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New Jersey, New Brunswick, NJ, United States, 4Department of Marine Sciences, University of Maine,
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As brackish turbid waters exit San Francisco Bay, one of the largest estuaries in the

U.S. West Coast, they form the San Francisco Bay Plume (SFBP), which spreads

offshore and influences the Gulf of the Farallones (GoF), an ecologically significant

region in the California Current System that is also home to three National Marine

Sanctuaries. This paper provides the first observationally based investigation of the

spatio-temporal variability of the SFBP, using a plume tracking algorithm applied to

more than two decades (2002-2023) of ocean color data from the Moderate

Resolution Imaging Spectroradiometer (MODIS) sensor onboard satellites Aqua

and Terra. The turbid SFBP spreads radially, extending 10-20 km offshore around

50% of the time, and during extreme discharge events (<1% of the time), the plume

can reach nearly 60 km offshore to the shelf break. The greatest variability in

frequency of plume occurrence was observed 10-20 km offshore and it was

largely explained by the seasonal cycle (80% of total variance), linked primarily to

seasonal changes in river discharge. Largest plume areas (determined by summing

up all pixel areas weighted by their respective fraction of plume occurrence) were

observed duringwinter and smallest during summer, occupying on average 24% and

1.5% of GoF area, respectively. Beyond 20-30 km offshore, variability in frequency of

plume occurrence was dominated by the intraseasonal band (50-80% of total

variance), attributed to plume response to synoptic wind-forcing and/or filaments

and eddies, while the interannual band played a secondary role in the plume

variability (<20% of total variance). Finally, a multivariable linear regression model

of the turbid SFBP area was created to explore the potential predictability of the

plume’s influence in the GoF. The model included the annual and semi-annual

cycles and discharge anomalies (deseasoned and detrended), and despite its

simplicity, it explained over 78% of total variance of the turbid SFBP area.

Therefore, it could be a useful tool for scientists and stakeholders to better

understand how management actions on freshwater supply can have

consequences offshore beyond the Golden Gate and help guide future

management decisions in this ecologically important region.
KEYWORDS
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1 Introduction

River plumes are key components of the circulation in a great

number of continental shelves around the world (Hill, 1998). The

buoyancy input from estuarine outflow affects the shelf

hydrographic properties, generating sharp density fronts and

increasing the ambient stratification. These changes can lead to

the generation of swift geostrophic currents (e.g. Pimenta et al.,

2011; Mazzini et al., 2014), affect internal wave propagation (e.g.

Nash and Moum, 2005), and modify small-scale processes in the

ocean, such as turbulence and mixing (e.g. Dzwonkowski et al.,

2018; Fisher et al., 2018). The profound impact of river plumes is

not only restricted to the physical dynamics, but they also influence

geological, chemical, and biological processes as they provide a

conduit for the delivery of estuary and river-born substances and

materials to the coastal ocean, including nutrients, phytoplankton,

larvae, sediments, micro- and macro-plastics as well as other

pollutants. Understanding how river plumes vary spatially and

temporally is therefore critical for assessing their influence and

impact on the coastal ocean.

River plumes generally exhibit short time scales of variability, and

can occupy vast surface areas. Thus, quasi-synoptic in situ

measurements of their full extent and capturing their temporal

evolution are practically impossible, and therefore have been

typically limited to small portions of the plume over limited times

(e.g. Lentz and Largier, 2006; Yankovsky, 2006; MacDonald et al.,

2007; Chant et al., 2008; Horner-Devine et al., 2009; Kakoulaki et al.,

2014; Mazzini et al., 2014, 2019; Mazzini and Chant, 2016; Yankovsky

and Voulgaris, 2019). More recently, satellite remote sensing

techniques have emerged as valuable tools for mapping plumes,

and have yielded critical insight into these multiscale flow
Frontiers in Marine Science 02
structures. River plume waters have distinct optical properties from

those in the adjacent coastal ocean due to their contrasting and

complex biogeochemical compositions (Schofield et al., 2004), they

often carry large concentrations of organic matter and suspended

sediments, which tend to give them a green-yellow-brownish color

(e.g. Klemas, 2012). Several studies have taken advantage of this fact

and utilized ocean color satellite remote sensing to investigate river

plumes throughout the globe (e.g. Warrick et al., 2004; Nezlin and

DiGiacomo, 2005; Dzwonkowski and Yan, 2005; Thomas and

Weatherbee, 2006; Nezlin et al., 2008; Palacios et al., 2009; Shi and

Wang, 2010; Saldias et al., 2016; Mendes et al., 2014; da Silva and

Castelao, 2018; Speiser and Largier, 2024; Martineac et al., 2024;

Dykstra et al., 2024; Castelao and Medeiros, 2025). Now, with the

Moderate Resolution Imaging Spectroradiometer (MODIS) onboard

satellites Aqua and Terra exceeding two decades in space, providing

high-resolution (~1km) multi-spectral ocean color measurements

with daily global coverage, it is becoming possible to explore

variability of river plumes on interannual time scales.

In this study, we use 21 years of MODIS data (2002-2023) and a

plume tracking algorithm (Nezlin and DiGiacomo, 2005) to

investigate spatiotemporal variability of the turbid San Francisco

Bay Plume (SFBP), an understudied, human-impacted river plume,

that influences an extremely complex and ecologically important

region, the Gulf of the Farallones (GoF), located in the California

north central coast (Figure 1). Our goal is to characterize the spatial

variability of SFBP from intraseasonal (monthly) to interannual

time scales, assess the influence of the plume in the GoF by

quantifying the surface area and fraction of the gulf occupied by

the plume, and investigate the relationship between the plume and

major forcing mechanisms, including river discharge, winds and

water level.
FIGURE 1

Map of the study area, depicting the Gulf of the Farallones adjacent to the San Francisco Bay estuary, located in California North Central Coast.
Yellow symbols denote the location of wind measurements from buoy 46026 (triangle) and water level measurements from tide gauge 9414290
(square). The dashed line indicates the transect used for constructing Hovmöller diagrams presented in Figures 6, 8. Isobaths of 50, 100, 200, 500,
1000, 1500, 2000, 2500, 3000 are shown as gray contours, with a thicker contour denoting the 200 m isobath, highlighting the shelf break.
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1.1 San Francisco Bay Plume and the Gulf
of the Farallones

San Francisco Bay is one of the largest estuaries on the U.S.

West Coast, located on the north central coast of California. It

receives water from the Sacramento-San Joaquin river system,

which drains approximately 40% of the California area

(Kimmerer, 2004). The region has a Mediterranean climate,

characterized by a winter wet season and summer dry season.

The freshwater input to the San Francisco Bay estuary follows the

seasonal precipitation pattern, despite being largely altered by

humans. Discharge magnitudes are highly variable, ranging

between 1,000-10,000 m3/s during winter and early spring and

between 100-300 m3/s during summer and fall.

San Francisco Bay is a highly urbanized estuary (Conomos,

1979) where the population grew from 2.7 million in 1950 to 7.6

million in 2024 (Bay Area Census, 2025). Because of the landscape

setting of the bay, situated between important cities such as San

Francisco, Richmond, San Jose (Silicon Valley) and Oakland, the

anthropogenic influence is massive, where industrial, commercial

and agricultural wastes are delivered to bay waters through land

runoff, groundwater, atmospheric deposition and municipal

sewage. Understanding the impact of these anthropogenic

contaminants is crucial for proper management of not only the

San Francisco Bay but also for the adjacent coastal region, the GoF,

and beyond.

The GoF lies west of the Golden Gate bridge and encompasses

the continental shelf region bounded by Pt. Reyes (38.0°N) to the

north, Pt. Montara (37.5°N) to the south, and offshore by the shelf

break (Figure 1). The shelf is nearly 50-60 km wide, over twice the

average shelf width of the broad region spanning from Oregon to

the north and Point Conception, California, to the south, where the

typical shelf width is around 20 km. GoF is an important upwelling

hotspot, with some of the highest levels of nutrients and

productivity in the California Current System and a large

ecological diversity of pelagic and benthic communities, including

the largest seabird breeding colony along the U.S. West Coast,

important breeding sites for marine mammals, large aggregations of

white sharks, and valuable commercial and recreational fisheries

(Wilkerson et al., 2006; Wang et al., 2024). The GoF domain

includes the Golden Gate Biosphere Reserve, a network of three

National Marine Sanctuaries (Greater Farallones, Cordell Bank and

Monterey Bay) managed by the National Oceanic and Atmospheric

Administration (NOAA), and 25 State Marine Protected Areas.

As the brackish and turbid estuarine waters exit San Francisco

Bay through the Golden Gate and enter the GoF, they form the San

Francisco Bay Plume (SFBP). Some of the earliest studies of SFBP

happened as early as the 1970’s (e.g. Carlson and McCulloch, 1974),

but since then, limited observational efforts have been conducted to

better understand the behavior of the plume, and therefore little is

still known about its characteristics, variability and dynamics (Zhou

et al., 2023). In the vicinity of the Bay mouth, currents are largely

driven by tides (Gough et al., 2010; Fram et al., 2007), while farther

offshore the variability of surface currents is dominated by subtidal

time scales, with mean seasonal circulation over the shelf generally
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following classical Ekman response to wind-forcing (Gough et al.,

2010), superposed by a complex meso- and sub-mesoscale eddy

field (Steger et al., 2000). Buoyancy forcing from the SFBP and flow-

topography interactions, particularly around Pt. Reyes, contribute

to the complexity of the circulation in the GoF and surrounding

areas. Winds in the region are characterized by three different

seasons (Garcıá-Reyes and Largier, 2012): “Upwelling Season”

(April-June) with strong equatorward (upwelling-favorable) winds

and large standard deviation (due to frequent reversals); a

“Relaxation Season” (July-September) with weak equatorward

winds and low variability; and a “Storm Season” (December-

February) characterized by weak mean wind stress but large

variability, with remaining months being transitional, shifting to

different seasons from year to year due to interannual variability.
2 Materials and methods

2.1 Time series of discharge, winds and
water level

Daily information of river discharge was obtained from the

Dayflow model of the Sacramento-San Joaquin Delta hydrology

produced and made available by California Department of Water

Resources. The “Net Delta Outflow” product, which will be simply

referred to as discharge, was selected for this study. This product

represents 93% of the freshwater inflow to SF Bay, and is calculated

by the Dayflow model using river inflow, precipitation, evaporation,

water export and consumptive usage of water across the Delta. Data

availability and a detailed description of Dayflow can be found at:

https://data.cnra.ca.gov/dataset/dayflow. Freshwater inflow from

the Delta travels approximately 75 kilometers through Northern

and Central San Francisco Bay before reaching the ocean. This

region of the Bay is a partially mixed, microtidal estuary, where

water residence times vary seasonally—from just a few days during

periods of high winter river discharge to several months during the

dry summer season (Walters et al., 1985).

Hourly values of wind speed and direction were obtained from

buoy 46026 (37°45.23’ N, 122°50.33’ W) from NOAA’s National

Data Buoy Center (NDBC), located near the center of the GoF, 33.3

km west of San Francisco (Figure 1). Speed and direction were

transformed into zonal and meridional components, and used to

compute wind stress following Large and Pond (1981). A 40-hour

cut off low-pass filter was applied to those components in order to

eliminate diurnal and other high frequency variability, and data

were binned to daily values. Finally, the wind stress was rotated into

along- and cross-shelf direction, determined by the direction of

maximum variance (39.36° counterclockwise from true north) and

minimum variance (39.36° counterclockwise from true east),

respectively. Nearly 10.4% of the time series had missing values,

which were mostly filled by regressing significantly correlated wind

observations from along- and cross-shelf windstresses from

adjacent NDBC stations 46012 (37°21.3’ N, 122°52.8’ W, off Half

Moon Bay; not shown) and 46013 (38°14.1’ N, 123°19.0’ W, off

Bodega Bay; not shown), located 44.4 southwest and 88.9 km
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northwest from San Francisco, respectively. The resulting wind

stress time series had less than 0.5% of remaining gaps.

Water level information, used here as a proxy for pressure

gradients, was obtained from hourly measurements recorded at

NOAA tide gauge station 9414290 (37°48.4’ N, 122°28.0’W), inside

San Francisco Bay, located nearly 1.1 km from the Golden Gate

(Figure 1). Water level time series was detided using harmonic

analysis (removing six major constituents: M2, K1, O1, S2, N2 and

P1) and subsequently low-pass filtered with a 40-hour cut off,

similar to wind stress, and data were binned to daily values. Less

than 0.3% of gaps present in the time series were filled by regressing

significantly correlated water level observations from NOAA station

9415020 (37° 59.7 N, 122° 58.4 W, at Point Reyes; not shown),

located 47 km northwest of San Francisco.

Finally, discharge, along- and cross-shelf wind stress, and water

level were averaged to monthly values. Their respective anomalies

were then calculated by subtracting their seasonal cycles, estimated

through harmonic analysis using annual and semi-annual cycles,

and subsequently removing their long-term trends through linear

regression. These anomalies time series were then used to

investigate their potential relationship to SFBP.
2.2 MODIS data

MODIS Level 1A (L1A) images from satellites Aqua and Terra

covering the GoF and surrounding region (swaths between 37.2-

38.4°N and 123.8-122°W) were obtained from the NASA Ocean

Biology Processing Group (https://oceancolor.gsfc.nasa.gov/)

during the period of July-2002 to October-2023 (~21 years of

data, when both MODIS and river discharge data are available

simultaneously). The images were processed from L1A to Level 2

(L2) using NASA’s software SeaDAS (SeaWIFS Data Analysis

System, version 9.1.0, http://seadas.gsfc.nasa.gov/). Atmospheric

correction was performed using the combined NIR-SWIR (Near

Infrared Radiation-Shortwave Infrared Radiation) algorithm for

turbid coastal waters (Wang and Shi, 2007; Wang et al., 2009). In

the NIR-SWIR algorithm, a turbid water index is calculated at each

pixel. If the index is above a threshold, the water is considered

turbid and then the SWIR atmospheric correction is applied; if the

index is below the threshold, then the NIR atmospheric correction,

traditionally employed in open ocean, is applied. This combined

method has been shown to increase the accuracy of ocean color

retrieval in coastal regions (Shi and Wang, 2007; Wang and

Shi, 2007).

Normalized water-leaving radiance at the 555 nm band

(nLw555, in units of mW cm-2 µm-1 sr-1), was selected in this

study to track turbid waters associated with the SFBP. The nLw555

have been widely used as a proxy for turbid river plume waters as it

is correlated with concentration of suspended sediments (Otero and

Siegel, 2004; Lira et al., 1997; Lahet et al., 2001; Loisel et al., 2001;

Toole and Siegel, 2001), and it has been adopted to study river

plumes throughout the globe, including plumes from the U.S. West

Coast (Otero and Siegel, 2004; Nezlin et al., 2005; Nezlin and

DiGiacomo, 2005; Thomas and Weatherbee, 2006; Mazzini et al.,
Frontiers in Marine Science 04
2015; Holt et al., 2017; Saldias et al., 2016), Chile (Saldias et al.,

2012), Portugal (Mendes et al., 2014), Spain (Caballero and

Navarro, 2011; Caballero et al., 2014), Brazil (Lemos et al., 2022),

and Japan (Lihan et al., 2008). nLw555 was mapped with a 1 km

horizontal spatial resolution with default L2 flags applied. Daily

composites were then created combining MODIS Aqua and Terra

to increase coverage, and a 3x3 pixel median filter was applied to

reduce noise (Wall et al., 2008).

MODIS monthly data availability during the study period

(2002-2023) is shown in Figure 2. On average, data is available at

each pixel nearly 42.5% of the time (~13 days per month), however,

a clear seasonal cycle can be seen in the data availability due to cloud

cover and the marine layer (fog). Mid to late summer (July and

August) has the lowest data availability at 25-26% (~8 days per

month), while the highest availability is seen in the fall (between

October and November) and early spring (April), with 50-52%

availability (~15-16 days per month).
2.3 Plume analysis

Turbid waters associated with the SFBP were identified and

distinguished from adjacent ocean waters following the method first

proposed by Nezlin and DiGiacomo (2005) and subsequently

employed in a number of studies (e.g. Nezlin et al., 2005; Lahet

and Stramski, 2010; Gonçalves et al., 2012). The method consists of

finding a threshold value of radiance for plume boundary detection,

with the threshold defined as the radiance value that maximizes the

correlation between river discharge magnitude and the plume

surface area. Threshold values of nLw555 from 0.5 to 2.0 mW

cm-2 µm-1 sr-1 were tested iteratively during clear sky days (data

coverage above 95%), and weak wind conditions (along-shelf wind

stress magnitude below the 25th percentile, 0.02 Pa) at different lags

for river discharge and wind stress. A maximum correlation of 0.78

was found for a nLw555 level of 1.2 mW cm-2 µm-1 sr-1, with a 5 day

lag for discharge and a 1 day lag for along-shelf wind-forcing

(Figure 3). The nLw555 level of 1.2 mW cm-2 µm-1 sr-1 was

therefore selected as the turbidity threshold for determining the

presence of SFBP at each pixel for each day during the study period.

Frequency of plume occurrence was calculated monthly by

dividing the number of times the SFBP was present at a given pixel

(nLw555 levels greater than threshold of 1.2 mW cm-2 µm-1 sr-1) by the

number of days with available data in a given month (e.g., days with no

clouds), and expressed in a percentage. All analyses conducted in this

paper use the monthly frequency of plume occurrence, unless stated

otherwise. The area of turbid SFBP influence in the GoF (which will be

referred simply as “SFBP area”) was defined as the sum of the areas of

all pixels, each weighted by the fraction of plume occurrence for each

month; this calculation was conducted isolating the GoF region

(bounded latitudinally between Pt Reyes and Pt Montara and

offshore by the 200 m isobath), given the focus of this work, and to

avoid the influence of smaller river outflows beyond the GoF limits (e.g.

Speiser and Largier, 2024). Anomaly times series of plume area were

then calculated by subtracting annual and semi-annual cycles

computed through harmonic analysis (adding higher harmonics did
frontiersin.org
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not improve the skill of the fit), and were used to explore the potential

relationship with forcings (winds, water level, discharge - see below).

At each pixel, frequency of SFBP occurrence was separated into

intraseasonal, seasonal and interannual bands to quantify the

relative contribution of these time scales to the overall plume

variability (e.g. Martineac et al., 2024). This was done by first

fitting annual and semi-annual cycles, and subtracting them from

the frequency of plume occurrence time series. The resulting

anomaly time series (original minus the annual and semi-annual

cycles) was then high-pass filtered with an eight month cutoff to

separate the intraseasonal band, and lowpass filtered with a sixteen

month cutoff to separate the interannual band. Finally, the seasonal

band was separated by band-passing the anomaly time series with

cutoffs between eight and sixteen months, and adding back the

fitted annual and semi-annual cycles. The error associated with this

approximation (i.e., the difference between the variance of the

original data and the sum of the variances from intraseasonal,

seasonal and interannual time scales) was small, on average 8.2%

(standard deviation: 2%).
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3 Results

3.1 SFBP: mean characteristics

Average and standard deviation maps of SFBP frequency of

occurrence, computed from monthly values for the entire study

period (2002-2023), are shown in Figure 4. No measurable

difference was noted between the values computed by averaging

monthly frequency of occurrence as shown in Figure 4a from those

calculated based on daily values from the entire time series (not

shown). As expected, the average frequency of plume occurrence

had maximum values (e.g. 100%) in the San Francisco Bay estuary,

decaying radially exiting the Bay mouth, showing a coherent semi-

circular plume shape. The SFBP edge is located between 10-20 km

offshore around 50% of the time, reaching the 50 m isobath located

30 km offshore during 10% of the time. During extreme discharge

cases, which occur less than 1% of the time, the plume extends to

the shelf break, nearly 60 km offshore. The largest standard

deviation values, 20-50%, can be seen between 10-30 km from
FIGURE 2

Percent of available observations for each month (a-l) from MODIS Aqua and Terra combined in the Gulf of Farallones region from 2002 to 2023.
Availability of observations is influenced by cloud cover/marine layer contamination. Isobaths of 50, 100, and 200 are shown as gray contours, with a
thicker contour denoting the 200 m isobath marking the shelf break.
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Bay mouth, forming a band of radial shape. Standard deviation was

also computed from a monthly climatology (not shown), and no

measurable difference was noted from the calculation shown in

Figure 4b. This demonstrates that tidal advection of the plume front

is not the dominant signal in plume variability captured in our

analysis. Instead, as it will be shown later, this variability is largely

dominated by the seasonal cycle primarily due to varying

river discharge.
3.2 SFBP: mean response to wind-forcing
and discharge

While gaps in the satellite record resulting from cloud cover

contamination prevents resolving the plume at synoptic time scales
Frontiers in Marine Science 06
(2-8 days), in order to inspect the average response of SFBP to a

range of discharge and wind-forcing conditions, frequency of plume

occurrences were created from daily images, selecting periods of low

(below 150 m3/s, ~25th percentile), moderate (between 150-500 m3/

s, 25th-75th percentile), and high (above 500 m3/s, ~75th percentile)

discharge periods, as well as periods of moderate (magnitude<|0.04|

Pa, median), upwelling-favorable (<-0.04 Pa, equatorward), and

downwelling-favorable (>0.04 Pa, poleward) along-shelf winds.

Frequency of plume occurrence was computed with daily images

selected during periods combining the different discharge and wind

conditions, taking into account 5 days lag for discharge and a 1 day

lag for wind-forcing based on the maximum correlation with plume

area (see Methods section, Figure 3), and results are shown in

Figures 5a–i. During low discharge periods, the SFBP edge is located

nearly 10 km offshore around 50% of the time, with no appreciable
FIGURE 4

Maps showing the (a) average and (b) standard deviation of frequency of plume occurrence, calculated based on monthly values during the study
period (2002-2023). Isobaths of 50, 100, and 200 m are shown as gray contours, with a thicker contour denoting the 200 m isobath marking the
shelf break.
FIGURE 3

Correlation (shown in contours), between SFBP surface area bounded by different nLw555 levels and river discharge at different time lags, calculated
during clear skies and weak wind conditions (with a 1-day lag to wind-forcing).
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difference between moderate and upwelling-favorable winds.

However, during low discharge periods with downwelling-

favorable winds, a coastal current propagating poleward,

separating from Pt. Reyes, and spreading and dispersing offshore,

is observed (Figure 5d). As discharge intensifies, SFBP area notably

increases, with the plume edge reaching 20-25 km offshore and just

inshore of the 50 m isobath around 50% of the time. In extreme

cases during high discharge, the plume extends all the way to the

shelf break, located nearly 60 km offshore. Weak wind conditions

show a quasi-symmetric radial plume spread from the Bay mouth,

while during upwelling conditions the plume spreads

southwestward, and during downwelling conditions an enhanced

poleward coastal current is evident, with an associated eddy formed

downstream of Pt. Reyes, with potentially significant retention of

freshwater and associated substances and materials originating

inside the Bay (Pareja-Roman et al., 2024).
3.3 SFBP: variability

Time series with monthly values of wind-forcing, water level,

discharge, SFBP area, and frequency of plume occurrence as a

function of offshore distance (along transect depicted in Figure 1),

are shown in Figures 6a–e for the entire study period (2002-2023).

A clear seasonal cycle can be seen in all variables, with noticeable

interannual variability present particularly in water level and
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discharge. Along-shelf wind-forcing is on average upwelling-

favorable, with reversals to downwelling-favorable during most

winters and peaks varying nearly a factor of 2-3 from year to

year. Annual peaks of discharge present a wide range of magnitudes,

with over half of the years reaching above 1,000 m3/s, a quarter of

the years above 2,000 m3/s, and during only three years of the

record peaks were below 500 m3/s. Annual peaks of the SFBP area

varied from 416 km3 to 1,894 km3, occupying 13% to 60% of the

GoF area, respectively. A visual correspondence is apparent among

discharge and plume area with large discharge peaks leading to

notable increases in plume area (e.g. years 2006, 2017, 2019, 2023);

in fact plume area and discharge are significantly correlated at the

95% confidence level and in phase (maximum correlation of 0.68 at

zero month lag). The offshore extent of SFBP (along transect

depicted in Figure 1) shows the edge of the turbid plume

reaching nearly 30 km offshore around 50% of the time on most

years, and in rare cases (<1% of the time) during extreme discharge

levels, reaching the shelf break (2006, 2017).

To better visualize the seasonal cycle apparent in the time series

(Figure 6), spatial maps of plume frequency of occurrence are

shown in Figure 7 averaged for each month of the year, along

with averaged monthly values of wind-forcing, water level,

discharge, SFBP area, and frequency of plume occurrence as a

function of offshore distance (along cross-shelf transect depicted in

Figure 1) in Figure 8. SFBP area is smallest from mid-spring to fall

(May-Nov), reaching a minimum in Aug-Sep, when the plume edge
FIGURE 5

Maps showing frequency of plume occurrence for periods of (a, d, g) low (below 150 m3/s, ~25th percentile), (b, e, h) moderate (between 150-500
m3/s, 25th-75th percentile), and (c, f, i) high (above 500 m3/s, ~75th percentile) discharge, and periods of (a-c) upwelling-favorable (<-0.04 Pa), (d–f)
moderate (magnitude<|0.04| Pa, median) and (g-i) downwelling-favorable (>0.04 Pa) winds. Shifts in 5 days were applied to discharge, and 1 day to
wind-forcing based on the maximum correlation with plume area (see Methods section, Figure 3). Vectors on the left of each panel represent the
average values of windstress calculated for each scenario. Isobaths of 50, 100, and 200 m are shown as gray contours, with a thicker contour
denoting the 200 m isobath marking the shelf break.
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is located less than 10 km offshore around 50% of the time. These

small plume areas of 27-28 km2 (less than 1% of GoF area), coincide

with low climatological discharge and weak, but sustained

upwelling-favorable winds (“Relaxation Season”, Garcıá-Reyes

and Largier, 2012). As discharge starts to increase in Dec and is

sustained through the winter months, the SFBP area rapidly

increases, reaching its largest value in Jan of ~700 km2 (24% of

GoF area), corresponding to when the plume edge is seen

approximately 25-30 km offshore around 50% of the time. A

steady decrease in plume area is then seen between late winter

and mid-spring (Mar-May) even though the discharge only begins

to decrease during spring (Apr-May). The mismatch between

elevated discharge and plume area during those months could be

attributed to the effect of winds: strengthening of upwelling-

favorable winds during those months would lead to enhanced

offshore Ekman transport that can thin out the plume and make

it susceptible to mixing due to the vertically sheared horizontal

currents (Fong and Geyer, 2001), consequently decreasing

turbidity levels.

Lastly, relative contributions of intraseasonal, seasonal and

interannual time scales to the SFBP variability were computed at

each pixel, shown in Figure 9. Inshore of the 50 m isobath,

variability is largely dominated by the seasonal cycle, reaching up

to 80% of the total variance, corresponding to the seasonal

expansion-recession of the SFBP front shown in Figure 7 and
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coinciding with largest standard deviations shown in Figure 4.

Offshore of the 50 m isobath, variability is dominated by

intraseasonal band, explaining 50-80% of the total variance.

Variability at those shorter time scales can be attributed to plume

response to synoptic wind-forcing or due the filaments and eddies

(e.g. Jia and Yankovsky, 2012). Finally, interannual variability

contributed less than 20%, with greatest influence between the

vicinity of the 50 m isobath and shelf break.
3.4 Drivers of plume variability

To investigate the potential relationship between turbid SFBP

and different forcings mechanisms at each pixel, cross-correlations

were calculated between anomalies of frequency of SFBP occurrence

against anomalies of discharge, along- and cross-shelf wind stress,

and water level (proxy for pressure gradients), and are shown in

Figure 10. Anomalies were chosen for this calculation since most

variables are dominated by their respective seasonal cycles. The

largest correlations, up to 0.8, are observed between SFBP and

discharge, centered around the 50 m isobath offshore of the Bay

mouth. Correlations between SFBP and other forcings, along- and

cross-shelf winds and water level, are nearly half of those between

SFBP and discharge (~0.4). Inshore of the 50 m isobath, negative

correlations are observed between SFBP and along-shelf winds,
FIGURE 6

Time series with monthly values of (a) along- (blue and red bars) and cross-shelf (black line) windstress (b) water level, (c) river discharge, (d) SFBP
area (left; blue: observations, red: regression model - Equations 1, 2) and percentage coverage of GoF (right), (e) Hovmöller diagram showing the
frequency or plume occurrence as a function of time and offshore distance along the cross-shelf transect depicted in Figure 1.
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which are typically thought as the major driver of plume frontal

advection (e.g. Fong and Geyer, 2001; Moffat and Lentz, 2012;

Pimenta and Kirwan, 2014, etc), and can be interpreted as classical

Ekman response to wind-forcing: upwelling favorable winds

(negative along-shelf values) advect the plume front offshore,

increasing the occurrence in this area, while the opposite is true

during downwelling-favorable winds (positive along-shelf values),

hence the negative correlation. In the vicinity and offshore of the 50

m isobath, where correlations are positive, the plume is then

presumably advected primarily by along-shelf currents, which

follow wind-direction: for example, northward winds (positive

along-shelf values) lead to an increase in plume presence in the

central and northern parts of the GoF and north of Pt. Reyes (see

Figure 5g-i), with southward winds having the opposite effect, hence

the positive correlation values. The striking resemblance of

correlations between SFBP and along-shelf wind-forcing with

those between SFBP and other forcings (cross-shelf winds, water

level) are likely due to the fact that all forcings are significantly

correlated amongst themselves at the 95% confidence level

(Table 1), and thus must be interpreted with caution. Cross-shelf

winds are generally weak and unlikely to play an important role in

the local plume dynamics in comparison with along-shelf wind-
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forcing. Moreover, the largest correlations among forcings were

between water level and along-shelf wind-forcing, likely related to

water level set up/set down in response to onshore/offshore Ekman

transport. Due to the significant correlations amongst all forcings, it

is not possible to disentangle their relative roles in the

SFBP dynamics.

The cross-correlation between anomalies (seasonal cycles and

linear trends removed) of forcings and the SFBP area are shown in

Table 1. All forcings are significantly correlated with the SFBP at the

95% confidence level, with maximum cross-correlations at zero lag,

with the exception of along-shelf wind-forcing, which had

maximum correlations at one month lag. SFBP had the highest

correlation with discharge (0.68), nearly twice the correlation with

any other forcing. Next, a multivariable linear regression model that

includes the annual and semi-annual cycles of plume area, and

discharge, was created to explore the potential predictability of the

SFBP area (SFBPAreamodel, in km2) influencing the GoF region, and

can be written as:

SFBPAreamodel = a0 + a1sin(2p f1t + j1) + a2sin(2p f2t + j2)

+ a3Qanom=s (Qanom) (1)
FIGURE 7

(a–l) Mean monthly frequency of occurrence of SFBP in the GoF. Vectors on the left of each panel represent the average values of windstress for each
month. Isobaths of 50, 100, and 200 m are shown as gray contours, with a thicker contour denoting the 200 m isobath marking the shelf break.
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with

Qanom = Q − ½b0 + b1sin(2p f1t + q1) + b2sin(2p f2t + q2) + b3t� (2)

where f1 and f2 are the annual and semi-annual frequencies, 1/

365.25 and 2/365.25 days-1 respectively, t is time in days, Q and

Qanom are the monthly discharge and discharge anomalies (m3/s),

respectively, with s representing standard deviation. Regression

coefficient values obtained through least squared fitting are shown

in Table 2. Discharge was normalized by its standard deviation so

the magnitudes of regression coefficients a1, a2 and a3 representing

the relative importance of annual and semi-annual cycles of plume
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area and discharge, are all in km2 and therefore could be directly

compared. Given that all forcings are significantly correlated, only

discharge was included in the model, since the inclusion of other

forcings did not improve the skill of the model. Adding a long-term

linear trend did not improve the skill of the model either, so it was

omitted. Comparisons between SFBP area and model prediction

according to Equations 1, 2 are shown in Figure 6d and Figure 11.

Despite the simplicity of the model, it can explain over 78% of the

total SFBP area variance at monthly time scales. Magnitudes of

regression coefficients reveal that the annual cycle of plume area

(a1) has the largest amplitude, followed by the discharge and by the
FIGURE 8

Seasonal cycle of (a) along- (blue and red bars) and cross-shelf (black line) windstress (b) water level, (c) river discharge, (d) SFBP area (left) and
percentage coverage of GoF (right), (e) Hovmöller diagram showing frequency of plume occurrence as a function of time and offshore distance
along the cross-shelf transect depicted in Figure 1.
FIGURE 9

Percentage of total variance explained by (a) intraseasonal, (b) seasonal, and (c) interannual variability. Color scale on (c) is different to highlight
spatial patterns. Pixels where SFBP is present less than 0.1% of the time are excluded. Isobaths of 50, 100, and 200 m are shown as gray contours,
with a thicker contour denoting the 200 m isobath marking the shelf break.
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semi-annual cycle, which contribute to nearly 42% and 34% of the

annual cycle amplitude, respectively.
4 Discussion

This paper provides the first observationally based investigation

of the spatio-temporal variability of the turbid SFBP from

intraseasonal to interannual time scales, exploring 21 years (2002-

2023) of ocean color data from MODIS and a plume tracking

algorithm (Nezlin and DiGiacomo, 2005). Using the nLw555, which

has been shown as reliable tracer of turbidity in the upper water

column and used to study turbid river plumes throughout the

world, including the U.S. West Coast from Oregon andWashington

to southern California, we identified a turbidity threshold level of
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1.2 mW cm-2 µm-1 sr-1 (Figure 3) for determining the presence of

SFBP turbid waters in the GoF. Analyzing monthly frequency of

plume occurrence, we characterized the SFBP variability from

intraseasonal to interannual time scales, assessed the influence of

the plume in the GoF (quantifying the plume surface area), and

investigated the relationship between the plume and main forcing

mechanisms, including river discharge, winds and water level.

As the brackish and turbid San Francisco Bay waters exits the

bay mouth, the plume spreads radially, and on average, it extends

10-20 km offshore, where the largest variability is also observed

(Figure 4). However, during extreme discharge events, which occur

less than 1% of the time, the turbid plume can reach all the way to

the shelf break, located nearly 60 km offshore, constituting a direct

pathway for exporting estuarine waters to the deep ocean. Our

analysis revealed two distinct regions in which plume variability was
TABLE 1 Cross-correlation among the various forcings and SFBP area (determined by summing up all pixel areas weighted by their respective fraction
of plume occurrence).

Variable
(anomalies)

River discharge Along-shelf
windstress

Cross-shelf
windstress

Water level Plume area

River discharge 1 0.39 0.37 0.57 0.68

Along-shelf windstress – 1 0.47 0.61 0.27*

Cross-shelf windstress – – 1 0.41 0.29

Water level – – – 1 0.40

Plume area – – – – 1
*maximum correlation found at 1-month lag.
Time series from all variables have monthly resolution and the seasonal cycles and linear trends have been removed. All correlation values are statistically significantly at the 95% confidence level.
FIGURE 10

Cross-correlation between monthly anomalies (seasonal cycle removed) of frequency of SFBP occurrence and anomalies of (a) discharge, (b) water
level, (c) along-shelf and (d) cross-shelf wind stress. Pixels where SFBP is present less than 0.1% of the time are excluded. Isobaths of 50, 100, and
200 m are shown as gray contours, with a thicker contour denoting the 200 m isobath marking the shelf break.
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controlled at different time scales and inherently associated

processes. Inshore of the 50 m isobath (~30 km offshore of the

Bay mouth), the seasonal cycle is dominant, explaining up to 80% of

total variance, and plume variability is linked primarily to seasonal

changes in river input. The largest plume areas were observed

during winter months when discharge was enhanced, and the

plume occupied up to 24% of the GoF area. In contrast, during

summer months when discharge was minimal, plume occupied

only 1.5% of GoF area. Offshore of the 50 m isobath, intraseasonal

variability was dominant, explaining 50-80% of the total variance.

Synoptic wind-forcing and mesoscale and submesoscale processes

(e.g., filaments and eddies) are presumably dominant drivers of

plume variability on these shorter time scales. Interannual

variability plays a secondary role, explaining only 20% of total

variance in this offshore region.

The mean plume response to river discharge and along-shelf wind-

forcing was inspected by calculating frequency of plume occurrence

during select forcing regimes, combining varying levels of discharge

(low, moderate, high) and wind-forcing (upwelling, downwelling and

weak winds) (Figure 5). For a given wind-forcing, as discharge

increases, the plume area also increases, as typically expected. Plume

response to wind-forcing follows classical Ekman dynamics, with

upwelling-favorable winds advecting surface waters offshore through

Ekman transport and therefore increasing plume area, and

downwelling-favorable winds acting in the opposite sense, advecting

surface waters in-shore, decreasing plume surface area (Lentz and
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Largier, 2006). In addition, during downwelling-favorable winds, an

enhanced poleward propagating coastal current can be observed

(Figures 5g-i), which diverts the brackish turbid waters to the north,

minimizing the area of the plume’s bulge. As the coastal current passes

through Pt. Reyes, it separates from the coast, and the formation of an

eddy becomes evident (Pareja-Roman et al., 2024). Vander Woude

et al. (2006) has shown that this is a retentive region with enhanced

levels of chlorophyll, and our analysis suggests that the SFBP could play

an important role in local biogeochemical cycling through the input of

additional nutrients and/or the advection of phytoplankton from the

estuary and GoF. These results provide evidence that the SFBP can

influence regions beyond the GoF study area, and the remote

influences of the plume should be pursued in future studies.

The primary productivity in the GoF, similar to the rest of the

California Current System, is largely influenced by upwelling, which

delivers nutrients from the subsurface waters into the euphotic

zone. However, during periods of regional wind relaxation when the

upwelling subsides, contrasting from most regions in the California

Current System, the GoF has an additional source of nutrients and

trace metals: the SFBP (Hurst and Bruland, 2008). The additional

supply of nutrients from the SFBP is perhaps one of the reasons that

makes the GoF one of the most productive regions in the California

Current System (e.g. Wilkerson et al., 2006; Hurst and Bruland,

2008). The present study provides important insights into the

spatial and temporal variability of the SFBP, and results could be

used in conjunction with satellite remotely sensed chlorophyll and

biogeochemical models to better understand the role of SFBP waters

in the enhanced productivity in the GoF.

It is important to emphasize that this study relies on turbidity levels

and not salinity to trace the SFBP, which likely provides a conservative

estimate of the overall influence of San Francisco Bay waters in the

GoF. Sediment aggregation and settling can reduce sediment

concentrations within the plume, and therefore brackish waters can

extend far beyond the optical signal studied here. A rare in situ surface

salinity transect obtained by a Saildrone crossing the GoF during a high

discharge event (2,350 m3 s-1), shows a brackish plume with nearly

constant salinity, of 27.5-29 PSU, extending 25 km offshore of the

Golden Gate, which coincides with the edge of the turbid plume

detected in this study during similar conditions (e.g. Figures 6c, e).

Offshore, however, salinity increased nearly linearly and only reached a

constant oceanic value (33.3 PSU) at the shelf break (Gentemann et al.,

2020), which demonstrates that despite being diluted, San Francisco

Bay waters influenced a much broader region. Furthermore, a recent

numerical modeling study by Zhou et al. (2023), which investigated

dispersal of the SFBP from 2011-2012, showed qualitatively similar

seasonal behavior of the plume, with maximum extension during

winter months and minimum during summer months, but the

plume areas were biased high compared to the values obtained here.

Unfortunately, quantitative estimates of plume area were not provided
FIGURE 11

Comparison between observations of SFBP area and results from
multiple linear regression model (Equation 1). Times series of model
and observations are depicted in Figure 6d.
TABLE 2 Coefficients from multiple linear regression model, given by Equations 1, 2.

a0 a1 a2 a3 j1 j2 b0 b1 b2 b3 q1 q2

303.21 310.93 -104.53 129.85 1.37 -1.46 4,597.72 548.82 110.87 -0.01 0.87 0.33
fro
a0-3 have units km
2, and b0-3 units m3/s.
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by the study for possible comparisons. Nevertheless, while the

characterization of surface salinity remains out of the scope of this

work, sustained in situ salinity measurements in the GoF region are

crucial for making future progress in better understanding the

dispersion of the SFBP. By combining in situ salinity observations

with hyperspectral remotely sensed data from the newly launched

Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) satellite and

leveraging machine learning techniques, high-resolution synthetic

surface salinity maps could be generated for this region. This

approach would provide a valuable data set for addressing the

dispersion of SFBP and enhancing our understanding of its

ecological impact in the GoF and beyond.

Finally, while all forcings analyzed here, including discharge,

along- and cross-shelf winds and water level (proxy for pressure

gradients) can impact the SFBP, it was not possible to disentangle

their relative contributions to the plume’s variability, since all

forcings were significantly correlated amongst themselves, even

after removing their respective seasonal cycles and linear trends

(Table 1). Discharge anomalies however had correlation values that

were nearly double of any other forcing, and were therefore selected

for constructing a predictive model of the SFBP area using

multivariable linear regression (Equations 1, 2). In addition to

discharge anomalies, the model included annual and semi-annual

cycles of the plume area, and despite its simplicity, it explained over

78% of total variance of the turbid SFBP area, on monthly time

scales. Linking discharge to the SFBP area in the GoF is particularly

important since freshwater input from the Sacramento-San Joaquin

Delta into the San Francisco Bay is highly managed to meet

ecosystem objectives in the estuary by controlling the X2: the 2

PSU bottom salinity isohaline intrusion distance (e.g. Monismith

et al., 2002). The model developed here (Equations 1, 2) could be a

useful tool for scientists and stakeholders to better understand how

management actions on freshwater supply can have consequences

offshore beyond the Golden Gate and help guide future

management decisions in this ecologically important region.
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