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Abstract

Information about the size and intensity of urban runoff plumes in the ocean has traditionally been collected through ship-based surveys, but
sampling from ships in the nearshore zone is weather-dependent because of the rough sea conditions that often accompany storms. High-
resolution satellite imagery is an alternative approach for assessing plume properties, but the availability of satellite imagery can also be
weather-dependent. Here we compare the logistical availability of ship-based sampling and the quality of satellite imagery for assessing rain-
storm-mediated freshwater plumes. The availability of ship-based sampling was assessed by correlating deployment success of three local ships
with wind and wave data and then applying those relationships to a longer wind and wave data record. The quality of satellite imagery was
assessed by correlating cloud cover and expert opinion about the usefulness of Level 2 SeaWiFS imagery, then analyzing those relationships
with respect to cloud cover found in Level 3 AVHRR, SeaWiFS, and MODIS imagery. In the 10 days following storm events, ships were found
to be capable of deployment for sampling about 70% of the time, while SeaWiFS produced high quality images only about 23% of the time. The
days for which satellite imagery and ship-based data were available often differed, yielding complementary, rather than redundant, information.
As a result, plume data were available for about 80% of the study period using one of the methods. The probability of obtaining usable satellite
imagery was lowest on the day of a rainstorm and increased during the next 5 days, whereas the probability of obtaining ship-based data was
highest on the day of the storm and typically declined in the days following a storm. MODIS sensors provided better coverage than SeaWiFS or
AVHRR due to better spectral, spatial, and particularly temporal resolution (twice a day), thereby significantly improving information about
plume dynamics.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Stormwater runoff is a major source of contaminants to the
southern California coastal ocean (Ackerman and Weisberg,
2003; Bay et al., 2003; Noble et al., 2003; Schiff and Bay,
2003; Reeves et al., 2004). After strong rainstorms, optical sig-
natures of freshwater plumes have been observed as far as
30 km offshore (Warrick et al., 2004a; Ahn et al., 2005; Nezlin
and DiGiacomo, 2005). The size of these plumes is affected by
natural factors such as rainfall volume and intensity (Nezlin
et al., 2005), but effective management (e.g., issuance of
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swimmer health warnings after storms) requires an under-
standing of how plume size and concentration of pollutants
in the plumes are also affected by anthropogenic factors
such as land use practices.

Traditionally, information about the size and intensity of
plumes has been collected through ship-based surveys. How-
ever, samples in the nearshore zone are typically collected
from vessels that are sensitive to sea state, especially high-
speed wind and wind-driven short-period waves. Such condi-
tions typically occur during and immediately after a rainstorm,
when the plume data are most critical.

Satellite imagery offers an alternative approach for assess-
ing plume properties. Ocean color is correlated with important
plume characteristics, such as salinity (Monahan and Pybus,
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1978; Vasilkov et al., 1999; Siddorn et al., 2001) and sus-
pended matter (Mertes et al., 1998; Sathyendranath, 2000;
Mertes and Warrick, 2001; Toole and Siegel, 2001; Otero
and Siegel, 2004; Warrick et al., 2004b). Satellite imagery is
less expensive to obtain than ship-based measurements, be-
cause environmental data from government-operated satellites
are freely available. Also, satellite imagery provides a more
synoptic assessment than can be achieved by a slow moving
ship trying to capture a rapidly evolving stormwater plume.

The availability of useful satellite imagery, though, can also
be weather-dependent. The most valuable satellite data are
ocean color and infrared satellite imagery, but the quality of
this imagery depends on atmospheric transparency, which
can be compromised by clouds that are often present during
and shortly after a storm. Moreover, the best such imagery
is from near-polar sun-synchronous satellites, which typically
pass over an area only once per day during daylight hours,
compounding concerns about satellite view angle, the trans-
parency of the atmosphere, etc. Present-day geostationary sat-
ellites (e.g., GOES) provide more frequent data, but the higher
altitude and lower resolution of these satellites limit the value
of their data for near coastal assessments. Freshwater dis-
charge plumes can also be detected using weather-independent
synthetic aperture radar (SAR) to assess sea surface roughness
(Svejkovsky and Jones, 2001; DiGiacomo et al., 2004), but
SAR is more expensive, employs fewer satellite overpasses
and provides a less direct measure of plumes than visible
imagery.

Here we compare the relative logistical efficacy and poten-
tial synergy of ship-based sampling and imagery from polar
orbiting satellites used as tools for describing rainstorm-
mediated freshwater plumes. In particular, we compare the
availability of ship-based sampling data (ocean conditions
calm enough for ships to leave port) with the availability of
acceptable (not overly-obscured by cloud cover) satellite
imagery for the 10 days following rainstorms on southern
California’s continental shelf.

2. Methods

2.1. Satellite imagery

We examined image quality for four types of satellite data:
(1) Sea-viewing Wide Field-of-view Sensor (SeaWiFS) Level
2 normalized water-leaving radiation of 555-nm wavelength;
(2) SeaWiFS Level 3 chlorophyll; (3) Advanced Very High
Resolution Radiometer (AVHRR) Level 3 Sea Surface Tem-
perature (SST); and (4) Moderate-Resolution Imaging Spec-
troradiometer (MODIS) Level 3 SST.

The first data type was obtained using the SeaWiFS, an
ocean color radiometer that measures the electromagnetic ra-
diation reflected by the ocean surface at 8 wavebands from
412 to 865 nm (McClain et al., 2004). These data were evalu-
ated by providing imagery for the 10 days following every
rainstorm between 19 and 21 UTM (i.e., 11e13 local time)
to four water quality experts (three are authors of this paper)
and asking them to rate each image from 0 (no image) to
5 (a perfect image) with respect to information obtained about
plume pattern (Table 1). The ratings provided by the experts
were then averaged and classified into three groups: ‘‘Bad’’
(mean rating <2.5, indicating that there was little usable infor-
mation obtained), ‘‘Moderate’’ (mean rating 2.5e3.5, indicat-
ing that some information was obtained, but not enough to
observe the entire plume), and ‘‘Good’’ (mean rating >3.5, in-
dicating that the plume could be reasonably well observed).

The images provided to the experts were normalized water-
leaving radiation of 555-nm wavelength, which was selected
because this optical property is a good proxy for freshwater
plumes after rainstorms (Otero and Siegel, 2004; Nezlin and
DiGiacomo, 2005; Nezlin et al., 2005). The images were gen-
erated as measured radiance counts (Level 1 data), processed
to geophysical characteristics of the ocean surface (i.e., Level
2 data) using the conventional SeaDAS algorithm.

The other three image types were evaluated by quantifying
cloud cover from the images and scoring them based on the
correlation between cloud cover and the expert ratings that
were determined from the Level 2 SeaWiFS images. One of
these was Level 3 SeaWiFS chlorophyll data. We used Level
3 files for the period September 1997eDecember 2004 ob-
tained from the Goddard Space Flight Center Distributed Ac-
tive Archive Center (GSFC DAAC).

AVHRR (Cracknell, 1997) cloud cover was quantified with
Level 3 Pathfinder V5 SST images for the period January
1997eDecember 2004 obtained from the Jet Propulsion Lab-
oratory Physical Oceanography Distributed Active Archive
Center (JPL PODAAC). These data include quality codes
(QC) for cloud contamination with values from 0 to 7 assigned
to each pixel (7¼ best quality). We selected SST images with
QCs from 4 to 7 for analysis, and defined pixels with QCs
from 0 to 3 as ‘‘missing data’’.

The fourth satellite data type was from MODIS, a visible/
infrared sensor onboard two NASA satellites: Terra and
Aqua. We used MODIS Level 3 SST data produced at
NASA by the algorithm similar to AVHRR Pathfinder (Kilpa-
trick et al., 2001). The data were obtained from JPL in the for-
mat similar to Pathfinder V5 SST. The data records started
from October 2000 (MODIS-Terra) and November 2002
(MODIS-Aqua) and ended in December 2004. Quality codes
from 0 (best quality) to 3 (worst quality) were used to charac-
terize each pixel; the study utilized pixels with QC¼ 0.

Table 1

Criteria used for rating the quality of SeaWiFS satellite images

Rank Description

0 No image due to complete cloud cover

or absence of satellite pass

1 Either a small ocean area is visible through

clouds or the resolution is dramatically decreased

due to low satellite view angle

2 A significant part of ocean area is cloud-free,

but the plume zone is obscured

3 Some information on plume pattern (or plume absence)

can be recognized

4 Plume pattern (or plume absence) is evident

5 Perfect image
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Fig. 1. The four regions for which the availability of satellite data was analyzed: VE e Ventura; SM e Santa Monica Bay; SP e San Pedro Shelf; SD e Orange

County/San Diego. The numerals in circles indicate the coastal watersheds where the rainstorm magnitude was estimated. Black triangles indicate buoys where

wind and wave data were measured.
For each type of satellite data, separate estimates of imag-
ery quality were made for four regions corresponding to the
major watersheds draining into the Southern California Bight
(SCB) (Fig. 1, Table 2). A rainstorm was defined as beginning
when accumulated precipitation exceeded 2.54 cm after a 7-
day period when precipitation did not exceed this threshold.
Using this definition, there were 35 rainstorms in Ventura,
30 in Santa Monica, 29 in San Pedro, and 29 in San Diego re-
gion between 1997 and 2004. Rainstorm events in the southern
California coastal watersheds were evaluated using precipita-
tion data obtained from the 185 rain-gauge stations in central
and southern California through the National Climatic Data
Center (http://cdo.ncdc.noaa.gov/CDO/cdo). Since all rain-
gauge stations did not contain complete records of
Table 2

Four regions of southern California analyzed for quality of satellite images after rainstorms

Region Ocean Land

Latitude Longitude Watersheds Area (km2)

1. Ventura 33.70�Ne34.50�N 119.8�We118.8�W Santa Barbara Creek 971

Ventura River 696

Santa Clara River 5164

Ventura region (total) 6831

2. Santa Monica Bay 33.60�Ne34.10�N 119.0�We118.3�W Malibu Creek 286

Ballona Creek 338

Santa Monica Bay region (total) 1170

3. San Pedro Shelf 33.33�Ne33.87�N 118.5�We117.5�W Dominguez Channel 300

Los Angeles River 2161

San Gabriel River 1758

Santa Ana River 5101

San Pedro Shelf region (total) 9320

4. Orange County/San Diego 32.25�Ne33.55�N 117.8�We117.0�W San Juan Creek 1284

Santa Margarita River 1915

San Luis Rey River/Escondido Creek 2002

San Diego River 3561

Orange County/San Diego region (total) 8762

http://cdo.ncdc.noaa.gov/CDO/cdo
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Table 3

The buoys used for the analysis of wind and wave conditions

NDBC identifier Latitude Longitude Water depth

(m)

Parameters

1. 46053 34� 14.17 N 119� 51.00 W 417.0 Wind vector (04/1998e12/2004)

Wave height (04/1998e12/2004)

2. 46221 33� 51.27 N 118� 37.96 W 363.0 Wave height and direction (01/1997e12/2004)

3. 46025 33� 44.70 N 119� 05.03 W 859.5 Wind vector (01/1997e12/2004)

Wave height (01/1997e12/2004)

4. 46222 33� 37.07 N 118� 19.02 W 457.0 Wave height and direction (02/1998e12/2004)

5. LJPC1 32� 52.00 N 117� 15.40 W 7.0 Wind vector (01/1997e11/2004)

Wave height (01/1997e12/2004)

6. 46047 32� 26.00 N 119� 31.98 W 1393.5 Wind vector (05/1999e12/2004)

Wave height (05/1999e12/2004)
observations, available rain-gauge data were fitted to unified
periods (i.e., calendar days) and interpolated using kriging
(Isaaks and Srivastava, 1989). Precipitation was then inte-
grated over each of the four study regions and divided by
the region area to obtain mean precipitation for each day.

2.2. Ship-based data

The availability of ships for assessing runoff plumes was
evaluated by examining the logs from three southern Califor-
nia ships that have been used to sample plumes, correlating
their deployment success with wind and wave conditions,
and then applying these relationships to more extensive re-
cords of oceanographic conditions. The three ships were the
R/V La Mer (85 ft. located in Santa Monica Bay), the R/V
Monitor III (42 ft. located in San Diego) and the R/V Metro
(30 ft. located in San Diego). Logbooks for these ships were
available from 1998 to 2004 during which they cumulatively
weathered out 61 times.

Wind speed and wave height data were obtained for six
buoys (Fig. 1; Table 3) from the National Data Buoy Center
(http://www.ndbc.noaa.gov). Absolute wave height (m) was
measured at all six buoys; wave direction at two buoys, and
wind speed (m s�1) and direction at four buoys (Table 3). Ab-
solute values for wave height and wind speed were averaged
over 3-h time intervals and analyzed for each rainstorm event,
from 5 days prior, until 10 days afterward.

To define the meteorological conditions influencing ship
deployment, we calculated the mean and standard deviation
for wind speed and wave height on days when vessels were
weathered out (Table 4). We then classified the likelihood of
successful deployment into three categories: ‘‘Good’’ (neither
wind speed nor wave height exceeded the mean from Table 4),
‘‘Moderate’’ (either wind speed or wave height exceeded the
mean, but did not exceed the mean plus standard deviation),
and ‘‘Bad’’ (either wind speed or wave height exceeded the
mean plus a standard deviation).

3. Results

3.1. Satellite imagery

The ratings for quality of the SeaWiFS Level 2 imagery
provided by the four experts were highly correlated
(r¼ 0.89e0.94). The experts determined that 63% of the im-
ages across all regions and days provided no information about
plume dynamics. Only 23% of the images contained enough
information to reasonably identify size and shape of the
plume, while the remainder contained some visible pixels
but not enough to be of value to managers. The best quality
imagery was for the Ventura area and the poorest was for Or-
ange County/San Diego area (Table 5). The quality of Sea-
WiFS imagery was lowest on the day of a storm, when less
than 10% of the images in all regions were of good quality
(Fig. 2). However, this percentage more than doubled to an av-
erage of approximately 25% for the 2 days following a storm.

The spatial and temporal patterns of imagery quality were
similar for SeaWiFS, AVHRR and MODIS (Fig. 3). However,
the quality of MODIS images was consistently better than that
of SeaWiFS, with AVHRR images consistently exhibiting the
lowest quality. All sensors recorded less than 10% of cloud-
free area on the day of a storm, but MODIS images recorded
Table 4

Statistical characteristics of wind speed and wave height for the periods from 8 UTC to 24 UTC (midnight to 16:00 local time) during the days when boat trips were

weathered out

NDBC buoy Boat Wind speed

(m s�1)

Wave height

(m)

Mean SD Mean� SD Meanþ SD Mean SD Mean� SD Meanþ SD

46053 La Mer 7.6616 3.5926 4.0690 11.2542 2.2048 0.7555 1.4493 2.9603

46221 e e e e 1.9651 0.6226 1.3425 2.5877

46025 8.6673 3.0636 5.6037 11.7309 2.3445 0.7045 1.6400 3.0490

46222 e e e e 1.8141 0.5658 1.2483 2.3799

LJPC1 Monitor III/Metro 4.6068 1.9478 2.6590 6.5546 1.4008 0.5680 0.8328 1.9688

46047 10.4856 3.3227 7.1629 13.8083 3.6969 1.2704 2.4265 4.9673

http://www.ndbc.noaa.gov
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Table 5

Probability of conditions being favorable for boat sampling or for obtaining informative satellite images in different areas of the Southern California Bight

averaged for the 10 days starting from the day of rainstorm

Region Boat Buoy Conditions for boat sampling

Good (%) Moderate (%) Bad (%)

Santa Monica Bay La Mer 46025 75.3 15.1 9.6

San Diego Monitor III, Metro LJPC1 74.6 18.5 6.9

Region SeaWiFS satellite imagery

Good (3.5e5) (%) Moderate (2.5e3.5) (%) Bad (0e2.5) (%)

Ventura 28.8 8.7 62.5

Santa Monica 29.6 9.6 60.8

San Pedro 25.9 15.5 58.6

San Diego 8.6 22.6 68.8

Average imagery for SCB 23.2 14.1 62.7
approximately 30% of cloud-free area after a few days, com-
pared to less than 20% of cloud-free area using AVHRR. The
quality of MODIS images was poorest for the San Pedro area,
which differed from the spatial patterns obtained with the
other satellites.

3.2. Ship-based data

Ships were found to be capable of deployment for sampling
approximately 70% of the time in the 10 days following
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rainstorms (Table 5). They were likely to be weathered out
only about 10% of the time, with conditions being marginal
for deployment on the remainder of the days. These numbers
differed little among ships or regions.

Unlike the availability of satellite imagery, ship deployment
success was generally high on the day of a storm, but declined

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

0

10

20

30

0

10

20

30

C
lo

ud
-fr

ee
ar

ea
 (%

)
C

lo
ud

-fr
ee

ar
ea

 (%
)

C
lo

ud
-fr

ee
ar

ea
 (%

)
C

lo
ud

-fr
ee

ar
ea

 (%
)

SeaWiFS CHL Level 3 

AVHRR Level 3 SST

0

10

20

30

40

0

10

20

30

40

MODIS Terra Level 3 SST

Day after rainstorm

50
MODIS Aqua Level 3 SST

A

B

C

D

Fig. 3. Coverage of four coastal areas of southern California by Level 3 data of

different satellite sensors. (A) SeaWiFS CHL; (B) AVHRR SST; (C) MODIS-

Terra SST; (D) MODIS-Aqua SST. Boxes e Ventura; diamonds e Santa

Monica; triangles e San Pedro Shelf; circles e Orange County/San Diego.



255N.P. Nezlin et al. / Estuarine, Coastal and Shelf Science 71 (2007) 250e258
over the next several days. This mostly resulted from wave
height, which increased significantly at all six buoys in the 3
days after rainstorms (Fig. 4). Wind speed patterns were less
consistent, with increases following rainstorms at the inshore
buoy LJPC1 (Fig. 5C) and to a lesser extent at buoy 46025 in
Santa Monica Bay (Fig. 5B). Similar changes were less evident
at buoy 46053 in Santa Barbara Channel (Fig. 5A) and were al-
most absent in the central part of SCB (buoy 46047, Fig. 5D).

3.3. Concordance of ship deployment success and
SeaWiFS imagery

The days for which the probability of successful ship de-
ployment was lowest typically differed from the days for
which the likelihood of obtaining usable satellite imagery
was lowest (Table 6). Thus, for the 10 days following a storm,
data from one of the tools were available 80% of the time. On
the day of a storm, only ship-based data were typically
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available and for approximately 25% of the days neither
method would have produced data (Fig. 6). By the fifth day
following the storm, data were typically available using at
least one of the methods for about 90% of the time.

4. Discussion

The plume parameters measured by satellite imagery and
shipboard sampling differ and these methods should not be
thought of as complete substitutes. Satellites detect a surface
signature based on changes in ocean color (optical sensors)
or sea surface roughness (SAR). In situ sampling provides di-
rect quantitative measurements of additional parameters (e.g.,
chemical pollutants) and provides such information at multiple
depths. The correlations between surface signatures and water
quality characteristics are a means for transforming remotely
sensed data into parameters of management interest, but the
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accuracy of such transformations in the nearshore zone has yet
to be fully established (Muller-Karger et al., 2005).

The biggest advantage of satellite imagery is that it costs
less and provides a more synoptic coverage of the plume pat-
tern than in situ sampling. Unfortunately, the frequency of
clear imagery from presently deployed satellites appears insuf-
ficient to serve as a primary means for assessing plume dy-
namics in the SCB. Only w23% of SeaWiFS imagery
provided enough information about plume patterns following

Table 6

Joint probabilities for conditions being favorable for boat sampling and for

obtaining informative satellite images in different areas of the Southern

California Bight averaged for the 10 days starting from the day of rainstorm

Satellite imagery Boat sampling conditions

Bad (%) Moderate (%) Good (%)

Ventura

Bad 19.4 23.6 19.5

Moderate 1.5 5.6 1.6

Good 7.2 14.3 7.3

Santa Monica

Bad 21.1 18.5 21.2

Moderate 2.3 4.9 2.4

Good 10.7 8.2 10.7

San Pedro

Bad 20.6 17.5 20.5

Moderate 2.0 11.3 2.2

Good 8.2 9.3 8.4

San Diego

Bad 19.1 30.5 19.2

Moderate 6.8 8.9 6.9

Good 2.6 3.2 2.8

Total for all four regions

Bad 20.1 22.5 20.1

Moderate 3.1 7.7 3.3

Good 7.2 8.7 7.3
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Fig. 6. Joint probabilities for conditions being favorable for boat sampling and

for obtaining good satellite images in the Southern California Bight for the 10

days after a rainstorm. (A) ‘‘Moderate/Good’’ boat sampling and ‘‘Moderate/

Good’’ SeaWiFS imagery; (B) ‘‘Bad’’ boat sampling and ‘‘Moderate/Good’’

SeaWiFS imagery; (C) ‘‘Moderate/Good’’ boat sampling and ‘‘Bad’’ SeaWiFS

imagery; (D) ‘‘Bad’’ boat sampling and ‘‘Bad’’ SeaWiFS imagery.
rainstorms, when plumes are of greatest interest. Moreover,
imagery was least available on days immediately following
storms, when the plumes are evolving most rapidly.

Although satellite imagery may not be a substitute for ship-
based sampling, it can provide a meaningful complement to
ship-based measurements. While the likelihood of obtaining
an informative satellite image is low during rainstorms, it dra-
matically improves during the days following a storm. Meteo-
rological conditions in the SCB typically change after
rainstorms to strong northwesterly winds (Nezlin and Stein,
2005), which blow out most clouds and make the coastal
ocean more visible to satellites. At the same time, this strong
wind condition creates problems for ships, hindering water
sampling during the period when the size of a plume is at
its maximum (Nezlin et al., 2005). Obtaining data during
this period is especially important because this is when plumes
begin to degenerate. Plume persistence in Santa Monica Bay,
as estimated from salinity measurements, is about 3 days
(Washburn et al., 2003), though a plume may persist as long
as 5e7 days after strong rainstorms (Nezlin et al., 2005).

Of the satellite imagery examined, MODIS provided the
best quality plume data. The cloud-detection algorithm of
MODIS is based on a higher number of visible and infrared
channels (total of 36 channels) than either AVHRR (5 chan-
nels) or SeaWiFS (8 channels). Moreover, some of these
MODIS channels are available at higher spatial resolution
(250 m and 500 m), compared to the 1 km spatial resolution
of the other satellites. As a result, fewer pixels in MODIS im-
ages are subjected to cloud contamination. The number of
cloud-free pixels was lowest for the AVHRR sensor and was
comparable with global figures (10e20%) typical for AVHRR
(McClain et al., 1985; Saunders and Kriebel, 1988; Martin,
2004).

MODIS has the additional advantage of being mounted on
two satellites: Terra, which passes across the equator from
north to south at w10:30 local time, and Aqua, which passes
the equator south to north at w13:30 local time. These two
daily passes result in a substantial increase in availability of
imagery, especially during periods of partial cloud cover that
typically follow rainstorms. Features covered by clouds in
one image are often visible in the second taken only a few
hours later. Combining images from the two MODIS satellites
during the first day after rainstorm leads to almost 50% avail-
ability of clear coastal ocean area, compared with w20% for
each MODIS sensor alone (Fig. 7). As the number of earth-
observing satellites increases, the reliability of satellite moni-
toring should increase proportionately.

The availability of usable imagery for assessing plume
properties can also be improved by the development of algo-
rithms that allow integration of information across satellite
types. This would be easiest when combining images of a sim-
ilar type and resolution, such as MODIS, SeaWiFS and
AVHRR. However, there are other opportunities for synergy.
For example, we did not include the GOES satellites in our
analyses because this type of satellite’s high geostationary or-
bit results in much lower resolution images that would not be
very useful alone. However, the increased frequency of image
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availability associated with geostationary orbit allows many
opportunities each day to augment cloud-covered pixels in
the higher resolution images available from other satellites.
Additionally, the image quality of geostationary satellites
might improve after the launch of the Hyperspectral Environ-
mental Suite e Coastal Waters (HES-CW) sensor on GOES-R
satellite, planned for 2012. This sensor will provide ocean
color data at 300-m resolution every 3 h, and therefore, will
be extremely useful in runoff plume monitoring. Similarly,
we did not evaluate synthetic aperture radar (SAR), as this is
a microwave sensor that measures sea surface roughness.
While this is a more indirect measure than visible properties,
SAR has been used to illustrate small-scale hydrographical
phenomena like eddies (DiGiacomo and Holt, 2001) and
freshwater plumes (Svejkovsky and Jones, 2001; DiGiacomo
et al., 2004). Integrating microwave and optical sensors may
present challenges, but microwaves are uninhibited by atmo-
spheric conditions and can provide complementary informa-
tion for every pixel when optical properties are partially
obscured.

5. Conclusions

High-resolution satellite imagery is an important tool for
studying coastal pollution, especially when it is used in
combination with water samples collected after strong rain-
storms. The advantages of satellite imagery over shipboard
sampling are lower costs and a synoptic view of freshwater
discharge plumes, but the availability of the data collected
by modern satellites (e.g., SeaWiFS) is typically insufficient
to completely describe plume dynamics. Local meteorologi-
cal conditions, which are typically worse than normal dur-
ing and immediately following rainstorms, significantly
impact the availability of both satellite imagery and ship-
based data collection: cloud cover produces obstacles for re-
mote sensing and wind speed and wave height make collec-
tion of water samples from small ships problematic. The
probability of obtaining scientific data is minimal on the
day of a rainstorm and gradually increases during 5 days
following a storm event, with the probability of obtaining
satellite data increasing faster than the probability of in
situ observations. The days after a storm for which satellite
imagery and ship-based data were available often differed,
making these two data sources complementary rather than
redundant.

Recently designed MODIS satellite sensors provide better
imagery of the southern California coastal zone due to better
spectral, spatial and temporal resolution. In particular, two
MODIS sensors collecting data twice a day significantly im-
prove the quality of information regarding plume dynamics,
especially during the first few days after rainstorms under
partly cloudy conditions. We expect that the availability of sat-
ellite imagery will increase in the future with further develop-
ment of satellite technology.
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