DEEP-SEA RESEARCH
Part 11

ELSEVIER Deep-Sea Research 11 51 (2004) 11291149

www.elsevier.com/locate/dsr2

Spatial and temporal characteristics of sediment plumes and
phytoplankton blooms in the Santa Barbara Channel

M.P. Otero™®, D.A. Siegel

Institute for Computational Earth System Science, University of California, Santa Barbara, CA 93106-3060, USA

Received 28 October 2002; accepted 15 April 2004
Available online 3 September 2004

Abstract

Satellite ocean-color and sea-surface temperature (SST) imagery are used to assess the occurrence, extent and
duration of surface sediment plumes from discharged stormwaters and phytoplankton blooms in the Santa Barbara
Channel (SBC), California. Nearly four years (October 1997-June 2001) of Advanced Very High Resolution
Radiometer and Sea-viewing Wide Field-of-view Sensor local area coverage imagery, in situ measurements, and
supporting data are analyzed. Monthly mean annual cycles of SST, chlorophyll (Chl) and the water-leaving radiance at
555nm (Lyn(555)), an index for sediment-affected waters, show plumes associated with runoff in winter, while blooms
occur in the late spring—early summer and are associated with cool SST and upwelling favorable winds. Interannual
variations are consistent with remote forcing by El Nifio cycles. During the 1997-1998 El Nifio, Chl concentrations are
moderate, and El Nifio-induced floodwater discharges result in high L, x(555) values throughout the SBC. However, a
correspondence between El Nifio—La Nifa state and Chl is not found for the SBC due to what appears to be the
advection of nutrient-depleted waters from the east. Empirical plume and bloom indices show that plumes occur
episodically in response to discharge events whereas blooms occur more regularly and can cover up to 95% of the SBC.
Empirical orthogonal function analysis is used to spatially and temporally deconvolve processes regulating SST, Chl
and Lyn(555). The first Chl mode contains 43% of the temporal variance and is associated with wind-driven upwelling
in spring and summer. The first L,n(555) mode contains 51% of the temporal variance and is associated with episodic
terrestrial runoff events in February and March. The second modes for both Chl and L,,n(555) represent the transition
from runoff-dominated processes in winter to upwelling and bloom-dominated processes in summer.
© 2004 Elsevier Ltd. All rights reserved.
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complicated as terrestrial boundaries and bathy-
metric variations play a large role in the dynamics.
Terrestrial runoff also may be an important source
of freshwater, sediments, nutrients and potential
pollutants for the coastal ocean. In the past, severe
undersampling coupled with high spatial and
temporal variability limited our knowledge of the
coastal ocean. Synoptic views obtained by satellite
remote sensing have the potential for improving our
understanding of nearshore processes at a variety of
space and timescales (e.g., IOCCG, 2000).

The Santa Barbara Channel (SBC) is located
along the northernmost edge of the Southern
California Bight. The northern border of the SBC
is comprised of an east-west trending section of
the California coast while the southern border is
made up of the Northern Channel Islands: San
Miguel, Santa Rosa, Santa Cruz and Anacapa
Islands (Fig. 1). The passageways between the four
islands are relatively narrow and shallow com-
pared with the eastern and western borders of the
SBC. The Santa Clara River is the largest
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watershed draining into the SBC (Fig. 1), although
it is clearly not the only terrestrial source for the
SBC (Mertes and Warrick, 2001).

The oceanographic setting of the SBC is
controlled by several forces that interact with its
unique geography. First, the SBC is embedded
within the California Current System comprised of
the equatorward flowing California Current and
the recirculating Southern California Eddy and
Inshore Countercurrent (Hickey, 1979; Lynn and
Simpson, 1987). The California Current carries
relatively cool, fresh waters equatorward offshore
of the SBC’s western margin while the Inshore
Countercurrent and the Southern California Eddy
bring warmer, more saline waters to the SBC.
Seasonally, the California Current intensifies dur-
ing the spring in response to large-scale, upwelling
favorable winds along the west coast of the US
(Lynn and Simpson, 1987). When the California
Current relaxes, poleward flows are observed
nearshore within the Southern California Bight
(Hickey, 1979).
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Fig. 1. Map indicating sampling sites and major geographic reference points around the SBC region. The square indicates the location
of NDBC buoy 46054, the diamond indicates the USGS gauge site used for measuring discharge from the Santa Clara River and plus
signs numbered 1-7 indicate PnB sampling locations. The dotted line circumscribes the area used for making regional averages of the

SBC from satellite data.
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Second, the large-scale wind field is driven by
the relative strength of the North Pacific High over
the subtropical Pacific Ocean (Reid et al., 1958).
During fall and winter, the North Pacific High is
relatively weak and the passage of mid-latitude
storms dominate wind climate. However, during
the spring, strong, persistent equatorward winds
occur along the US west coast continuing through
the summer. At Point Conception, strong wind
gradients occur as the equatorward winds detach
from the coast (Winant and Dorman, 1997). The
SBC lies in the transition between strong winds to
the north and sheltered waters to the south. In the
eastern portion of the SBC, wind speeds are much
lower, resulting in a large and persistent wind
stress curl over the SBC (Dorman and Winant,
2000; Oey et al., 2001).

Circulation patterns within the SBC itself result
from wind forcing on local and large-scales as well
as the along-channel pressure gradients created by
the California Current System (Brink et al., 1984;
Harms and Winant, 1998; Hickey et al., 2003).
Analysis of surface current observations shows the
presence of three primary synoptic circulation
states within the SBC (Winant et al., 2003). These
synoptic flow states show spatial current patterns
resulting from local wind forcing and the along-
channel pressure gradient.

The location, timing and intensity of phyto-
plankton blooms respond to variations in hor-
izontal and vertical circulations. Rates of primary
productivity are limited by the flux of nutrients,
primarily nitrate concentrations, to the euphotic
zone (Eppley et al., 1979). The major nutrient
supply is created by coastal upwelling primarily in
western portion of the SBC (Atkinson et al., 1986;
Hayward and Venrick, 1998). These upwelled
waters from near Point Conception typically flow
south and often enter the SBC (Jones et al., 1988).
The resulting chlorophyll (Chl) biomass is con-
centrated in the upper 25m of the water column
and subsurface maxima are rarely observed
(Venrick, 1998). Temporal fluctuations of mixed-
layer Chl within the SBC are well correlated with
nearby stations outside of the channel (Hayward
and Venrick, 1998), indicating that biological
processes within the SBC are regulated, in part,
by Bight-scale processes.

Climate in the SBC region is characterized by
short, wet winters and long, dry summers, which
has an important influence on the terrestrial input
of suspended sediments (Milliman and Syvitski,
1992). Significant streamflow occurs during and
just after storms while major storms mobilize
sediments accumulated in stream channels sea-
ward (Scott and Williams, 1978; Milliman and
Syvitski, 1992). The Santa Clara River is the
largest watershed draining into the SBC (Fig. 1).
The numerous mountainous watersheds of the
Transverse Range have the highest sediment yields
within Southern California due to the steep
watersheds, tectonic setting, sediment erodibility,
and their susceptibility to flooding (Milliman and
Syvitski, 1992; Inman and Jenkins, 1999; Mertes
and Warrick, 2001).

The offshore extent of sediment plumes entering
the SBC appears to be driven primarily by the size
of the watershed and strength of the storm
whereas the nature of terrestrial and nearshore
geologic and geographic features appear to be
second order (Mertes and Warrick, 2001; Warrick,
2002). Although these offshore suspended sedi-
ment plumes account for less than 2% of the total
suspended sediment output from their coastal
watersheds (Mertes and Warrick, 2001), they
delineate regions affected by stormwater runoff.
There also is a great deal of interannual variability
in precipitation and streamflow, some of which is
associated with El Nifio events although a robust
local relationship between El Nifio and precipita-
tion has not been found (Haston and Michaelsen,
1994). During February 1998, extreme flooding
occurred throughout California coincident with
the 1997-1998 El Nifio event.

In this paper, satellite imagery from the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) and
Advanced Very High Resolution Radiometer
(AVHRR) are used to determine the space and
time characteristics of sediment plumes and
phytoplankton blooms in the SBC. Characteristics
of sediment plumes and/or phytoplankton blooms
for this region have been evaluated using optical
means from in situ observations (Mitchell and
Kahru, 1998; Toole and Siegel, 2001) or from
satellite orbit (Smith et al., 1998; Kahru and
Mitchell, 1999; Mertes and Warrick, 2001;
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Warrick et al.,, 2004). Here, we use local area
coverage imagery of sea-surface temperature
(SST), Chl concentration and the normalized
water-leaving radiance at 555nm (Lyn(555)) to
assess the effects of upwelling and terrestrial
runoff processes. Example images typifying the
spatial patterns associated with upwelling and
terrestrial runoff events are followed by monthly
mean annual cycles that show the seasonal
evolution of salient features in the SBC. Forcing
of the system is assessed using time-series of local
wind stress, discharge records for nearby water-
sheds, and the southern oscillation index (SOI).
Indices for detecting sediment plumes and phyto-
plankton blooms are developed and applied to
describe the extent, duration and frequency of
these events. Finally, upwelling and runoff pro-
cesses are temporally and spatially resolved from
one another in both Chl and L,,~(555) fields using
empirical orthogonal function (EOF) analysis.

2. Data and methods
2.1. Field observations from Plumes and Blooms

The Plumes and Blooms (PnB) Project, started
in August 1996, provides a means for development
and validation of ocean-color algorithms in Case
IT waters. The PnB field program consists of
approximately twice monthly sampling of seven
stations across the SBC (+’s in Fig. 1). Field
observations of Chl, SST and water-leaving
radiance are used to validate SeaWiFS and
AVHRR products presented here. All sampling
and analysis protocols follow established proce-
dures. Further details regarding the PnB program
and methodologies can be found in Toole et al.
(2000), Toole and Siegel (2001) and the PnB home
page; www.icess.ucsb.edu/PnB/PnB.html.

2.2. AVHRR SST imagery and its validation

AVHRR imagery were acquired and processed
at the Institute for Computational Earth System
Science (ICESS), University of California at Santa
Barbara (UCSB) (www.icess.ucsb.edu/avhrr/
avhrr.html). AVHRR images are processed to

Table 1
Summary statistics from comparisons between PnB and satellite
data

Sensor Parameter Algorithm n =

AVHRR SST MCSST 367 0.88
SeaWiFS Chl OC4v4 154 0.53
SeaWiFS Ln(412) Reprocessing #3 100 0.07
SeaWiFS LN(443) Reprocessing #3 124 0.12
SeaWiFS L,N(490) Reprocessing #3 128 0.34
SeaWiFS Lyn(510) Reprocessing #3 131 0.26
SeaWiFS L N(555) Reprocessing #3 131 0.42
SeaWiFS Ln(670) Reprocessing #3 108 0.08

SST values using the multi-channel sea-surface
temperature (MCSST) algorithm (McClain et al.,
1985). Each image was edited by hand to remove
residual clouds and five-day composites are
computed on a 1-km basis for the Southern
California Bight. On average, composite images
cover 90.4% of the SBC. Match-up analyses show
excellent agreement between satellite-derived and
field-observed SST, where the squared correlation
coefficient between MCSST and observed SST is
0.88 (N = 367, Table 1; Otero, 2002). Root mean
square deviation between MCSST and observed
SST is 0.96°C, and the mean deviation is
—0.41°C. This indicates a good correspondence
between satellite and field-observed quantities.
These results support quantitative applications of
AVHRR five-day composites in the SBC region.

2.3. SeaWiFS ocean-color imagery and its
validation

All Level 1A SeaWiFS data with at least partial
cloud-free views of the SBC are used in this study.
SeaWiFS imagery are processed to Level 2 (Chl
and water-leaving radiance spectra) using the
SeaWiFS Data Analysis System (version 4.0;
http://seadas.gsfc.nasa.gov) using default settings
of the msl12 command and real-time ancillary data
(reprocessing # 3). Scenes with obvious problems,
such as cloud-edge effects and low viewing angles,
were not analyzed. The data set spans from
October 1997 to June 2001.

Statistical comparisons between simultaneous
SeaWiFS and in situ observations of the normalized
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water-leaving radiance spectra, L,n(4), show their
best results for the 555nm band (> = 0.42), with a
clear deterioration in the relationship for the
shorter wavelengths (Table 1). This indicates an
overcorrection due to satellite calibration and
atmospheric correction algorithm issues (see
also Kahru and Mitchell, 1999), and little im-
provement was found using data from SeaWiFS
reprocessing #4 (unpublished results, 2003).
SeaWiFS estimates of Lyn(4) are still qualita-
tively useful. For example, comparison of the
spatial and temporal patterns between field-ob-
served and SeaWiFS Lyn(555) measurements
show good qualitative agreement where all the
major features (mostly due to sediment plumes)
are well represented in both data sets (Otero,
2002). Particulate lithogenic silica concentrations
are found to be a good indicator of suspended
sediment concentrations (Shipe et al., 2002;
Warrick  2002). Elevated concentrations of
lithogenic silica also are well correlated with
determinations of Lyn(555) (> = 0.58, N = 195;
Toole and Siegel, 2001) indicating that
Lyn(555) should be a good proxy for suspended
sediments.

The SeaWiFS Chl algorithm (OC4v4) provides
reasonable Chl retrievals for this region
(r* = 0.53; N = 154). This is because errors in
water-leaving radiance retrievals effectively cancel
out when ratios are calculated (O’Reilly et al.,
1998). Spatial-temporal patterns are similar for
SeaWiFS and field Chl observations (Otero, 2002).
In particular, all major bloom events observed in
the field data set are detected using SeaWiFS but
with higher temporal and spatial resolution. Most
of the blooms also are associated with cool
upwelled waters as observed in AVHRR SST
imagery; however, apparent blooms are found
associated with obvious stormwater conditions
(see below). Field observations show that the
OC4v4 Chl algorithm performs poorly in offshore
sediment plumes from the Santa Clara River
(r* =0.02, N =9, Toole and Siegel, 2001). Under
these turbid ocean conditions, the OC4v4 algo-
rithm seems to overestimate Chl retrievals. This
caveat aside, the reasonable match-up compari-
sons with the PnB data set and its space/time
consistency justifies using SeaWiFS Chl estimates

as an approximate index of phytoplankton blooms
for this region.

SeaWiFS images over the SBC are available at
least every other day; however, cloudy and/or
foggy conditions result in patchy spatial coverage
and temporal gaps of up to 16 days. Monthly
composites of Chl and Lyn(555) are computed
using maximum likelihood estimators (Campbell
et al., 1995) in order to provide appropriate spatial
coverage for the statistical analyses that follow.
Monthly composites for Chl and L,n(555) cover
nearly all of the SBC (coverage averages 99.2%).

2.4. Environmental forcing indices

Indices of relevant environmental factors are
compared with the imagery data sets. First, wind
stress estimates from the west channel buoy
(NDBC 46054; Fig. 1) are used as an index for
the strength of upwelling. Data from June 1996 to
June 2001 are used, and wind stress is calculated
following Large and Pond (1981). The principal
mean wind direction for this site is ESE (toward
122° from north). Discharge records from the
Santa Clara River are used as an indicator for
terrestrial runoff events as it is the dominant
freshwater and sediment source for the SBC and
its discharge records are well correlated with those
for many other nearby rivers (Warrick, 2002).
Daily measurements of streamflow are taken 7 km
up from the mouth of the Santa Clara River
(USGS gage station 11114000; Fig. 1). Last, the
SOI is used as an indicator of El Nifio and La
Nifia conditions, where negative values are in-
dicative of El Nifio conditions.

3. Results and interpretations
3.1. Examples of episodic events

Individual scenes typifying upwelling and runoff
events show small-scale variability otherwise lost
in mean states. Paired images of SST and Chl show
typical upwelling conditions from April 18, 1998
(Fig. 2). Daily mean wind stress is large
(0.23Nm™?) for this day and directed along its
principal axis (toward ESE). Cool waters of
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~11°C are observed along the northwestern shore
of the SBC, around Point Conception, Point
Arguello and northward. Water upwelled from
as far north as Point Arguello appears to advect
southeastward into the SBC where it mixes with
warmer surrounding waters. Elevated Chl retrie-
vals generally correspond with cooler SST values
(Fig. 2). Where SST values vary from 11 to 13 °C,
Chl concentrations range from 2 to 10mgm .
Conversely, low Chl values are found coincident
with high SSTs. However, along the eastern shore
of the SBC, this inverse relationship breaks down.
1998 was an exceptionally wet year (see below),

121.0°W 120.0°W

119.0°W
35.0°N

and nutrient inputs from stormwater may con-
tribute to the elevated Chl values. There also is a
clear difference in the Chl-SST relationship found
for waters found in the SW and SE quadrants of
Fig. 2, where the same SST levels have a lower Chl
response offshore (SW quadrant) compared with
the inshore station (SE quadrant).

The extent of riverine discharges during flood
events also can be assessed using ocean-color
imagery. Paired L,n(555) and Chl imagery from
February 15, 1998, following the second largest
discharge event of the time-series, show extremely
high Ly n(555) values associated with sediment
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Fig. 2. Paired SST and Chl images during an upwelling event on April 18, 1998. The SST image is a single-day composite of four

passes throughout the day.
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Fig. 3. Paired Lyn(555) and Chl images during a terrestrial runoff event on February 15, 1998.
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plumes (Fig. 3). Peak Santa Clara River discharge
(991 m?s™") occurred on February 6, 1998.
Lyn(555) values exceed 2.0mWem Zpum ™' sr!
within plume regions, similar to field observations
within the Santa Clara River plume (Toole and
Siegel, 2001). Chl retrievals in the plume
reach 20mgm >, suggesting that blooms are
induced by runoff. However, Chl estimates may
not be valid within the discharge plume. The
plume emanating from the Santa Clara River
extends across and out of the eastern mouth of the
SBC, while a filament flows westward off Point
Conception and bifurcates offshore (Fig. 3).
Elevated values of Lyn(555) are found along the
entire coast, with the largest plumes found near
river mouths. The Santa Clara River plume
appears to be advected equatorward consistent
with local current measurements at this time
(Warrick et al., 2004). Sediment plumes circling
Santa Rosa Island are larger than those around
other Channel Islands due to its radial discharge
and shallow surrounding bathymetry (Mertes
et al., 1998).

121.0°W
35.0°N

119.0°W

3.2. A regional satellite climatology of the Santa
Barbara Channel

Monthly mean distributions show the seasonal
evolution of SST, Chl and Ln(555) for the SBC
(Figs. 4-6). Region-wide seasonal warming
reaches a maximum in fall, while the coolest SST
values are found in spring. The along-channel
temperature gradient peaks in early summer as
warm Southern California Bight waters are
advected into the SBC where they meet cool
upwelled waters in the west. Maximum poleward
flow within the Bight occurs in summer (Lynn and
Simpson, 1987), which combined with seasonal
warming, results in the warm SST values from July
to October.

Chl patterns generally show an inverse relation-
ship with SST (Figs. 3 and 4) where the highest Chl
levels occur in the spring and are associated with
low SST values due to upwelling. Monthly mean
Chl values peak at ~3mgm™ during April and
May within the channel north of Santa Rosa
Island and correspond to the lowest SST values

Fig. 4. SST monthly mean annual cycle computed from the AVHRR five-day composite data set. Images above are composites of all
data from each month. The monthly mean annual cycle is computed from data between October 1997 and June 2001 for consistency

with SeaWiFS data availability.
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Fig. 5. Chl monthly mean annual cycle computed from all available images. Images above are composites of all data from each month.
The monthly mean annual cycle is computed from October 1997 to June 2001.
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Fig. 6. Lyn(555) monthly mean annual cycle computed from all available images. Images above are composites of all data from each
month. The monthly mean annual cycle is computed from October 1997 to June 2001.
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found within the SBC. Chl concentrations de-
crease in the eastern portion of the channel first,
then in the west as summer progresses and
poleward flows bring warmer, nutrient-poor
waters from the east. The lowest monthly mean
Chl values range from 0.5 to 1.0mgm™> and are
observed in September corresponding to the
warmest SSTs. Nearshore Chl patterns are not
always related to SST, which is most obvious in
the winter (December—February) when upwelling
is at a minimum while nearshore Chl values are
high. The resulting pattern is consistent with
blooms induced by terrestrial runoff from storms.

Elevated monthly mean values of LynN(555)
(>1.0mWem 2pm~'sr™') are found near the
mouths of the Santa Clara, Santa Ynez and Santa
Maria rivers from winter to spring, indicating the
presence of sediment plumes (Fig. 6). The greatest
extent of these plumes is found in February when
the largest storms of the year occur. Also, subtle
variations in Lyn(555) are observed offshore (Fig.
6) where offshore L,n(555) values increase by
about a factor of two from fall to spring. This is
similar to the seasonal changes in Chl and likely
represents changes in particulate backscatter by
phytoplankton.

3.3. Temporal variability and covariability of the
Santa Barbara Channel

Minimum SSTs for the SBC region consistently
occur in the spring due to the onset of upwelling
(Fig. 7A). The warmest SSTs are found in late
summer and early fall due to a combination of
seasonal warming and the poleward advection of
Southern California Bight waters. The amplitude
of the SST seasonal cycle varies dramatically and
illustrates the impact of the 1997-1998 El Nifio
and ensuing La Nina conditions (Fig. 7A). The
maximum SBC mean SST (19.2 °C) occurred near
the start of the time-series during the local peak in
El Nifo conditions (Dever and Winant, 2002),
while the cool summer and fall of 1999 occurred
during La Nifa conditions. The lowest mean SST
(12.0°C) is observed in April 2001.

Regional mean Chl concentrations follow a
rough inverse relationship with SST (Fig. 7B).
Chl concentrations are highest during spring and

show considerable interannual variations in the
magnitude and duration of these peak events. The
highest regional mean Chl values are 3.7 and
4.1mgm~ and are observed for the months of
May 2000 and April 2001, respectively. Despite
record highs for upwelling indices in the spring of
1999 for this region (Schwing et al., 2000), Chl
values remain less than 2mgm™— (Fig. 7B). The
lowest Chl values observed (0.5 mgm ™) are found
during the El Niflo peak of October and Novem-
ber 1997. After the fall of 1998, mean Chl values
are rarely less than 1 mgm—>.

Temporal variations in the SBC mean Ly,n(555)
appear to be the superposition of two distinct
signals (Fig. 7C). The first is a low-amplitude
seasonal cycle oscillating between 0.4 and
0.6mWem 2pm~'sr! with a maximum in the
spring—summer with little significant interannual
variation. This signal corresponds to periods when
SBC Chl levels are greater than ~1.3mgm >,
suggesting it is caused by phytoplankton back-
scatter. The second signal corresponds to large
and episodic increases in late winter due to
runoff events. The highest SBC mean L,nN(555)
value appears coincident with the large discharge
events that occurred during the 1997/1998
El Nifio.

Time-series of monthly mean wind stress at the
west channel buoy and daily discharge from the
Santa Clara River are presented to illustrate the
roles of local forcing on SBC mean properties (Fig.
7D). Wind stress along the major principal axis
(toward ESE, 122 ° clockwise from north) is at its
maximum during summer (monthly means range
from 0.13 to 0.24Nm~?) while minimum winds
stresses occur during winter (<0.1 Nm~?). Large
interannual variations in monthly mean wind
stress are observed with periods of weak winds in
the summer of 1998 and strong winds in the spring
of 1999 (Fig. 7D).

Discharge records from the Santa Clara River
are highly episodic (Fig. 7E). Maximum flow
occurs typically in late winter and early spring
while baseflow is often negligible. The 1997/1998
El Nifo was an exceptionally wet year. Large
discharge events are observed and baseflow
remained high for the entire hydrologic year
(defined October 1-September 30). Discharge
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Fig. 7. SBC regional mean time-series of (A) SST, (B) Chl and (C) Ly,n(555) averaged on a monthly basis. Only scenes with a minimum
of 70% coverage (88% coverage for SST) are used in computing spatial averages over the SBC. Local forcing by (D) wind stress at the
west channel buoy along the principal axis (aligned 122° clockwise from north) and (E) daily discharge from the Santa Clara River as
measured by the USGS. Percent of the SBC covered by (F) blooms and (G) plumes. Percent coverage calculations are only computed
for images with greater than 80% data coverage over the SBC for Chl and greater than 70% data coverage over the SBC for Lyn(555).

was small in 1999 and only a bit larger in the
following years (Fig. 7E). Except for 1999,
between 65% and 90% of total annual discharge
occurs over a few events during February and
March of each year.

Significant correlations (0.87, 99% significant
level; Table 2) are found between SBC mean values
of Lyn(555) and monthly mean discharge records
for the Santa Clara River, indicating that sediment
plumes dominate the L,n(555) signal. This corre-
lation is not driven by the one big event in
February 1998, as the correlation remains sig-
nificant (0.50, 99% significant level) after remov-
ing observations for that month. Monthly regional

mean values of SST and Chl are inversely
correlated, but this linear relationship accounts
for only 33% of the variance (Table 2). Insignif-
icant correlations (at the 99% level) are observed
between wind stress and any regional mean
property (Table 2). The fact that the maximum
mean Chl and the minimum mean SST occurs in
spring works against a correlation with wind
stress, as maximum mean winds are found in the
summer when retrievals of Chl (SST) are declining
(rising). Hence, spatial patterns on scales smaller
than the SBC, such as those induced by advection
and the development of gradients, must be
considered.
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The importance of remote forcing, such as the
occurrence of El Nifio and La Nifla events, can be
assessed by examining annual means computed
over the hydrologic years where we have complete
satellite observations (Table 3). The negative mean
SOI value for 1997-1998 indicates El Nifo
conditions, while positive mean SOI values in
subsequent years indicate La Nifia conditions.
Differences between El Nifio and La Nifia condi-
tions are evident in annual mean values of local
forcing and SBC average values of SST and
L,~(555) (Table 3). Comparing El Nifio—La Nina
conditions, annual mean SST dropped by ~2°C
while values of upwelling favorable wind stress
increase by 40%. Mean Chl values are only slightly
higher in 1998-1999 compared with EI Nifio
conditions (Table 3). Both L.,n(555) and the
annual Santa Clara River discharge are consider-
ably higher for 1997-1998 compared with the
other years.

Interannual variations for most remotely sensed
variables over the SBC are consistent with forcing
by the El Nifilo—La Nina cycle using the SOI as an
index (Table 2). Correlations are performed

Table 2
Correlation coefficients® for satellite data and local forcing

between the SOI and monthly anomalies of the
regional property or forcing factor. As expected,
monthly anomalies of SBC mean SST are corre-
lated with SOI estimates (r = —0.60; significant at
99% c.i.). Insignificant correlation is found be-
tween the SOI and the anomalous wind stress
(Table 2). Although there is no robust statistical
link, weaker upwelling favorable winds are ob-
served during the El Nifo, which may have
contributed to warm SST anomalies in late
summer (Figs. 7A and D). For the El Nifio year,
annual mean Chl concentrations are lower than
for other years, but these differences are not very
dramatic (Table 3). Anomalies in both Santa Clara
River discharge and Ly n(555) are well correlated
with the SOI.

The lack of simple correlations between SBC
regional mean properties and wind suggests that
non-local processes are likely participants in the
observed interannual variations. Anomalous pole-
ward flows were observed through the SBC in
spring 1999 relative to the long-term mean as well
as years 1998 and 2000 (Lynn et al., 1998;
Hayward et al., 1999; Bograd et al., 2000; Dever

SOI* Ty T T SCR Lo n(555) Chl
SST —0.60 —0.03 0.10 —0.05 —0.04 —0.06 —0.58
Chl 0.14 0.32 —0.31 0.32 0.18 0.31
Lyn(555) —0.41 0.02 0.00 0.02 0.87
SCR —0.46 —0.24 0.20 —0.24
Ty 0.16 0.99 —0.96
Ty —0.05 —0.91
Ty 0.21

Bold values are significant at the 99% confidence level (0.346, n = 45) and SCR represents discharge from the Santa Clara River.
#Correlations with the SOI are between the SOI and monthly anomalies of the variable.

Table 3
Hydrologic year means for satellite data, local forcing and the SOI
Hydrologic SBC SBC SBC T, T Ty SO1 Cumulative
year SST Chl Lyn(555) (Nm™) (Nm™) (Nm™) SCR

(°C) (mgm™?) (mW st~ yum ™' em™?) (10’ m%)
1997-1998 16.7 1.2 0.64 0.07 —0.05 0.09 —-0.97 83.95
1998-1999 14.3 1.4 0.55 0.12 —0.08 0.14 0.76 1.44
1999-2000 14.8 1.6 0.52 0.10 —0.06 0.12 0.72 6.21
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and Winant, 2002). This suggests that these
poleward flows advected nutrient-poor, Southern
California Bight waters through the channel
during the 1999 La Nifla, which would explain
the relatively small spring bloom found then. The
largest spring blooms occur in 2000 and 2001 (Fig.
7B), suggesting that El Niflo and La Nifia reduce
SBC mean Chl by disturbing the flows of nutrient
rich upwelled waters. The large La Nifia event of
1999 induced strong poleward flows through the
channel, presumably reducing the available nu-
trient supply, while, during the strong El Nifio of
1998, the depth of the nitracline is simply too deep
to allow the effective upwelling of nutrient rich
waters (data not shown). Hence, the highest
regional Chl concentrations occurred under inter-
mediate El Nifio conditions.

3.4. Indices for sediment plume and phytoplankton
bloom events

Indices for the occurrence of a “plume’ and/or
“bloom™ are developed to describe the extent and
duration of phytoplankton blooms and sediment
plumes in the SBC. Simple threshold indices are
used where the determination of the threshold
level is subjective in nature. Blooms will be
denoted if Chl exceeds 2mgm >, while pixels are
classified as a plume if LynN(555) exceeds
1.3mWem Zpm~'sr™'.  Guidance for these
threshold levels comes from analyzing the avail-
able field and satellite data (Toole and Siegel,
2001; Otero, 2002). These indices independently
identify conditions suggesting the presence of a
phytoplankton bloom and/or a sediment plume
and are not meant to distinguish between these
two conditions.

Frequencies of occurrence distributions of
bloom indices show blooms occur most frequently
(60-80% of the time) around the Santa Clara
River mouth and north of Point Arguello
(Fig. 8A). Blooms also occur frequently, ~25%
of images, in the western portion of the SBC, while
they are found less frequently in the east channel.
For the Channel Islands, frequent plume indices
are only found for Santa Rosa Island. Extensive
blooms covering more than 50% of the channel
occur during the spring and last about 1 month

(Fig. 7F). These blooms occur concurrently with
an increase in wind stress and a decline in mean
SST. Smaller blooms also are observed throughout
the year (Fig. 7F).

Good correspondence is observed between SBC
plume coverage and the Santa Clara River
discharge on episodic and seasonal timescales
(Figs. 7E and G). Events with large surface plume
extent occur during single days in February and
March coincident with large runoff events. The
largest plume event observed covered 58% of the
SBC during February 1998. Observations of sur-
face plumes for 2000 and 2001 are similar in size,
covering at most 20% of the channel. Unusual
events also are observed. On March 16, 1999, the
plume index suggests that plumes are covering
~40% of the channel although runoff preceding
this is small (Figs. 7E and G). Analysis of
phytoplankton pigment distributions indicates
that this “plume” event is likely to be a cocco-
lithophorid bloom (see Otero, 2002 for details and
figures). Although this is a rare occurrence, it does
point to limitations of simple classification indices.
Ignoring the March 1999 event, the spatial extent
of plume coverage over the SBC shows the
expected relationship where larger discharge
events correspond to larger sediment plume
coverage.

3.5. Modal analyses of time/space variability

In order to distinguish between the spatial
effects of upwelling and terrestrial runoff, monthly
composites of SST, Chl and Ly n(555) are decom-
posed using EOF analysis (Lagerloef and Bern-
stein, 1988; Emery and Thomson, 2001). An EOF
analysis organizes a time/space series into a set of
orthogonal functions that compactly describe
the covariability of the data set. This will be
provided in the form of a ranked set of spatial
maps whose amplitude varies in time about a mean
state. The ranking provides a measure of the
fraction of total variance explained by each EOF
mode. Typically, the lowest modes explain much
of the variance and these spatial/temporal patterns
will be the easiest to interpret. The few gaps in the
data sets are filled by averaging (see Otero, 2002
for details).
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Chl are denoted a bloom while pixels are classified as a plume if Lyn(555) exceeds 1.3 mW ecm ™2 pum ™" sr™!. Frequency is expressed in
terms of the percentage of images where values exceed the plume or bloom threshold.

The first mode of the SST field (Fig. 9A) clearly
resembles the mean state, while its amplitude
function corresponds to the seasonal cycle
(Fig. 10A); maximum SST in late summer—early
fall and minimum temperatures during upwelling
in spring. This mode dominates as it represents
91.3% of the temporal variance. As expected, the
amplitude function is highly correlated with the
SBC mean SST and is significantly anti-correlated
with the SBC mean Chl (Table 4). However, it is
not related to wind in a simple way.

The second SST EOF mode contains 4.7% of
the variance, and its spatial pattern is roughly
similar to the first SST mode except that the
east—west gradient is accentuated showing the
characteristics of an ‘“‘upwelling-like”” pattern
(Fig. 9B). Negative values are found off of
Point Arguello, while strongly positive values are
found east of the SBC. Its amplitude function
leads the first mode’s amplitude function by 1-3
months (lagged correlation with the second
mode leading is only significant at 2 months at
the 99% confidence level, Fig. 10B). This mode is
well correlated with wind stress (Table 4) and
demonstrates a relationship between wind-driven
upwelling and the intensification of the along-
channel SST gradient (Lagerloef and Bernstein,
1988).

The third SST mode contains 1.6% of the total
variance. It appears related to the advection of

upwelled waters into the SBC as the coolest waters
are found along the continental shelf north of
Point Conception and in the western channel,
while the warmest waters are found far offshore
(Fig. 9C). Its amplitude function is highly variable
(Fig. 10C) and is not significantly correlated with
any of the forcing factors in Table 4.

The first Chl EOF mode contains 42.5% of
the variance and is positive everywhere with its
largest signals occurring along the coast, north
of Point Arguello, and in the western SBC
(Fig. 11A). A similar spatial pattern is observed
in the frequency of blooms (Fig. 8A) with the
important exception that high values are not found
near the Santa Clara River. The amplitude
function shows seasonal oscillations between
spring—summer and fall-winter (Fig. 12A) and is
highly correlated with the SBC mean Chl. It
also is significantly correlated with SBC mean SST
and wind stress, suggesting a role for upwelling
(Table 4). With the exception of low winds
observed for 1998, annual maxima in wind stress
correspond well with positive periods in the
amplitude function.

The second Chl EOF mode (12.4% of the
variance) shows an inverse relationship between
Chl anomalies throughout the SBC, particularly in
the vicinity of the Santa Clara River, and those
along the coast north of Point Arguello (Fig. 11B).
Its amplitude function is positive from fall to early
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Fig. 9. (A) First, (B) second and (C) third mode from temporal
EOF analysis of SST. Positive amplitudes in Fig. 10 correspond
to positive and negative anomalies as shown here while negative
amplitudes reverse the signs of the anomalies.

spring and negative from late spring to summer
(Fig. 12B). This indicates that Chl values are
higher from fall to early spring near the Santa

Clara River relative to those on the shelf north of
Point Arguello. Weak correlations are observed
with the zonal-component of wind stress, SST and
Chl itself suggest a relationship with upwelling
(Table 4). Stronger correlations with wind are not
observed as negative phase of the modal ampli-
tudes lag increases in upwelling favorable winds by
1-2 months. However, from late spring to
summer, negative modal amplitudes and upwelling
favorable winds do correspond. This is consistent
with upwelling processes and elevated Chl values
north of Point Arguello through the summer as
seen in the climatology for Chl (Fig. 5). A weak
correlation also is seen with Santa Clara River
discharge (Table 4), although this correlation
becomes insignificant when data from February
1998 are removed. However, the amplitude time-
series corresponds with seasonal increases in Santa
Clara River discharge from winter to early spring
(Fig. 12B), suggesting that positive amplitudes
may represent long-term seasonal flow instead of
episodic events. Overall, the second Chl EOF
mode represents forcing by two seasonal signals:
(1) upwelling in late spring and summer to the
north of Point Arguello and (2) seasonal dis-
charges from winter to early spring near the Santa
Clara River. In all, this mode captures the
transition from winter to summer conditions in
Chl.

The largest anomalies in the third Chl mode
(6.5% of total variance) are found along the entire
mainland coast of the SBC (Fig. 11C). The
amplitude function is episodic, with a positive
signal during February 1998 when extreme flood-
ing associated with El Nifio took place and a
smaller negative event for April 2001 (Fig. 12C).
Significant correlations are observed with the SBC
mean L,,n(555), Santa Clara River discharge, and
the SOI (Table 4), but are insignificant (except
Lyn(555)) when February 1998 is removed from
the correlation. All told, this mode is associated
with episodic runoff.

The first Lyn(555) mode contains 51.4% of the
temporal variance and shows positive anomalies
along the mainland coast with the largest anoma-
lies near major river mouths (Fig. 13A). Santa
Rosa Island also shows large positive anomalies
around it, larger than those found for the other
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Fig. 10. (A) First, (B) second and (C) third amplitude function from temporal EOF analysis of SST. All properties plotted with
amplitude functions are scaled to each amplitude’s range. SST and Chl are SBC regional mean values.

Table 4
Correlation coefficients® between EOF amplitude functions and satellite data, local forcing and the SOI

Temporal mode % variance SBC SST SBC Chl SBC L n(555) Ty Ty T SCR SOI

SST 1 91.3 0.99 —0.56 -0.05 —0.08 0.14 —0.10 —0.03 -0.29
SST 2 4.7 0.08 0.24 0.00 0.75 —0.53 0.70 —0.27 0.17
SST 3 1.6 —0.13 0.30 0.00 0.05 —.08 0.06 —0.06 0.03
Chl 1 42.5 —0.41 0.90 0.23 0.52 —0.44 0.51 0.05 0.01
Chl 2 12.4 —0.49 0.41 0.28 —0.35 0.17 —0.30 0.39 —0.06
Chl 3 6.5 0.11 0.00 0.73 —0.13 0.13 —0.14 0.73 —0.39
L n(555) 1 514 —0.10 0.21 0.92 —0.19 0.15 —0.18 0.95 —0.44
Lon(555) 2 18.0 0.01 0.33 0.34 0.70 —0.52 0.66 —0.01 0.12
Lyn(555) 3 5.2 0.37 —0.13 0.12 —0.16 0.23 —0.18 0.14 0.00

“Bold values are significant at the 99% confidence level (0.346, n = 45) and SCR represents discharge from the Santa Clara River.
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Fig. 11. (A) First, (B) second and (C) third mode from
temporal EOF analysis of Chl. Positive amplitudes in Fig. 12
correspond to positive and negative anomalies as shown here
while negative amplitudes reverse the signs of the anomalies.

Northern Channel Islands (e.g., Mertes et al.,
1998). The first L,n(555) amplitude function
peaks in February or March of each year

(Fig. 14A) and is very well correlated with
discharge from the Santa Clara River and SBC
mean L,N(555) (Table 4). The amplitude function
remains highly correlated with discharge (r = 0.75
vs. 0.95) when data from February 1998 are
removed from consideration. This mode clearly
represents the effects of surface sediments on
L N(555).

The second Lyn(555) mode, containing 18.0%
of the variance, has a structure with positive
anomalies offshore and negative anomalies near
major river mouths (Fig. 13B). Similar to the
second Chl mode, the amplitude function changes
sign seasonally, being positive offshore from
April to September then positive nearshore for
the remainder of the year (Fig. 14B). Significant
correlations are observed with wind stress
indices (Table 4), and the amplitude function
corresponds well with increases in upwelling
favorable winds (Fig. 14B). This suggests that the
positive anomalies offshore during spring and
summer correspond to backscatter from phyto-
plankton blooms. Negative amplitudes are found
during fall and winter, corresponding to
positive anomalies that resemble the plume index
pattern (Fig. 8B). This suggests that during fall
and winter, this mode represents seasonal river
discharge. Overall, this mode, like the second Chl
EOF mode, represents a transition from winter to
summer conditions.

The third Ly,n(555) mode (5.2% of the variance)
has strong positive anomalies along the coast near
Point Arguello and northward and weak negative
anomalies in the SBC and offshore (Fig. 13C). The
amplitude function shows positive values in March
of each year (Fig. 14C). Although it does not
correlate well with any of the forcings discussed
(Table 4), the time course of the amplitude appears
driven by late-event runoff.

The spatial effects of upwelling and runoff are
clearly captured in the two first EOF modes for
Chl and Lyn(555), respectively. The first Chl mode
reveals the characteristic upwelling pattern of
elevated Chl north of Point Arguello and in
the western channel from spring to summer.
Alternatively, the first Lyn(555) mode captures
characteristic surface sediment plume patterns
following episodic runoff events in February and
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Fig. 12. (A) First, (B) second and (C) third amplitude function from temporal EOF analysis of Chl. All properties plotted with
amplitude functions are scaled to each amplitude’s range. Chl and Lyn(555) correspond to SBC regional mean values. SCR is Santa
Clara River discharge shown in log (log) and linear (lin) scales to emphasize seasonal and episodic features, respectively.

March. Both of their second modes appear to
represent a transition from runoff-dominated
processes in winter to upwelling- and bloom-
dominated processes in summer. In the Chl mode,
this means elevated values near the Santa Clara
River in association with runoff during winter and
a transition to elevated values north of Point
Arguello in association with upwelling in summer.
For Ly n(555), positive anomalies are observed
near the Santa Clara River and north of Point
Arguello in association with runoff during
winter which transition to positive anomalies
offshore, away from sediment-dominated regions,
during summer in association with increased Chl
concentrations.

4. Summary and conclusions

Using validated remote sensing and supporting
environmental data sets, we have shown that
coastal upwelling and terrestrial runoff are two
major processes dominating variations in water
turbidity and phytoplankton biomass for the SBC.
On seasonal timescales, the largest blooms are
associated with cool upwelled waters in spring
while elevated nearshore Chl and L, n(555) values
are related to sediment plumes from terrestrial
runoff in late winter. Significant correlations
between local forcing and monthly SBC regional
mean values were found only between L,n(555)
and the Santa Clara River discharge. SST and Chl
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Fig. 13. (A) First, (B) second and (C) third mode from
temporal EOF analysis of Lyn(555). Positive amplitudes in
Fig. 14 correspond to positive and negative anomalies as shown
here, while negative amplitudes reverse the signs of the
anomaly.

variations are driven by a coupling of advection
and upwelling processes, and are not simply
correlated to a single local forcing index.

Observed interannual variations are consistent
with forcing by El Nino/La Nifa cycles. During
the 1997/1998 El Nifio, SST values were high,
upwelling favorable wind stress weak, SBC mean
Chl was fairly low and extreme terrestrial dis-
charges produced high L.,n(555) throughout the
SBC. Significant correlations are found between
SOI and SST and for SOI and Lyn(555) due to the
extreme floods of February 1998. However, SBC
mean Chl changes do not follow this simple
pattern, as the highest, springtime Chl values are
found for neither El Nifio nor La Nifia conditions.
It is suggested that the advection of nutrient-
depleted waters from the east is driving these
interannual differences in Chl values.

A simple classification analysis shows that
plumes are confined to the mainland continental
shelf regions, while blooms extend offshore and
are observed more frequently in the western
portion of the SBC. Large surface plumes, cover-
ing >20% of the channel, are observed about
once per year, and during the 1997/1998 El Nifio
floods plumes covered nearly 60% of the channel.
Large blooms occur most frequently during the
spring and can cover up to 95% of the SBC.

The effects of upwelling and runoff processes
are temporally and spatially resolved from one
another using EOF analyses. The first Chl mode,
containing 43% of the temporal variance, is
associated with upwelling and shows a spatial
pattern with elevated Chl values in the western
SBC and nearshore north of Point Arguello.
Episodic discharge events dominate the first
Lyn(555) mode containing 51% of the variance.
In this mode, anomalies are largest nearshore and
positive throughout the channel while the ampli-
tude function is well correlated with discharge
from the Santa Clara River. The transition from
runoff-dominated processes in winter to upwel-
ling- and bloom-dominated processes in summer is
represented in the second EOF modes of both Chl
and Ly nN(555) containing 12% and 18% of the
temporal variance, respectively. In all, local
processes appear to have the dominant control
of sediment plumes and phytoplankton blooms
within the SBC, though it remains difficult to
ascribe their regulation on a single set of forcing
indices.
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