended sediments increase backscat-
tering in the longer wavelength portion of the visible
spectrum (Toole and Siegel 2001, Miller et al. 2005);
CDOM absorbs light at short wavelengths (Del
Castillo 2005) and CDOM concentration is more
conservative than suspended sediments. Emerging
plumes contain high concentrations of suspended
sediments, which rapidly decrease with time due to
gravitational sedimentation (Warrick et al. 2004b, Ahn
et al. 2005). Decreases in CDOM occur due to pho-
todegradation, but this process takes weeks to months
(Vodacek et al. 1997, Opsahl and Benner 1998).

Ocean color satellite imagery could be used to
estimate when and where high concentrations of con-
taminants occur, because concentrations of contami-
nants in stormwater plumes (e.g., fecal indicator bac-
teria) are related to salinity (Bay et al. 2003, Nezlin
et al. 2007), which, in turn, can be related to ocean
color. In turn, this information could be especially
useful to coastal managers and governing agencies
who are required to perform additional monitoring
and close beaches when contaminants exceed various
standards (State Water Resources Control Board 2005).

Previous studies of stormwater plumes based on
ocean color satellite imagery were focused on physi-
cal forcing regulating plume dynamics (e.g., Estournel
et al. 1997, Froidefond et al. 1998, Siegel et al.
1999, Warrick and Fong 2004, Warrick et al. 2007)
and/or estimation of the amount of discharged sedi-
ments (e.g., Lira et al. 1997, Ouillon et al. 1997,
Warrick et al. 2004b,c). In southern California, pre-
vious studies (e.g., the “Plumes and Blooms” pro-
gram) studied spatial and temporal characteristics of
the plumes of discharged sediment and associated
with them phytoplankton blooms in the Santa
Barbara Channel (Toole and Siegel 2001, Otero and
Siegel 2004). Our previous satellite-based plume
studies (e.g., Nezlin and DiGiacomo 2005, Nezlin et
al. 2005) focused primarily on multi-year analysis of
plume dynamics, whereas the present effort is geared
toward developing an event detection, classification,
and impact assessment system for near real-time
satellite-based synoptic characterizations of water
quality. The results of this study could be used to
develop a cost effective water quality monitoring
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strategy in the SCB and other urban coastal regions.
This type of strategy would provide environmental
managers with information on coastal water quality
that is both faster and spatially more extensive than
the exclusively in situ, shipboard sampling tech-
niques currently in use. However, such satellite-
based information would merely complement, and
not eliminate, field based sampling efforts.

In analyzing the accuracy of plume detection, the
accuracy statistics for “plume” (i.e., potentially pol-
luted waters) and “ocean” (i.e., potentially clean
waters) were assessed separately, with commission
and omission errors recorded for each classification
(Congalton and Green 1999, Lillesand and Kiefer
2000). Commission error is the chance to erroneously
assign pixels to a particular class; omission error is
the chance to lose pixels by erroneously excluding
them from that class. Commission error for “plume”
and omission error for “ocean” indicate the chance to
erroneously detect a plume (and, potentially by
extension, recommend a beach closure) in the
absence of contamination. The consequences of this
kind of inaccuracy can be economic loss for the
recreation industry. In contrast, omission error for
“plume” and commission error for “ocean” indicate
the chance to miss contaminated plume waters,
resulting in potential health risks for beach visitors.

For this study, the satellite images collected by
the Moderate Resolution Imaging Spectroradiometer
(MODIS) on the Aqua satellite platform during the
Bight’03 Regional Water Quality Program surveys in
February to March of 2004 and 2005 were processed
using the combined NIR-SWIR method of atmos-
pheric correction (Wang and Shi 2007), which was
developed especially for analysis of coastal data.
Optical signatures (i.e., the spectra of nLw in the
plume core (surface salinity S <32.0), plume edge
(32.0< S <33.0), and ocean (S >33.0) waters were
compared. Then, the averaged optical signatures of
the plume core and ocean were used as endmembers
(training areas) to classify all pixels from the
MODIS-Aqua imagery into two classes: “plume”
and “ocean”. To estimate the accuracy of classifica-
tion, the entire range of S measurements, including
plume core, plume edge, and ocean, was used. Also,
California State Water Board FIB exceedance stan-
dards were used as another measure of plume detection
accuracy. Finally, plume area size was assessed, and
plumes detected using remotely-sensed ocean color
were compared with the plumes detected on the basis
of decreased salinity and bacterial contamination.



METHODS

Study Site

Stormwater plumes are a main source of pollu-
tion in the southern California (SC) coastal ocean.
Noble et al. (2003) found that 96% of the shoreline
met water quality standards during dry weather, but
58% of the shoreline failed to meet water quality
standards during wet weather. The rainy season in
SC occurs from late fall to early spring (Dailey et al.
1993) and consists of episodic storm events, which
contribute more than 95% of the total annual runoff
to the SCB (Schiff ez al. 2000). SC is a highly
developed urban area where increased impervious
surface area leads to greater runoff and contaminant
loading to the ocean, producing up to 90% more
runoff than unaltered watersheds (Miller et al. 2002).
Rapid surface flow following rainstorms results in
plumes emerging and increasing to a maximum size
during a short period (one to two days) after these
storms (Nezlin et al. 2005).

To a large extent, the optical signatures of
plumes in SC result from high concentrations of sus-
pended sediments and CDOM discharged with
stormwater (Mertes and Warrick 2001, Warrick and
Milliman 2003, Warrick et al. 2004a). Resuspension
of sediments from the ocean bottom does not play a
significant role in the SCB, because the continental
shelf is narrow. Washburn et al. (1992) studied
resuspension in the western part of the San Pedro
Shelf and only observed high concentrations of sedi-
ments resuspended by water circulation within 15 m
of the bottom. Throughout the SCB, the ocean bot-
tom exceeds 15 m within 1 km offshore; as such, the
sediments resuspended from the bottom by winds,
waves, and currents are not likely to be a significant
factor for purposes of this analysis.

The propagation, direction, and persistence of
stormwater plumes in the SCB are variable depend-
ing on locally and remotely modulated circulation
patterns (Nezlin and DiGiacomo 2005). Alongshore
movement of stormwater plumes in the SCB prevails
over acrossshore movement (Warrick et al. 2007).
Downcoast propagation of plumes is typical of the
spring period and results from wind driven
upwelling-favorable coastal circulation associated
with a spring transition (Strub et a/. 1987, Strub and
James 1988, Lynn et al. 2003).

Data Collection and Analysis
Ship-based data and MODIS imagery were col-

lected during the Bight’03 Regional Water Quality
Program surveys conducted in February and March
of 2004 and 2005 (Warrick et al. 2007). Due to the
inconsistent nature of rainfall within SC, sampling
was carried out in two sub-regions, north/central and
south (San Diego), independent of each other.
Sampling event #1 was initiated by the storms
February 22-23, 2004, in the San Diego area and
three days later, on February 25-26, in the northern
and central areas. Sampling event #2 was initiated
February 11-12, 2005, in the San Diego area and
almost six weeks later, on March 23, 2005, in the
northern and central areas. Analysis included obser-
vations collected over eight days (February 24, 27,
28, and 29; March 1, 2004 and February 13, March
23 and 25, 2005) when both satellite images and
ship-based sampling were available.

The satellite data used in this study were collect-
ed by the NASA MODIS sensor operating onboard
the near-polar sun-synchronous satellite platform
Aqua orbiting at 705 km altitude (Esaias et al. 1998).
Aqua passes the equator south to north at ~13:30
local time; as such, all the images were acquired
within two hours after local noon (20:00 to 22:00
UTC). The MODIS sensor collects data in 36 spec-
tral bands, from 400 to 14,000 nm; of which only
some are useful for ocean applications. The radi-
ances measured by the satellite sensors were convert-
ed into nLw. The nLw parameter is defined to be the
upwelling radiance just above the sea surface, in the
absence of an atmosphere, and with the sun directly
overhead (Gordon and Wang 1994).

In this study, MODIS imagery was processed
using a combined NIR-SWIR atmospheric correction
approach (Wang and Shi 2007). The traditional
method of atmospheric correction used for process-
ing of Sea-viewing Wide-Field-of-view Sensor
(SeaWiFS) and MODIS imagery is based on two
NIR bands used for identifying aerosol type and cor-
recting aerosol contributions at the visible wave-
lengths (Gordon and Wang 1994, Gordon 1997). For
MODIS, two NIR bands centered at 748 and 869 nm
are used, and the ocean is assumed to be black at
these two wavelengths. This assumption works well
for open ocean waters. In turbid coastal waters,
however, ocean contribution to NIR is significant,
resulting in substantial errors in derived ocean color
products (Wang and Shi 2005). In this case, two
SWIR bands (e.g., 1240 and 2130 nm) are preferable
for atmospheric correction because ocean surface
reflectance in SWIR is close to zero regardless of
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suspended matter and CDOM concentrations (Wang
2007, Wang et al. 2007). However, the MODIS
SWIR were designed for land and atmosphere appli-
cations with substantially lower sensor band signal-
noise ratio (SNR) values. For accurate ocean color
products, much better sensor SNR values for the
SWIR bands are required (Wang 2007). Thus, a
combined NIR-SWIR method (Shi and Wang 2007,
Wang and Shi 2007) was used in this study for the
MODIS ocean color data processing.

In the combined NIR-SWIR method of atmos-
pheric correction, a turbidity index (Shi and Wang
2007) based on MODIS-measured radiances at the
NIR and SWIR bands is computed to discriminate
between turbid coastal and non-turbid ocean waters.
For the pixels identified as turbid waters, the SWIR
method of atmospheric correction is applied; for
non-turbid waters, the NIR method is used (see
details in Wang and Shi 2007). Previous studies
illustrated that this approach results in good quality
ocean color products without obvious discontinuities
(Wang and Shi 2007).

For this study, nLw radiances were estimated at
eight MODIS ocean visible NIR wavelengths: 412,
443, 488, 531, 551, 667, 678, and 748 nm. MODIS
pixel size is ~1 km. The pixels associated with
atmospheric correction failure, land, cloud or ice,
stray light, and sun glint were excluded from analy-
sis. In addition, pixels with L2 flags for “shallow
water”, “aerosol iterations exceeded maximum”,
“atmospheric correction is suspect”, and “high

degree of polarization” were masked.

Ship-based samples were collected in four geo-
graphic regions that represent the river mouths of the
largest southern California watersheds (Figure 1).
These regions included (from the north): the eastern
Santa Barbara Channel (Santa Clara and Ventura
Rivers); Santa Monica Bay (Ballona Creek); the San
Pedro Shelf (Los Angeles, San Gabriel and Santa
Ana Rivers and Newport Bay); and the southern
Bight (San Diego and Tijuana Rivers). Sampling
occurred on regularly spaced grids for each region.
The primary intent of the grids was to sample the
nearshore discharge areas and assess water quality
there, not necessarily to track plumes as they advect-
ed away from the river mouth regions. The primary
method of investigation was shipboard profiling of
the plumes with an enhanced CTD system: conduc-
tivity, temperature, depth, dissolved oxygen, pH,
transmissometer, chlorophyll fluorometer, and
CDOM fluorometer data (CTD+). Water samples
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Figure 1. Stations for ship-based sampling during the
Bight’03 Program in four regions in the Southern Cali-
fornia Bight: Ventura (VE); Santa Monica Bay (SM); San
Pedro Shelf (SP); San Diego (SD).

were taken at a depth of 1 m for most sites and at
subsurface depths below the buoyant plume for a
limited number of sites. Samples were analyzed for
total suspended solids, chlorophyll, macronutrients
(Si, N, P), FIB (total coliforms, fecal coliforms, and
Enterococcus sp.) and toxicity. Surface salinity
(derived from CTD+ conductivity) and FIB were a
focus of this study. The stations were classified as
exceeding California State Water Board standards
when the FIB counts in single sample were >10,000
for total coliforms; >400 for fecal coliforms; and
>104 for Enterococcus sp. (State Water Resources
Control Board 2005).

All ship-based stations were classified into
plume core (S <32.0), plume edge (32.0< S <33.0)
and ocean (S >33.0) assuming normal ocean salinity
in the SCB as 33.4 - 33.6 (Hickey 1993). Optical
spectra (nLw) were selected from MODIS images
collected during the same day as ship-based sam-
pling from circles with 1.5-km radii centered on the



location of each ship-based station. Masked pixels
from MODIS imagery were excluded from statistical
computations. For each nLw (412 - 748 nm), median
and quartile (25% and 75%) statistics were calculat-
ed for each class. Optical spectra (nLw medians) of
plume cores (S <32.0) and ocean (S >33.0) were
used as endmembers (training areas) for supervised
classification.

A minimum distance supervised classification
technique (Richards 1999) used the mean vectors of
each endmember (i.e., eight-nLw vectors of plume
and ocean water, respectively) and calculated the
Euclidean distance from each image pixel to the
mean vector for each class. Each pixel from the
MODIS image was classified to the nearest class
(i.e., “plume” or “ocean’). The accuracy of classifi-
cation was assessed by comparing the MODIS
imagery pixels selected from the circles of variable
size (radius (R) = 1.5 - 5.0 km) centered on the loca-
tion of each ship-based station; the classes (“plume”
or “ocean”) to which these stations were attributed
were based on surface salinity or FIB exceedances.
Varied circle sizes were used for two reasons: first,
satellite navigation may not be accurate to a pixel
(see Bailey and Werdell 2006) and the level of this
kind of spatial inaccuracy is uncertain; second, it is
important to take into account the time lag between
ship-based data collection (surveys were typically
conducted from 7 a.m. to 4 p.m. local time) and
MODIS-Aqua imagery (taken about 1 to 2 p.m.).
A horizontal velocity of 50 cm/second (equal to
~1.8 km/hour) such as that observed in southern
California river plumes (Warrick et al. 2007) can
move the plume boundary as far as 5 to 10 km dur-
ing a few hours, which can dramatically increase
spatial inaccuracy between water surface parcels
measured by satellites and those obtained by
research vessels. Consequently, the present study
also varied R values when selecting the pixels from
the classified MODIS imagery to determine which
R value corresponded to maximum classification
accuracy (see Results).

To assess the accuracy of classification in terms
of salinity, the present study used a larger set of
salinity data than the data set used for endmember
estimation. In addition to “plume core” and “ocean”,
the larger data set included stations attributed to
“plume edge” (32.0< S <33.0). Varied S thresholds
between “plume” and “ocean” were used, and the S
value resulting in maximum total accuracy were selected.

As accuracy measures, total accuracy, commis-

sion and omission errors for “plume” and “ocean”
classes, and KHAT statistic (Congalton and Green
1999, Lillesand and Kiefer 2000) were used. Total
accuracy is the percentage of correctly classified pix-
els. KHAT is a statistical measure of the difference
between actual total classification accuracy and erro-
neous accuracy measure that can be obtained by
completely random assignment of pixels to classes.
The commission error for “plume” and the omission
error for “ocean” both illustrate the number of pixels
erroneously classified as “plume” instead of “ocean”
(N-lost). However, these statistics are not equivalent
because the “plume” commission error is N-lost divid-
ed by the total number of pixels in the “plume” class,
while the “ocean” omission error is N-lost divided
by the total number of pixels in the “ocean” class.

RESULTS
Optical Spectra of Stormwater Plumes

The optical signatures of the plume core, plume
edge, and ocean were significantly different from
one another (Figure 2; Table 1); these differences can
be explained by backscattering of suspended sedi-
ments and absorption of CDOM. At longer wave-
lengths (488 - 748 nm), nLw in the plume core
exceeded nLw in ocean waters; this difference
appeared to be a result of backscattering of suspend-
ed sediments. At 412 nm, nLw in plumes was lower
when compared with ocean waters, which could
potentially be explained by CDOM absorption. In
plume edge waters, the shape of nLw spectrum was
similar to the plume core, but nLw was lower at all
wavelengths, excluding the shortest 412 nm (Figure
2; Table 1). This suggests that although diminished
in concentration within the plume edge, the optical
components affecting remotely-sensed reflectance
are the same as those in the plume core.

The optical signatures of the plumes changed
with time (Figure 2; Table 1). During the first two
days after storm events, the difference between the
plume core and the ocean was similar to the pattern
revealed on the basis of all observations. However,
the optical spectrum of the plume edge was much
closer to the plume core during the first two days
after the storm than during the third and fourth days
after the storm; this can be explained by the presence
of high sediment and CDOM concentrations in the
plume (including both core and edge) during a short
period after the plume emergence. During the fol-
lowing three to four days, the optical spectrum of the
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Figure. 2. Normalized water-leaving radiation (nLw)

spectra of the plume core (S <32.0; black circles),
plume edge (32.0s S =33.0; dashed line), and ocean
waters (S >33.0; open circles) averaged over all obser-
vations (a), first-second (b), and third-fourth (c) days
after rainstorm.

ocean remained unchanged, but the spectra of the
plume edge and the plume core changed. Within the
plume, all nLw decreased consistent with decreases
in suspended sediment concentration and mixing.
CDOM concentration within the plume remained
high, and the relative contribution of the CDOM sig-
nal into the plume optical signature at short wave-
lengths (412 and 443 nm) increased. At the plume
edge, nLw at wavelengths >488 nm were lower than
those in the plume core as would be expected with
lower concentration of suspended sediments.

Accuracy of Plume Detection

The best accuracy of classification was achieved
when the S threshold between “plume” and “ocean”
was 32.2. Various S thresholds were tested within
the range 32.0 - 33.0 and various R were tested with-
in the range 1.5 - 5.0 km (R = the radius of a circular
area centered at ship-based station coordinates within
which image pixels were selected for assessment
accuracy). At S =32.2, the total accuracy of classifi-
cation reached its maximum (67 - 70%) and was
almost independent of R. Other statistics, however,
indicated that best accuracy was at R = 1.5 km.
KHAT, the statistical significance of total accuracy
at the given number of classes and measurements,
decreased from 31% at R = 1.5 km to 24% at
R =5.0 km (Figure 3a). Plume omission error was
larger than other statistics dependent on R, increas-
ing from 14% at R = 1.5 km to 33% at R = 5.0 km.
The latter statistic is especially important in water
quality analysis because it illustrates the chance to

Table 1. The sign and significance of differences (p) based on Mann-Whitney U-test between nLw in the plume
core (PC; S <32.0), ocean (OC; S >33.0), and plume edge (PE; 32.0= S <33.0) for all observations, the first two days
after a rainstorm, and the third to fourth days after a rainstorm (values are presented in Figure 2). Number of sta-
tions in PC, OC, and PE, respectively: total = 22, 64, and 89; the first two days after a rainstorm = 18, 31, and 55;
third to fourth days after rainstorms = 4, 33, and 34. (+/-) indicates that nLw in the first class (PC or PE) was sig-
nificantly higher/lower than nLw in the second class; (=) indicates that the differences were insignificant (p >0.05).

nLw (nm) All Days 1-2 Days after Rainstorm 3 - 4 Days after Rainstorm
PC>0C PC>PE PE>0OC PC>0C PC>PE PE>OC PC>0C PC>PE PE>OC
412 (-) 0.007 (=)0.218 (-) 0.000 (=) 0.078 (=) 0.578 (-) 0.000 (=) 0.195 (=)0.134 (-) 0.000
443 (=) 0.984 (+) 0.024 (-) 0.004 (=) 0.561 (=) 0.101 (=) 0.276 (=) 0.525 (=) 0.083 (-) 0.005
488 (+) 0.004 (+) 0.003 (=) 0.959 (+) 0.004 (+) 0.023 (=) 0.161 (=) 0.769 (=) 0.083 (=) 0.087
531 (+) 0.000 (+) 0.001 (+) 0.000 (+) 0.000 (+) 0.020 (+) 0.001 (=) 0.078 (=) 0.064 (=) 0.142
551 (+) 0.000 (+) 0.001 (+) 0.000 (+) 0.000 (+) 0.023 (+) 0.000 (+) 0.031 (+) 0.036 (+)0.010
667 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.007 (+) 0.000 (+)0.013 (+) 0.024 (+) 0.000
678 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.007 (+) 0.000 (+) 0.015 (+) 0.025 (+) 0.000
748 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.000 (+) 0.009 (+) 0.000 (+) 0.011 (+)0.017 (+) 0.000
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Figure 3. Accuracy statistics (total, KHAT, and commission and omission errors for “plume” and “ocean”) of
plume detection based on salinity (the threshold between “plume” and “ocean” S = 32.2; a) and FIB counts (the
threshold between “plume” and “ocean” is California State Water Board Standards exceedance; b) depending on
the radius of the circle around each station where the classified pixels were selected.

miss a polluted plume that could result in human
health risk.

The accuracy of plume detection in terms of FIB
exceedances was lower than in terms of salinity
(Figure 3b). The total accuracy was 64 - 68%;
KHAT decreased from 21% at R = 1.5 km to 18% at
R =5.0 km. Plume omission error was low (13%) at
R = 1.5 km and increased to 37% at R = 5.0 km. As
such, it was concluded that minimum R (i.e., 1.5 km)
is the best for accuracy analysis.

Combining both salinity and FIB data in plume
detection somewhat improved the accuracy statistics.
When plumes were designated as the stations where
either salinity was less than 32.2 or FIB counts
exceeded standards, both total accuracy and KHAT
slightly increased (71% and 38%, respectively).

Stormwater Plumes in SCB

The results of the classification showed robust
plume patterns located along the coast and associated
with river mouths (Figures 4 - 6). The plume areas
obtained from the satellite imagery significantly
exceeded the areas covered by the ship-based sur-
veys, for which station grids were not intended to
capture the entire regional plumes given the time,
expense, and difficulty involved in such an effort.

In the Ventura region, the sampled area was restrict-
ed to the zone near the mouths of the Santa Clara

and Ventura Rivers, while the signature of the turbid
plume extended downcoast, especially in March
2005 (Figure 4). Plume signatures from local dis-
charges into Santa Monica Bay were small; however,
in March 2005, the tip of a large plume from the
Ventura and Santa Clara rivers was transported to the
western part of Santa Monica Bay. On the San
Pedro Shelf in February 2004, the plume also propa-
gated downcoast beyond the area of the ship-based
surveys (Figure 5). In spring 2005, the plume signa-
ture was not observed after the March 23 rainstorm
due to cloud cover; two days later (March 25), the
plume was very small. For February 28-29, 2004,
and February 13, 2005, a small plume was observed
in the mouth of the San Diego River (Figure 6).

In the February 24, 2004 image, the Tijuana River
plume was much larger than the San Diego River
plume, and it propagated upcoast; in other images,
its direction was southward.

Plumes frequently extended upward of 10 km
offshore (e.g., Figure 4). Overall, the largest plume
area size (692 km?2) was observed in the Ventura
region on February 28, 2004 (Table 2). During other
days when the sky was clear and a significant part of
the Ventura region was observed by satellite, the
plumes there were also large (409 - 669 km?). Plumes
of comparable size were observed on the San Pedro
Shelf in February 2004 one to two days after the
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Figure 4. Plume areas (dark shaded) in the Ventura and
Santa Monica Bay regions resulting from classification
of the MODIS imagery and the Bight’03 ship-based
measurements of salinity and FIB counts. Light shad-
ing indicates ocean waters; white indicates the absence
of MODIS imagery due to cloud cover. Black/white tri-
angles (left) indicate bacterial counts exceeding/not
exceeding California standards; black/white circles
(right) indicate salinity exceeding/not exceeding 32.2.
Ventura River (VR); Santa Clara River (SCR); Ballona
Creek (BC).

storm (335 - 503 km?); however, on the following
day, the plume size substantially decreased (115 km?).

Maximum size of the plumes in the Ventura and
San Diego regions was observed on February 28,
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Figure 5. Plumes on the San Pedro Shelf resulting from
classification of the MODIS imagery and the Bight’03
ship-based measurements of salinity and FIB counts.
For shadings and symbols (see Figure 4). Los Angeles
River (LAR); San Gabriel River (SGR); Santa Ana River
(SAR); Newport Bay (NB).

2004, two days after a rainstorm (Table 2). In con-
trast, on the San Pedro Shelf, the maximum size of
the combined plume of the Los Angeles, San
Gabriel, and Santa Ana Rivers was observed one day
earlier, February 27, 2004. The higher speed of
plume formation on the San Pedro Shelf resulted
from more intensive runoff over impervious surfaces,
as the watersheds adjacent to the San Pedro Shelf
region are more developed (urbanized) in compari-
son with more natural watersheds in the Ventura and
San Diego regions.

The plume areas that were estimated using ocean
surface color were significantly larger than the areas
of impact calculated based on FIB exceedances inter-
polated over the in situ sampling grid (Table 3). No
impact in terms of bacterial contamination was esti-
mated for the Ventura and Santa Monica Bay
regions. For the San Pedro Shelf, the largest area of
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Figure 6. Plumes in the San Diego region resulting from
classification of the MODIS imagery and the Bight’03
ship-based measurements of salinity and FIB counts.
For shadings and symbols (see Figure 4). San Diego
River (SDR); Tijuana River (TJ).

FIB impact was <40 km? (on the first day after the
storm), which was ~6% of the plume area estimated
using ocean color. In the San Diego area, the area of
impact for the Tijuana River region was ~50 km? in
2004 and 50 to 100 km? in 2005 (cf. Figure 6).
Estimated using ocean color, the Tijuana River
plume was 87 to 324 km? (Table 2); the area of FIB
impact was comparable to satellite observations of
the plume.

DiscussIiON

This study shows that the data collected by
“ocean color” satellites (e.g., MODIS-Aqua) are a
useful tool for detecting stormwater plumes and that
the methods used in this study, including NIR-SWIR
atmospheric correction and statistical methods of accu-
racy assessment, can be used in other coastal regions.

MODIS imagery can be used for the estimation
of plume size and direction even in areas like the
SCB where plume size is much smaller than the
plumes associated with large rivers like the
Mississippi (Walker 1996, DelCastillo ef al. 2001,
D'Sa and Miller 2003), the Amazon (Curtin and
Legeckis 1986, Mertes et al. 1993, Del Vecchio and
Subramaniam 2004), the Orinoco (Muller-Karger et
al. 1989), and the Columbia (Fiedler and Laurs
1990). Ship-based data alone are inadequate to
resolve plume boundaries or to provide a synoptic

Table 2. Plume areas (km?2) estimated from MODIS-Aqua imagery classified on the basis of Bight’03 ship-based
sampling. Regions indicate river outfalls: Santa Clara River (SCR); Ventura River (VR); Ballona Creek (BC); Los
Angeles River (LAR); San Gabriel River (SGR); Santa Ana River (SAR); Newport Bay (NB); San Diego River (SDR);

Tijuana River (TJR).

Date Day(s) Regions
after Storm
Ventura Santa Monica Bay (BC) San Pedro San Diego (SDR)  San Diego

(SCR + VR) (LAR+SGR+SAR+NB) (TJR)
Feb.-24-2004 12 - 0 87
Feb.-27-2004 1 578 117 503 0 130
Feb.-28-2004 2 692 53 335 19 324
Feb.-29-2004 3 603 51 115 15 124
Mar.-01-2004 4 34 - - -
Feb.-13-2005 12 - 54 240
Mar.-23-2005 1 669 0.4 - - -
Mar.-25-2005 3 409 4 54 0 43

#Storm occurred in San Diego only
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Table 3. The size of the areas of impact (A; km2) and the size of total area sampled (T; km2). Regions indicate
river outfalls (see Table 2). The survey dates in the Ventura, Santa Monica, and San Pedro regions were different
than survey dates for the San Diego region. The impact areas were significantly smaller than the plume areas

shown in Table 2.

Storm Day(s) FIB Survey Regions Survey Region
after Date Date
Storm
Ventura Santa Monica Bay San Pedro San Diego
(SCR + VR) (BC) (LAR+SGR+SAR+NB) (SDR+TJR)
A T A T A T A T
Total coliforms 0 94 7.8 131 20.3 50
Fecal coliforms Feb.27 0 94 0 131 Feb.24 26.8 50
1 Enterococcus 0 94 39.4 131 48.7 50
Total coliforms 0 48 223 272 3.0 84
Fecal coliforms Feb.28 0 48 0 272 Feb.28 4.7 84
2 Enterococcus 0 48 15.2 272 0.0 84
2004
Total coliforms 8.5 172
Fecal coliforms Feb.29 Feb.29 3.8 172
3 Enterococcus 0.0 172
Total coliforms 0 48 0 272
Fecal coliforms Mar.1 0 48 0 272
4 Enterococcus 0 48 5.7 272
Total coliforms 1.53 24 0 62 51.9 53
Fecal coliforms Mar.23 0.05 24 0 62 Feb.13 51.9 53
1 Enterococcus 0 24 5 62 51.9 53
Total coliforms 0 24 0.02 48 21 33 50.3 53
Fecal coliforms Mar.24 0 24 0 48 0 33 Feb.14 42.9 53
2 Enterococcus 0 24 0 48 0 33 51.9 53
2005
Total coliforms 0 24 0 253 103.0 126
Fecal coliforms Mar.25 0 24 0 146 Feb.15 63.0 126
3 Enterococcus 0 24 4.4 253 70.5 126
Total coliforms 0 24 0 48
Fecal coliforms Mar.26 0 24 0 48
4 Enterococcus 0 24 0 48

view of the direction of propagation and
offshore/alongshore extension of a plume. In all of
the SCB regions, the areas covered by Bight’03
ship-based sampling were smaller than the areas of
stormwater plumes detected by satellite sensors (c.f-
Warrick et al. 2007). This difference was largely by
design given the expense and logistical difficulties of
sampling such large regions. It was especially evi-
dent in the Ventura region where plumes are typical-
ly larger than those in the rest of the SCB (Nezlin et
al. 2005). This can be explained by the large water-
shed area, high discharge volumes, the high concen-
tration of discharged sediments (Otero and Siegel
2004, Warrick et al. 2004a), and the dynamic circu-
lation patterns associated with the Ventura region
(Harms and Winant 1998, Bray et al. 1999).
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The general plume characteristics revealed from
SeaWiFS observations in 1997 to 2003 (Nezlin and
DiGiacomo 2005, Nezlin et al. 2005) are in accor-
dance with the results of this study: the largest
plumes were observed in the Ventura region and the
smallest in the Santa Monica Bay. Maximum plume
size occurred one day after a rainstorm over the San
Pedro Shelf and two days after storms in other
regions. The differences among SCB watersheds are
illustrated by the comparison between the ocean
color imagery and the areas of FIB impact. In par-
ticular, a large natural watershed of the Ventura and
Santa Clara Rivers releases its water and FIB loads
more slowly into the coastal waters, while a more
urbanized large watershed off the Los Angeles and
San Gabriel Rivers releases FIB loads much more
quickly due to channelized flow. Another factor reg-



ulating FIB impact in the San Pedro region is that
the Los Angeles River and two major urban storm
drain systems, Wilmington Drain and Dominguez
Channel, all enter into the greater Los Angeles/Long
Beach Harbor, which is isolated from the coastal
water by an extended breakwater. A smaller urban
watershed associated with the Ballona Creek flashed
so fast, with high enough plume dilution and disper-
sion that the elevated FIB area in the Santa Monica
Bay was minimal. In all three cases, the FIB is
thought to have originated from natural sources (i.e.,
non-human) and not sewage. By contrast, ocean
color was very different and FIB impact was signifi-
cantly higher in the Tijuana River system than in
other SCB coastal areas.

The applicability of offshore water quality meas-
urements, including satellite remote sensing, is an
important issue to water quality in the surf zone off
the beach where almost all human-water contact hap-
pens. MODIS imagery analyzed in this study had a
1-km spatial resolution, and the optical signal of the
ocean zone along the coastline (2 - 3 km) was affect-
ed by the “stray light effect” (i.e., the sunlight
reflected by land). As such, the satellite ocean color
measurements could not be directly attributed to
beach water quality. However, satellite imagery pro-
vides important information about plume size and
direction. In particular, it is evident from satellite
imagery that channelized river systems that “shoot”
runoff offshore, where FIB rapidly decrease below
recreational standards, may be a highly efficient and
cost effective management strategy for urban storm-
flow in southern California and other coastal regions.

In the present study, accurate discrimination
between plumes and ocean waters was based on the
entire visible spectrum (i.e., eight MODIS wave-
bands 412 - 748 nm). The optical signatures of
plumes are modulated by two constituents contribut-
ing to ocean color: suspended sediment and CDOM.
High concentrations of suspended sediments domi-
nated by lithogenic silica (Toole and Siegel 2001,
Warrick et al. 2004b) increase backscattering in the
central and, to lesser extent, longer wavelength por-
tions of spectra (Otero and Siegel 2004); CDOM
absorbs light at short wavelengths (Del Castillo
2005). As a result, the differences between nLw in
plume and ocean are most evident for the 531 - 551 nm
wavelengths; consequently, these wavelengths
proved to be the most informative for MODIS plume
detection (at least in this region). The previous stud-
ies of freshwater plumes in the SCB were based on

SeaWiFS nLw of 555 nm wavelength (Nezlin and
DiGiacomo 2005, Nezlin et al. 2005).

The results of this study show that in remotely-
sensed plume detection, the chance to classify
“ocean” as “plume”, is higher than the chance to
classify “plume” as “ocean”; commission errors
exceeded omission errors for plumes determined
both in terms of salinity and FIB exceedances.
However, the accuracy of plume classification in
terms of salinity is not directly transferable to FIB
counts (i.e., water quality). In the SCB, concentra-
tions of total coliforms, fecal coliforms, and
Enterococcus sp. in plume waters are typically high-
er in low salinity waters than in ambient ocean
waters (Bay et al. 2003, Nezlin ef al. 2007).
However, in this study, the stations for which FIB
counts exceeded the California State Water Board
standard were often located beyond the plume limits.
Low correlation between salinity and bacterial con-
tamination was not surprising because bacteria have
a high mortality rate in sunlight (Davies and Evison
1991, Davies-Colley et al. 1994, Sinton et al. 2002,
Noble et al. 2004), which can significantly impact
FIB counts, while salinity is primarily impacted by
mixing alone. Furthermore, the distribution of bacte-
ria concentration is typically quite patchy (e.g.,
Boehm and Weisberg 2005, Rosenfeld et al. 2006).
In terms of human health risk, the commission error
for ocean water (the chance that areas classified as
non-plume (~non-contaminated) waters exceed the
FIB contamination standards is an important assess-
ment factor. In the present study, the commission
error for “ocean” was as low as 13%, much lower
than the commission error for “plume” (78%). This
means that of the two types of errors: erroneous
plume detection resulting in unjustified beach clo-
sures and undetected pathogen-laden plumes result-
ing in human health risk; the first error type appears
to be more probable for remotely-sensed plume
monitoring and assessments.

Horizontal advection of plume waters and poten-
tial spatial inaccuracy of the MODIS-Aqua satellite
imagery (pixel size 1 km) were not significant
sources of plume detection errors. This study
hypothesized that if spatial inaccuracy was a signifi-
cant factor, the accuracy of plume detection would
increase after smoothing the satellite image by
increasing the areas from which classified pixels
were selected. For the present study, statistical accu-
racy was highest when the circular area around sta-
tions was minimized (R = 1.5 km), in approximation
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to a 3x3-pixel box and smaller than the 5x5-pixel
box recommended by Bailey and Werdell (2006) for
spatially homogeneous ocean waters. Higher accura-
cy at smaller pixel box size may result from spatial
heterogeneity typical of the coastal ocean. Due to
the limited number of stations in this study, all satel-
lite and ship-based data collected on the same day
were compared and analysis was not limited to a
shorter time window, such as the 6-hour (£3 hours)
window recommended by Bailey and Werdell
(2006). In other studies focused on the calibration
and validation of remotely-sensed data, the observa-
tions were considered a match (i.e., coming from a
unique station) when all measurements were made
within a 12-hour window and within 0.05 degrees
(5.6 km at the equator) in both latitude and longitude
(Maritorena et al. 20006).

The combined NIR-SWIR atmospheric correc-
tion algorithm (Wang and Shi 2007) was shown to
be the best choice for detection of stormwater
plumes in the SCB. Coastal waters (Case 2) are
“optically complex” (Morel and Prieur 1977), requir-
ing more sophisticated approaches to atmospheric
correction of satellite imagery than open ocean
waters (Siegel ef al. 2000). The main difficulty is
that the “black pixel assumption” (i.e., the assump-
tion that water-leaving radiance in NIR is negligible)
is true for clean oligotrophic ocean waters, but typi-
cally does not work in coastal areas where signifi-
cant NIR backscattering results from high concentra-
tions of phytoplankton and suspended sediments. In
the open ocean, aerosol radiative properties can be
determined from NIR remotely-sensed reflectances,
which contain a signal from the atmosphere (Gordon
and Wang 1994, Gordon 1997). In turbid coastal
waters, however, ocean color retrieval is imperfect,
with significant errors in derived products often
resulting from ocean contributions at the NIR bands
(Wang 2007, Wang et al. 2007). Using MODIS
SWIR instead of NIR wavelengths for atmospheric
correction is a promising method (Wang and Shi
2005, 2006, Wang 2007, Wang et al. 2007) because
in the SWIR the ocean is generally black, even in
coastal regions, due to much stronger water absorp-
tion (Hale and Querry 1973). By contrast, in non-
turbid waters, the NIR method is preferable because
the MODIS NIR bands have much better sensor
SNR characteristics than the SWIR bands. The com-
bined NIR-SWIR atmospheric correction method
based on turbid water detection suggested by Shi and
Wang (2007) has been shown to be a good choice for
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processing of MODIS-Aqua imagery in coastal
waters (Wang and Shi 2007). This capability needs
to be incorporated into ocean color processing on a
routine, ideally operational, basis to support this and
other important coastal management applications.

Overall system improvements in the ability to
observe ocean color from satellites, especially
increases in spatial, temporal and spectral resolution,
will greatly enhance investigators’ ability to use
these observations as a tool for studying regional
coastal processes and features such as stormwater
runoff plumes, as well as harmful algal blooms
(Schnetzer et al. 2007). Satellite data, even qualita-
tive data (e.g., “plume” and “ocean” classification),
provide critical synoptic information (e.g., plume
size and location) for coastal managers and decision
makers. This information cannot be obtained from
ship-based sampling alone, and its use needs to be
promoted and facilitated wherever and whenever
possible. Along these lines, this study, and its com-
panion papers detailing findings from the Bight '03
Regional Water Quality Program (Ahn ef al. 2005,
Nezlin et al. 2007, Warrick et al. 2007), provide an
important step in incorporating ocean color satellite
data into the water quality decision-support systems
used by southern California coastal managers.
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