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Abstract
Turbidity is an important habitat component in estuaries for many fishes and affects a range of other ecological functions. Decadal
timescale declines in turbidity have been observed in the San Francisco Estuary (Estuary), with the declines generally attributed to a
reduction in sediment supply to the Estuary and changes to the erodible sediment pool in the Estuary. However, we analyzed hourly
wind data from 1995 through 2015 and found statistically significant declines of 13 to 48% in wind speed around the Estuary. This
study applied a 3-D hydrodynamic, wave, and sediment transport model to evaluate the effects of the observed decrease in wind speed
on turbidity in the Estuary. The reduction in wind speed over the past 20 years was predicted to result in a decrease in turbidity of 14 to
55% in Suisun Bay fromOctober through January. These results highlight that the observed declines in both wind speed and sediment
supply over the past 20 years have resulted in reduced turbidity in the San Francisco Estuary from October through January. This
decline in turbidity in Suisun Bay potentially has negative effects on habitat for fish like the endangered Delta Smelt which are more
commonly caught in relatively turbid water.
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Introduction

Motivation and Background

Water column turbidity is an important habitat component in
many estuarine systems, and changes to turbidity can have
significant management implications. In the San Francisco
Estuary (Estuary), endangered Delta Smelt are more likely to
be caught in relatively high-turbidity water (Feyrer et al. 2007;
Sommer and Mejia 2013), and in the past, phytoplankton
growth was light-limited (Cloern 1987; Alpine and Cloern
1988). Delta Smelt distribution and habitat influence manage-
ment decisions for issues ranging from California water sup-
ply to dredging of harbors and channels. Reductions in

observed turbidity in the San Francisco Estuary are of concern
due to the potential importance of elevated turbidity to habitat
for endangered fishes such as Delta Smelt.

Turbidity is a metric based on the optical properties of a
water sample that act to scatter light at a specific angle emitted
by an instrument (Davies-Colley and Smith 2001; Gray and
Gartner 2009), and turbidity is correlated to the amount of
sediment suspended in the water column in many coastal,
estuarine, and riverine environments. The suspended sediment
concentration (SSC) is defined as the mass of sediment in a
given volume of water and is primarily driven by sediment
resuspension from the seabed and upward mixing by turbu-
lence, sediment settling and deposition on the seabed, and
external sediment supply (e.g., river inflows) (Hill and
MacCave 2001). SSC is often estimated by measuring the
water turbidity and then converting the turbidity to SSC (see
Schoellhamer et al. 2002; Fain et al., 2007; Gray and Gartner
2009; Buchanan and Morgan 2012; Nowacki and Ogston
2013). Turbidity is used as a surrogate for SSC because it is
easy to observe and the emitted light is scattered primarily by
sediment suspended within the water column (Davies-Colley
and Smith 2001; Gray and Gartner 2009). As a result, there is
a direct relationship between turbidity (nephelometric turbid-
ity units, NTU) and SSC (mg/L), as long as the sediment size
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distribution at the sensor remains relatively constant.
Turbidity is then converted to SSC using conversion curves
(e.g., Ganju et al. 2007; Buchanan and Morgan 2012).
Increases or decreases in SSC in these systems from changes
to either sediment resuspension or sediment supply will result
in corresponding changes in the turbidity. In this paper,
Bturbidity^ refers to the NTU values based on the light-
scattering properties of a water sample, while BSSC^ refers
to the mass of sediment suspended in a known volume of
water.

Long-term decreases in the SSC and turbidity in the San
Francisco Estuary (Estuary) are well documented. For ex-
ample, Schoellhamer (2011) demonstrated a step decrease
in the SSC in the Estuary in 1999. Schoellhamer (2011)
attributed the step decrease to the crossing of a threshold
from transport to supply regulation of sediment in the
Estuary. This step decrease resulted in an abrupt decrease
in SSC throughout the Estuary but cannot explain decadal
timescale trends in SSC and turbidity. Observed declining
trends in SSC and turbidity in the Estuary have generally
been attributed to long-term declines in riverine sediment
supply (e.g., Cloern and Jassby 2012; Hestir et al. 2016;
Schoellhamer et al. 2014; Wright and Schoellhamer 2004).
Schoellhamer et al. (2014) also observed a decline in
September to October average SSC in Suisun Bay from
2000 to 2011, which was attributed to a range of possible
contributing factors that would result in a decrease in sed-
iment supply to the Estuary.

Even though reductions in sediment supply can impact tur-
bidity, it is well documented that most of the time, tidal currents
and wind-wave resuspension are the dominant processes
resulting in sediment mobilization in the San Francisco Bay
(Krone 1979; Lacy et al. 1996; Schoellhamer 2002, 2011;
Brand et al. 2010) and shallow or estuarine systems in general
(Weir and McManus 1987; Maceina and Soballe 1990; Sanford
1994; Fain et al. 2007; Friedrichs 2009). The cycle of sediment
transport in the Estuary follows a strong seasonal pattern.
Episodic pulses of sediment during elevated river discharge in
the winter supply easily erodible sediment to the Estuary during
an otherwise relatively low wind speed and low SSC seasonal
period (Krone 1979; Schoellhamer 2002). Wind-wave resuspen-
sion resulting from increased wind speeds coupled with recently
supplied easily erodible sediment increase SSC in the spring and
summer, followed by a subsequent decrease in SSC in the fall as
easily erodible sediment is winnowed from the surface of the
sediment bed and wind speed decreases seasonally (Krone
1979; Ruhl et al. 2001; Schoellhamer 2002). The importance
of waves and currents on seasonal SSC patterns suggests that a
decrease in wind-wave resuspension resulting from a decrease in
wind speed could also account for some of the observed decline
in SSC and turbidity in the Estuary. This could be especially true
in the fall, after easily erodible sediments supplied during the
previous winter may have been winnowed from the shallows.

Study Area and Questions

This study focuses on Suisun Bay, a subembayment with-
in the Estuary, and the western portion of the Delta
(Fig. 1). Suisun Bay includes two subembayments,
Grizzly Bay and Honker Bay (Fig. 2). The water depth
in Suisun Bay reaches 20 m in the channels, but Grizzly
Bay and Honker Bay are typically less than 3 m deep.
Suisun Bay has historically been considered favorable
habitat for the endangered Delta Smelt when salinity is
low and turbidity is high, with Delta Smelt predominantly
caught in Suisun Bay in the fall and early winter before
migrating upstream (Bennett 2005; Bever et al. 2016).
Therefore, long-term changes in habitat quality resulting
from changes to turbidity may be important in this region
of the Estuary, especially during the fall to winter period.
During the first large flows of the water year from the
Delta tributaries, commonly referred to as the Bfirst
flush,^ large amounts of sediment are supplied to the
Estuary from tributaries, and SSC and turbidity in
Suisun Bay are strongly influenced by riverine sediment
supply (Ruhl and Schoellhamer 2004). However, turbidity
returns to baseline levels within a month following the
first flush and is driven by wind-wave resuspension and
tidal currents during the remainder of the year (Ruhl and
Schoellhamer 1999, 2004).

Wind speed over the Estuary is generally relatively low
during the late fall and winter and then increases during the
spring and summer before decreasing during the fall
(Schoellhamer et al. 2016). Wind direction is strongly influ-
enced by local orographic effects and predominantly from the
west to southwest over the northern San Francisco Bay and
the western Sacramento-San Joaquin Delta (Delta), with more
variability in direction during the winter than during the sum-
mer (Conomos 1979). When episodic winter storms pass
south of the Estuary, the winds are often from the east or
southeast (Conomos 1979).

This study analyzed wind speed data to evaluate long-term
trends at 11 stations around the Estuary and then investigated
the influence of wind-wave resuspension on turbidity in
Suisun Bay and the western Delta. The study demonstrates
that decadal changes in wind speed affect turbidity, which in
turn can affect estuarine habitat and ecology. Our approach
combined the analysis of decadal-timescale trends in observed
wind and sediment data with multiple year-long numerical
model simulations. This study addressed the following main
questions:

1. Are there consistent decadal timescale trends in ob-
served seasonal wind speed around the San Francisco
Estuary?

2. What is the effect of long-term trends in wind speed on the
turbidity in Suisun Bay and the western Delta?
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Fig. 1 San Francisco Estuary.
Orange lines delineate the wind
regions. Wind data stations
(squares) are identified by abbre-
viations spelled out in Table 1.
Triangles show locations with
field observations used to develop
SSC to turbidity conversion
curves

Fig. 2 Suisun Bay and the
western Delta with validation and
analysis stations (circles) and
analysis station (square) shown.
The location of the Sacramento
River at Freeport station is pro-
vided in Fig. 1
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Methods

A combination of data analysis and 3-D numerical modeling
was used to address the two main study questions. Twenty-
one years of wind data from 11 stations were used to evaluate
decadal timescale changes in wind speed around the Estuary.
A coupled 3-D hydrodynamic, wave, and sediment transport
model was then used to predict the effects of changes to wind
speed on turbidity in the Estuary.

Decadal Wind Trend Analysis

Hourly wind data around the Estuary were obtained from the
Bay Area Air Quality Management District (BAAQMD
2016) and the National Oceanic and Atmospheric
Administration (NOAA 2014, 2016). Wind data from each
station were initially visually screened for artificial changes
to the wind speed time series, generally represented by a
change in the minimum reported wind speed value, which
Wan et al. (2010) demonstrated can have large effects on cal-
culated trends. Stations that showed artificial changes in wind
speed were not included in further analysis.

Wind speed trends were analyzed at seven BAAQMD sta-
tions around the Estuary using hourly data from 1995 through
2015 and at four NOAA stations using hourly data from 1995
through 2013 (Fig. 1; Table 1). Any periods with more than
10% missing data were not used in the trend analysis. A sta-
tistically significant trend in the wind speed was classified as
having a Spearman rank correlation (Yue et al. 2002) p of less
than 0.05. A non-parametric rank correlation was used to test
for statistically significant trends because the non-parametric
test does not include assumptions on data distribution inherent
in a parametric test. The slope of the wind speed trend was

calculated using the Theil-Sen non-parametric method (Theil
1950; Sen 1968; Gocic and Trajkovic 2013), commonly re-
ferred to as the Sen’s slope. The slope of the trend line repre-
sents the average change in wind speed per year (McVicar
et al. 2012).

We first calculated trends in the monthly averaged wind
speed at each station for each month of the year individually.
This monthly analysis indicated that many stations had statis-
tically significant declines in wind speed from October
through January between 1995 and 2015. The months of
February through September did not have the same consisten-
cy of statistically significant wind speed declines at the anal-
ysis stations as did October through January. Based on the
consistent trends in the four consecutive months of October
through January, we grouped the wind speed data into three 4-
month averaging periods: October through January; February
through May; and June through September. At each station,
we then evaluated trends in the wind speed averaged over
these three periods. The use of 4-month-average wind speed
limited the influence on the trend analysis of episodic winter
storms occurring in different months each year.

The wind trend line based on the Sen’s slope was used to
estimate a percent decline in the wind speed from 1995
through 2015. The percentage decline in wind speed for each
station was calculated using the change in wind speed from
the trend lines over the 20-year period, rather than from dif-
ferences between the individual years at the beginning and
end of the period. The use of the trend lines in determining
the percent decline in wind speed removed any influence of
particularly high or low wind speed during the beginning or
end years of the analysis period.

The Estuary was separated into five discrete regions for
determining average wind speed trends throughout the system

Table 1 Wind trend Sen’s slope (m s−1 year−1), Spearman rank-correlation p value, and percent change in the 4-month average wind speed from 1995
through 2015

Wind Region Wind Station Averaging Period

October–January February–May June–September

Suisun Bay Shell East (SHE) − 0.021, < 0.001, − 15.6% NS NS

Port Chicago (PCT) − 0.042, < 0.001, − 21.2% NS NS

Fairfield (FAI) − 0.034, < 0.001, − 22.5% NS NS

North Delta Rio Vista (RIO) − 0.070, < 0.001, − 34.6% − 0.071, 0.003, − 26.3% − 0.157, < 0.001, − 41.7%
Sacramento Executive Airport (SAC) − 0.062, < 0.001, − 47.5% − 0.051, 0.016, − 29.5% − 0.034, 0.012, − 20.4%

South Delta Stockton Metropolitan Airport (SCK) − 0.075, < 0.001, − 43.5% − 0.036, 0.001, − 18.2% − 0.033, < 0.001, − 16.4%
Bethel Island (BET) − 0.030, < 0.001, − 20.2% NS 0.029, 0.005, 14.0%

Central Bay Point San Pablo (PSP) − 0.030, 0.014, − 13.4% NS NS

Oakland International Airport (OAK) − 0.067, < 0.001, − 35.2% NS − 0.019, 0.002, − 8.9%
South Bay San Francisco International Airport (SFO) − 0.049, < 0.001, − 25.6% NS NS

San Carlos (SCA) − 0.023, < 0.001, − 18.9% − 0.012, 0.016, − 7.6% − 0.021, < 0.001, − 11.9%

NS no significant trend at a 0.05 significance level
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(Fig. 1; Table 1). The use of five regions ensured there are
at least two wind speed stations in each region and that
the analysis in a region was not dependent on only a
single station. The percent changes in wind speed from
1995 through 2015 at the stations within each wind region
were averaged to estimate a wind reduction within each of
the five regions for each 4-month averaging period. Shell
East, Port Chicago, and Fairfield were averaged for the
Suisun Bay region; Rio Vista and Sacramento Executive
Airport were averaged for the North Delta Region;
Stockton Municipal Airport and Bethel Island were aver-
aged for the South Delta region; Point San Pablo and
Oakland International Airport were averaged for the
Central Bay and San Pablo Bay region; and San
Francisco International Airport and San Carlos were aver-
aged for the South Bay region. If any station in a wind
region had a non-significant trend during a 4-month aver-
aging period, the analysis assumed no significant trend for
that seasonal period for that region. Similarly, if two dif-
ferent stations in a region had positive and negative wind
speed trends, the analysis assumed no significant trend for
that seasonal period for that region. Thus, our approach
only assumed the presence of a trend when all stations
evaluated within a region showed consistent statistically
significant trends over a 4-month period.

Long-term trends in wind direction were examined through
evaluation of the dominant wind direction and wind roses for
each 4-month averaging period for each water year. Wind
direction at individual stations was binned into 20° bins and
the dominant direction was identified as the directional bin
with the highest occurrence in the hourly wind data over each
4-month averaging period. Wind roses were generated from
the binned wind direction to visualize the predominant wind
directions.

Turbidity Modeling

The Unstructured non-linear Tidal Residual Inter-tidal
Mudflat (UnTRIM) Bay-Delta model (MacWilliams et al.
2015) was used to predict the effects of long-term trends in
wind speed on turbidity in the Estuary, with focus on the
region surrounding Suisun Bay and the Western Delta. In
this modeling framework, the 3-D UnTRIM hydrodynamic
model is coupled to the Simulated WAves Nearshore
(SWAN) wave model and the SediMorph seabed morphol-
ogy model and runs as a fully-coupled 3-D hydrodynamic,
wave, and sediment transport model. Detailed descriptions
of the UnTRIM Bay-Delta hydrodynamic model and the
coupled hydrodynamic, wave, and sediment transport
model are provided in MacWilliams et al. (2015) and
Bever and MacWilliams (2013), respectively. Because the
models are well documented in previous literature, this sec-
tion only presents a general overview of the models.

UnTRIM Bay-Delta Model

The UnTRIM model solves the 3-D Navier-Stokes equations
on an unstructured grid in the horizontal plane. The model
uses a Z-layer vertical grid with layers at fixed elevations.
Grid layer thickness can be varied vertically to provide in-
creased resolution near the surface or other vertical locations.
The numerical method in UnTRIM allows full wetting and
drying. The governing equations are discretized using a finite
difference–finite volume algorithm. A complete description of
the governing equations, numerical discretization, and numer-
ical properties of UnTRIM are described in Casulli and
Zanolli (2002, 2005), Casulli (1999), and Casulli and
Walters (2000) and are not reproduced here.

The UnTRIM San Francisco Bay-Delta model (UnTRIM
Bay-Delta model) is an implementation of the UnTRIM hy-
drodynamic model which extends from the Pacific Ocean
through San Francisco Bay and the entire Sacramento-San
Joaquin Delta (MacWilliams et al. 2015; Fig. 3). The
UnTRIM Bay-Delta model takes advantage of the grid flexi-
bility allowed with an unstructured mesh by gradually varying
grid cell sizes, beginning with large grid cells in the Pacific
Ocean and gradually transitioning to finer grid resolution in
the smaller channels of the Delta. The vertical grid resolution
is 1 m to a depth of 20 m below the North American Vertical
Datum of 1988 (NAVD88). Between 20 m below NAVD88
and 105 m below NAVD88, the vertical layer spacing gradu-
ally increases from 2 to 5 m.

The salinity field for the Estuary portion of the UnTRIM
Bay-Delta model is initialized based on observed profiles
from transects spanning the length of the Bay (USGS
2016a). SSC in the water column is initialized to zero.
Model simulations start about 2.5 months before the analysis
period to allow for spin-up from the initial conditions.
Observations of water surface elevation at the NOAA San
Francisco station, located at Fort Point, near the southern
end of the Golden Gate Bridge, are used to drive the tidal
(ocean) boundary of the model domain. The river inflows to
the model domain include tributary inflows to the Delta, dis-
charges from water pollution control plants, and other tribu-
taries of the Estuary (Fig. 3). Delta inflow values are obtained
from daily-averaged flows estimated by the DAYFLOW pro-
gram, made available by the California Department of Water
Resources (CDWR 1986). The model also accounts for oper-
able gates, temporary flow barriers, and Delta Island
Consumptive Use (DICU) within the Delta (MacWilliams
et al. 2015). The model has been extensively validated in
previous studies and shown to accurately predict water level,
current speeds, and salinity (e.g., MacWilliams et al. 2015)
throughout the estuary under a wide range of conditions, and
for waves and suspended sediment (e.g., Bever and
MacWilliams 2013). Therefore, no further validation for hy-
drodynamic variables other than turbidity is presented here.
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Wind forcing is applied at the water surface as a wind
stress, with the drag coefficient varying based on local wind
speed according to Large and Pond (1981). Observed hourly
wind speed and direction from the BAAQMD were used to
account for spatial variability in wind velocities (Fig. 3). For
the model simulations, wind forcing within each region of the
domain was based on a single BAAQMD station within that
region following the approach used previously for specifying
wind in the model (MacWilliams et al. 2015). The use of a
single wind station to specify wind within each region in the
model rather than the multiple wind stations used in the trend
analysis is not likely to affect the study results because the
wind trends are consistent between stations within each

region. Wind data from San Carlos were used in South San
Francisco Bay, wind data from Point San Pablo were used in
Central San Francisco Bay and San Pablo Bay, and wind data
from Pittsburg and Fairfield were used in Carquinez Strait and
Suisun Bay. Wind data at Rio Vista were used in the northern
and central portions of the Delta, and data at Bethel Island
were used in the southern portion of the Delta.

Wave Modeling

The SWAN model was used to calculate the 2-D and time-
dependent waves necessary for simulating wave-induced sed-
iment resuspension. SWAN is a third-generation wave model

Fig. 3 UnTRIM San Francisco Bay-Delta model domain, bathymetry,
and locations of model boundary conditions which include inflows, ex-
port facilities, intakes for the Contra Costa Water District (CCWD), wind
stations from the Bay Area Air Quality Management District

(BAAQMD), evaporation and precipitation from the California
Irrigation Management System (CIMIS) weather stations, Delta Island
Consumptive Use (DICU), and flow control structures
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based on the wave action balance equation which is formulat-
ed for use in coastal applications (Booij et al. 1999; SWAN
Team 2016a). SWAN models the effects of wind wave gener-
ation, refraction, shoaling, dissipation by bottom friction,
white capping, nonlinear wave-wave interactions, and ambi-
ent currents on the wave properties (SWAN Team 2016b).

The SWAN implementation used in this study is config-
ured based on previous calibrations using UnTRIM and
SWAN in Suisun Bay, to the west in San Pablo Bay, and in
the South Bay (MacWilliams et al. 2012; Bever and
MacWilliams 2013; Bever and MacWilliams 2014).
Directional space is divided into 36 sections and frequency
space is divided into 47 sections between a minimum of
0.0521 Hz and a maximum of 4.1774 Hz. The processes
modeled include bottom friction based on Madsen et al.
(1988) (see SWAN Team 2016b for details), wind generated
waves, whitecapping, wave breaking, quadruplet wave-wave
interactions, wave refraction, and the influence of the currents
on the waves. A method from Rogers et al. (2003) was includ-
ed in the SWAN modeling to limit the artificial reduction of
lower frequency waves by dissipation. Wave refraction was
limited based on the Courant–Friedrichs–Lewy (CFL) criteria
to improve the calculations of wave period (Dietrich et al.
2013). SWAN was run hourly, corresponding to the use of
hourly winds in the model.

Sediment Transport Modeling

SediMorph is a morphologic model that calculates erosion,
deposition, net sediment flux at the seabed, and the adjustment
and tracking of sediment parameters in the seabed. The phys-
ics modeled in SediMorph are described in detail by
Malcherek (2001), Malcherek and Knock (2006), and Bever
and MacWilliams (2013). SediMorph allows for multiple sed-
iment classes, each with different settling velocity, critical
shear stress, diameter, erosion rate parameter, and density.
SediMorph keeps track of multiple seabed sediment layers,
each of which can be composed of different fractions of each
sediment class to allow for armoring of the seabed or the
retention of fine sediment as thin, easily erodible layers.
Erosion from a surface exchange layer is calculated according
to Ariathurai and Arulanandan (1978). The surface exchange

layer varies in thickness with the bed shear stress and seabed
grain size, as in Harris and Wiberg (1997).

Four sediment classes, representing a range of sediment
sizes and characteristics, are modeled in this application of
the UnTRIM and SediMorph models. The four modeled sed-
iment classes are silt, aggregated clay and silt which behave as
flocculated particles (flocs), sand, and gravel (Table 2). In this
way, the mud within the estuary is modeled using the silt and
flocs classes. Aggregation and disaggregation processes are
not included, and sediment mass cannot move between sedi-
ment classes. Gravel is transported only as bedload and the
other three sediment classes are transported only as suspended
load, because the model allows for each sediment class to be
treated as either bedload or suspended load. Sediment class
characteristics were determined based on available data (e.g.,
Kineke and Sternberg 1989; Smith and Friedrichs 2011) and
model calibration throughout the Estuary. These sediment
characteristics are consistent with the ranges of values used
for sediment transport modeling within the Estuary (Ganju
and Schoellhamer 2009; Van der Wegen et al. 2011; Van der
Wegen and Jaffe 2013; Bever and MacWilliams 2013). The
erosion rate parameter for each sediment class varied based on
the wave-induced bed shear stress to improve predictions of
wave-driven sediment resuspension in the Bay shallows. The
erosion rate parameter increased linearly to four times the
minimum erosion rate parameter from 0.0 Pa wave stress to
1.0 Pa wave stress. This increase in the erosion rate parameter
is similar to Moriarty et al. (2014), who varied the erosion rate
parameter as a function of water depth. An increase in the
erosion rate parameter as stress increases is also consistent
with erosion rate parameters estimated from experimental data
(see Dickhudt 2008; Schoellhamer et al. 2017). Schoellhamer
et al. (2017) hypothesize that the erosion rate parameter in-
creases with increased stress because the surface area of the
bed undergoing erosion increases as the stress increases and
sediment is eroded.

The initial sediment bed grain size distribution in each
model grid cell was determined based on over 1000 grain size
distribution observations collected from at least as far back as
1992 until 2012 (not all data was provided with collection
dates), as described by Bever and MacWilliams (2013). The
thickness of the initial sediment bed was set to 1 m. Seabed

Table 2 Parameters for each modeled sediment class

Sediment class Settling velocity
(mm s−1)

Critical shear
stress (Pa)

Diameter Density
(kg m−3)

Erosion rate parameter
(kg m−2 s−1)

Silt 0.038 0.0379 11 μm 2650 2.5 × 10−5 to 10 × 10−5

Flocculated silt and clay 2.25 0.15 200 μm 1300 3 × 10−5 to 12 × 10−5

Sand 23 0.19 250 μm 2650 5 × 10−5 to 20 × 10−5

Gravel NA NA 8 mm 2650 NA

NA not applicable parameter
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elevation and depth-averaged current speed were used to help
partition the mud fraction in the initial sediment bed into silt
and floc classes. In this approach, the percentage of the silt
class was increased relative to the flocs class as water depth
and depth-averaged velocity decrease, representing the higher
likelihood for single particle silts to settle from the water col-
umn and be present in the sediment bed in significant quanti-
ties in regions with relatively slower current speed (e.g., mud-
flats and breached salt ponds).

Model Scenarios

Eight model simulations, each spanning a 12-month period
corresponding to a specific water year, were used to predict
the effects of long-term trends in wind speed on turbidity in
the vicinity of Suisun Bay and the western Delta (Table 3).
Water years are defined as the period between October 1 of
one year and September 30 of the next, such that water year
1992 spans from October 1, 1991 through September 30,
1992. By using water years instead of calendar years, all the
water that falls with a single rainy season is captured in the
same 12-month period. Similar long-term analyses (e.g.,
Schoellhamer 2011) are also based on water years. Four base-
line scenarios simulated water years 1992, 1995, 2011, and
2015 using the observed wind speed and direction (Table 3).
Water years 1992 and 1995 were selected to provide an eval-
uation of conditions during both a Bwet^ water year (1995),
the wettest classification (CDWR2016), and a Bcritical^water
year (1992), the driest classification, during the 1990s, when
the wind speed and sediment supply were higher than the
present. Water years 2011 and 2015 were selected to provide
an evaluation of conditions during both a wet water year
(2011) and a critical water year (2015) during the 2010s under
more recent conditions, which have lower wind speed and
sediment supply than the early 1990s. The use of both critical
and wet water years allows for the examination of the effects
of wind speed trends on turbidity during both less stormy and
low sediment supply years (critical) and more stormy and high

sediment supply years (wet). The use of years from the 1990s
and the 2010s allows for the comparison of the predicted
effects on turbidity between years with relatively higher
(1990s) and relatively lower (2010s) wind speed. These four
base year scenarios were used for model validation, and as
baseline conditions for comparisons to the four wind
scenarios.

In the baseline scenarios, sediment is supplied to the system
from six Delta, one North Bay, and four South Bay tributaries.
Sediment is supplied to the Delta from the Sacramento River,
Cosumnes River, Mokolumne River, Calaveras River, San
Joaquin River, and the Yolo Bypass (Fig. 3). For the 1992
and 1995 scenarios, the SSC for the Sacramento River and
San Joaquin River inflows were set based on U.S. Geological
Survey (USGS) daily estimates (USGS 2016b), while the SSC
for the Cosumnes River, Mokolumne River, and Calaveras
River inflows were set based on rating curves (Wright and
Schoellhamer 2005). For the 2011 and 2015 scenarios, SSC
for the Sacramento River, Cosumnes River, Mokolumne
River, Calaveras River, and San Joaquin River inflows were
set based on USGS estimates of cross-sectional averaged con-
centration (USGS 2016b). The SSC for the Yolo Bypass in-
flows during all years is based on an updated rating curve
provided by the USGS (Tara Morgan-King, USGS, Pers.
Comm. 2013). Sediment is supplied to the North Bay by the
Napa River. Sediment is supplied to the South Bay from
Alameda Creek, San Lorenzo Creek, Coyote Creek, and
Guadalupe River. For these North Bay and South Bay tribu-
taries, the observed SSC from USGS was used to specify the
inflow SSC when data were available (USGS 2016b), and
rating curves were used to set inflow SSC when no observa-
tion data were available.

Four wind scenarios (Table 3, scenarios 5–8) use the base-
line winds adjusted by the observed long-term trends to eval-
uate the effect of wind speed on turbidity. Water years 1992
and 1995 were simulated with a decrease in the wind speed,
while 2011 and 2015 were simulated with an increase in the
wind speed. The hourly wind speed in the model input files
was increased and decreased by the long-term percentage
change in each wind region and 4-month averaging period
from the trend analysis (Table 4) to create model input files
with increased wind speed and with decreased wind speed.
The wind direction was not changed. The four wind scenarios
were compared to the four baseline scenarios (Table 3, scenar-
ios 1–4) to evaluate the effect of long-term trends in wind
speed on turbidity in the Estuary.

Conversion of Modeled Suspended Sediment
Concentration to Turbidity

The sediment transport model predicts the SSC in the water
column and not the turbidity directly. SSC is simulated be-
cause there are well-established physics equations for

Table 3 Matrix of the eight model scenarios. Baseline denotes model
simulations using observed wind speed

Scenario number Scenario type Water year Wind speed

1 Baseline 1992 Baseline

2 Baseline 1995 Baseline

3 Baseline 2011 Baseline

4 Baseline 2015 Baseline

5 Wind 1992 Decreased

6 Wind 1995 Decreased

7 Wind 2011 Increased

8 Wind 2015 Increased
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predicting sediment erosion, deposition, and transport, and
SSC is a conservative property. Turbidity is an optical prop-
erty of the water (see Gray and Gartner 2009), resuspension
effects on turbidity cannot be directly modeled using physics-
based equations, and turbidity is not a conservative property.
However, in systems where SSC is the primary driver of tur-
bidity, conversion curves can be used to convert between tur-
bidity and SSC. Due to the large number of available turbidity
observations, and the widespread use of turbidity (rather than
SSC) as a habitat indicator for many species, including Delta
Smelt (e.g., Nobriga et al. 2008; Sommer and Mejia 2013;
Bever et al. 2016), the model predictions of SSC were con-
verted to turbidity using conversion curves developed from
field observations. This allows for the inclusion of the physi-
cal processes driving the sediment transport and SSC into
predictions of turbidity. The conversion of SSC to turbidity
was appropriate for this study because suspended sediment is
the largest component of water turbidity in the Estuary
(Schoellhamer et al. 2002; Buchanan and Morgan 2012).
Ganju et al. (2007) found that the conversion of SSC to tur-
bidity is remarkably constant in the San Francisco Bay.
However, our analysis based on USGS data showed a very
large range in the conversion curves in the study area when the
Delta is included (Fig. 4). Because of the large range in slopes
of conversion curves, we used multiple SSC to turbidity con-
version curves throughout the Estuary and interpolated spa-
tially between these curves.

Available turbidity and SSC time series data (CDEC 2016;
USGS 2016b) at 18 stations fromCarquinez Strait through the
Delta were used to estimate the relationships used to convert
the observed turbidity into observed SSC. These curves were
then used to convert predicted SSC into predicted turbidity. A
linear interpolation from 0 NTU to 1 NTU was used at very
low predicted SSC to prevent negative predicted turbidity,
even though a very small amount of turbidity observations
in the Delta are negative values. The conversion curves were
assumed to be vertically uniformwithin each horizontal model
grid cell. To account for the spatial variability in SSC to tur-
bidity conversion curves (Fig. 4), an inverse distance-squared

interpolation based on along-channel distance was used to
develop weighting for each conversion curve at each model
grid cell. The use of along-channel distance prevents interpo-
lation across land and better represents the paths of water flow.

Model Validation

Model validation was conducted to demonstrate that the mod-
el captured the primary processes driving SSC and turbidity in
the Estuary. The predicted SSC and turbidity were initially
calibrated to observed data from water year 2011. Model pre-
dictions of turbidity were then validated against observed tur-
bidity time series at nine stations in the vicinity of the study
area for water year 2015 (Fig. 2), with two stations having
sensors at two vertical locations in the water column. This
resulted in a total of 11 time series validation comparisons at
9 locations. Water year 2015 was chosen for model validation
because it has the highest number of continuous monitoring
turbidity stations and is outside the main calibration period.
The predicted turbidity was validated using methods detailed
in MacWilliams et al. (2015), using the means and correlation
of the observed and predicted turbidity, model skill (Willmott
1981), and target diagram statistics (Jolliff et al. 2009) to clas-
sify the accuracy of the model. Although Ralston et al. (2010)
identified some shortcomings of the Willmott (1981) model
skill metric, it has nevertheless been used to compare model
predictions to observed data in numerous hydrodynamic
modeling studies (e.g., Warner et al. 2005; Haidvogel et al.
2008; MacWilliams and Gross 2013).

The target diagram statistics determine how the mean and
variability of the model predictions related to those of the

Fig. 4 SSC to turbidity conversion curves for four stations in the study
area

Table 4 Average percent reduction in the 4-month average wind speed
for each wind region

Wind region Averaging period

October–January February–May June–September

Suisun Bay 19.8% NS NS

North Delta 41.0% 27.9% 31.1%

South Delta 31.9% NS NS

Central Bay 24.3% NS NS

South Bay 22.3% NS NS

NS no significant trend at a 0.05 significance level
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observed data at numerous different times or locations. Jolliff
et al. (2009) and Hofmann et al. (2011) provide detailed de-
scriptions of target diagrams and their use in assessing model
skill. This approach uses the bias and the unbiased root-mean-
square difference (ubRMSD) between the observations and
predictions, which are normalized by the standard deviation
in the observations (biasN and ubRMSDN) to assess the accu-
racy of the model predictions. The ubRMSDN was multiplied
by the sign of the difference in the observed and predicted
standard deviations to indicate overprediction (positive) or
underprediction (negative) of the observed variability. The
radial distance from the origin to each data point is the nor-
malized total root-mean-square difference (RMSDN, calcu-

lated as RMSDN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bias2N þ ubRMSD2
N

q

). Thresholds

established by MacWilliams et al. (2015) were used to
classify the accuracy of the model predictions, with an
RMSDN less than 0.25 indicating very accurate predic-
tions, 0.25 to 0.5 indicating accurate predictions, 0.5 to
1.0 indicating acceptable predictions, and greater than 1.0
indicating relatively poor agreement between the predic-
tions and observations.

The spatial distribution in turbidity was validated using
remote sensing data. The NASA Jet Propulsion Laboratory
(JPL) used satellite data to estimate surface turbidity through-
out Suisun Bay for August 12, 2015, at 10:45 am, a date that
overlaps with the 2015 simulation. Surface turbidity was esti-
mated using data from the Landsat-8 satellite (USGS 2018)
following the method of Dogliotti et al. (2015), with an esti-
mated relative error in the remotely sensed turbidity of 13.7%.
This method uses the reflectance of 645 and 859 nm wave-
lengths to estimate surface turbidity up to 1000 Formazin
Nephelometric Units (FNU). The model-predicted surface tur-
bidity at the same date and time was compared to the remote-
sensing-estimated turbidity to validate the surface turbidity
pattern and magnitudes in the study location around Suisun
Bay assuming FNU is equivalent to NTU. The model-

predicted turbidity was interpolated onto the same 30-m by
30-m grid developed for the remote sensing data and validated
using a map-based comparison and the same statistical ap-
proach used for the time series comparisons described above.

Results

Decadal Wind Speed Trends

Seasonal-average wind speed showed statistically significant
(p < 0.05) declines at each station for the October through
January averaging period (Fig. 5; Table 1). A similar result
was obtained using the root mean square (RMS) wind speed
over each 4-month period. The RMS wind speed trends are
not discussed because they showed similar trends to the aver-
age wind speed, which are discussed in detail. Stations in the
Suisun Bay region did not have statistically significant wind
speed trends in the February through May or the June through
September averaging periods. All the North Delta stations had
statistically significant declines in wind speed for all three 4-
month averaging periods. The South Delta, Central Bay, and
South Bay regions all had stations both with and without sta-
tistically significant wind speed trends over the February
through May and June through September averaging periods.
The Bethel Island station for the June through September av-
eraging period was the only station to have a statistically sig-
nificant wind speed increase. The wind speed declines ranged
from a high of 47.5% at the Sacramento Executive Airport
during October through January to a low of 7.6% at San
Carlos during February through May (Table 1).

The wind speed trends from each individual station in the
five regions were averaged to determine an average wind
speed trend during each time period. Region-wide wind speed
declines ranged from 19.8 to 41.0% over the 20-year analysis
period between 1995 and 2015 (Table 4). Only the October

Fig. 5 Averaged wind speed and
wind speed trends for the October
through January averaging
period. Solid lines show the trend
lines from the Sen’s Slope method
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through January time period had a wind speed decline in all
five regions. For the February through May and June through
September periods, only the North Delta region had statisti-
cally significant wind speed declines at all stations. None of
the regions had consistent statistically significant wind speed
increases.

Plots of the dominant wind directions at stations around the
Suisun Bay study area do not suggest a trend in the dominant
wind direction over the October through January period when
statistically significant wind speed declines were observed
(Fig. 6). The Shell East, Fairfield, and Rio Vista stations had
almost no annual variability in the dominant wind direction
from October through January. The limited variability in the
dominant wind direction can also be seen in wind roses. Wind
roses show that Rio Vista generally has winds from three direc-
tions, but that those directions remain the same over the entire
1995 through 2015 period and the dominant direction is gener-
ally from the west-southwest (Fig. 7, left panels). The general
pattern in the wind roses at Port Chicago of wind from the
southwest or east-northeast is consistent between wet (Fig. 7e,
g) and dry (Fig. 7f, h) water years. However, the dominant wind
direction at the Port Chicago station varied by year (Fig. 6).
Some of the interannual variability in the dominant wind direc-
tion at Port Chicago may be due to differences in wind between
wet (generally more stormy) and dry (generally less stormy)
years, because wind direction can be different during episodic
storms than average October to January conditions (Conomos
1979).

Validation of Model-Predicted Turbidity

Time series observations of turbidity were used to validate that
the model captured the variability in turbidity on multiple
timescales at individual locations. Based on the target diagram
accuracy classification RMSDN thresholds fromMacWilliams
et al. (2015), the model accurately predicted the turbidity at
one location, acceptably predicted the turbidity at seven loca-
tions, and poorly predicted the turbidity at three locations in

the study area (Table 5). The observation station in Grizzly
Bay is located near the edge of expansive shallows, and tur-
bidity at this location is influenced both by wind-wave resus-
pension in the shallows and relatively less turbid water from
the main channel (see spatial validation of the predicted sur-
face turbidity below). At the Grizzly Bay station, the model-
predicted tidal timescale increases in turbidity at the same
times as the observed turbidity increases (Fig. 8a). The model
also captured the increases and decreases in turbidity occur-
ring on an approximately 2-week spring-neap cycle (Fig. 8a,
b) and the seasonal cycle of relatively low turbidity in the late
fall and winter increasing in the spring through the summer
and then decreasing into the late fall (Fig. 8b). The model
tended to underpredict the peaks in the observed turbidity,
resulting in a low slope of the best-fit line. This
underprediction of turbidity may result from either an
underprediction of sediment resuspension or from uncertainty
in the conversion from SSC to turbidity. The Grizzly Bay
station is approximately equidistant from Benicia and
Mallard Island, which have markedly different conversion
curves between SSC and turbidity (Fig. 4). For example, for
a predicted SSC concentration of 100 mg/L, the Benicia
Bridge curve would yield a turbidity value of approximately
66 NTU, whereas the Mallard Island curve yields a turbidity
value of approximately 134 NTU (103% higher). Because the
spatial conversion from SSC to turbidity weights the conver-
sion curves for both these stations, there is significant uncer-
tainty in the magnitude of the turbidity due to the difference
between these two curves (Fig. 4). Thus, while the model
accurately predicts the timing of individual peaks and longer
term seasonal trends, uncertainty in the magnitude is intro-
duced by applying SSC to turbidity conversions derived from
data collected at other locations to this station.

Based on the target diagram accuracy classification
RMSDN thresholds, the second poorest predictions of turbid-
ity were at the Three Mile Slough Station (Fig. 9). The Three
Mile Slough station is in the Delta between the Sacramento
and San Joaquin Rivers, where turbidity is more strongly

Fig. 6 Dominant wind direction
for the October through January
averaging period
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influenced by periods of elevated river discharge and junction
dynamics than wind resuspension. Additionally, the SSC to
turbidity conversion at this station most strongly weights the
conversion curves for the Rio Vista and Jersey Point stations,
which have markedly different conversion curves between
SSC and turbidity (Fig. 4). For example, for a predicted SSC
concentration of 100 mg/L, the Rio Vista curve would yield a
turbidity value of approximately 71 NTU, whereas the Jersey
Point curve yields a turbidity value of approximately 113
NTU (59% higher). This range of uncertainty may explain
the wide range of slopes on the best fit lines between observed
and predicted turbidity (Table 5), whereas the prediction of the

timing and pattern of peaks in turbidity are accurate on both
tidal (Fig. 9a) and seasonal (Fig. 9b) timescales. Both the
observed and predicted turbidity showed two episodic increases
as a result of two periods of elevated river discharge fromwinter
storms (Fig. 9). The observed and predicted turbidity also both
indicated relatively low turbidity with little variability before
the elevated discharge, increasing turbidity and increasing tidal
variability between December 10 and December 15, 2014, and
then a large increase in turbidity and tidal variability between
December 15 and December 20, 2014 (Fig. 9a). This large
tidal-timescale variability during elevated discharge results
from differences in flow direction through the junction between

Fig. 7 Wind roses for two wet
(1997 and 2011) and two dry or
critical (2001 and 2015) water
years
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the turbid Sacramento River and the relatively clear San
Joaquin River on a tidal-timescale. Following the elevated dis-
charge, the observed and predicted turbidity both return to rel-
atively lower turbidity and lower tidal variability. The modeled

turbidity was overpredicted during the episodic events,
resulting in the steep slope to the best fit line. However, some
of this overprediction in turbiditymay result from uncertainty in
the SSC to turbidity conversion curves.

Fig. 8 Observed and predicted turbidity at the Grizzly Bay monitoring station

Table 5 Statistics used for assessing the accuracy of the turbidity predictions from the 2015 baseline scenario. The amplitude ratio is the slope of the
best fit line between the observations and the predictions. The skill is the model skill as calculated based on Willmott (1981)

Location Mean turbidity Amp ratio r2 Skill Target diagram

Observed (NTU) Predicted (NTU) BiasN ubRMSDN RMSDN

Benicia Bridge (BEN, Upper) 19.8 18.2 0.23 0.14 0.56 − 0.10 − 0.96 0.96

Benicia Bridge (BEN, Lower) 32.0 41.6 0.20 0.15 0.54 0.35 − 0.93 0.99

Grizzly Bay (GZL) 50.1 38.1 0.40 0.48 0.75 − 0.23 − 0.73 0.76

Honker Bay (HON) 41.2 29.4 0.43 0.48 0.74 − 0.33 − 0.73 0.80

Mallard Island (MAL, Upper) 31.2 32.5 0.66 0.44 0.81 0.06 0.82 0.82

Mallard Island (MAL, Lower) 31.5 41.1 0.65 0.40 0.75 0.48 0.87 0.99

Sacramento River at Decker Island (SDI) 28.5 18.3 1.28 0.64 0.82 − 0.47 1.00 1.11

Three Mile Slough (TSL) 16.8 14.2 1.73 0.80 0.84 − 0.19 1.13 1.14

Sacramento River at Rio Vista (SRV) 16.7 11.6 0.69 0.82 0.92 − 0.23 − 0.45 0.50

San Joaquin River at Antioch (ANH) 19.3 12.0 0.71 0.50 0.78 − 0.59 0.77 0.97

San Joaquin River at Jersey Point (SJJ) 12.1 6.5 0.80 0.37 0.72 − 0.71 1.05 1.27

2-D JPL Estimated Surface Turbidity 38.1 45.9 0.65 0.75 0.90 0.21 − 0.51 0.55
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Remote sensing data was used to validate that the predict-
ed turbidity captured spatial distributions in observed turbid-
ity. The JPL remote sensing turbidity and the model predic-
tions of turbidity both show the same spatial pattern in sur-
face turbidity (Fig. 10). The model predictions and the esti-
mates derived from satellite imagery both show relatively
lower turbidity water throughout most of Suisun Bay and
higher turbidity in the shallow portions of Grizzly Bay.
Both estimates of turbidity show a sharp turbidity gradient
between the high turbidity region in Grizzly Bay and the rest
of Suisun Bay, which is much less turbid. The model

predicted lower turbidity than estimated from remote sensing
along the northwest shore of Suisun Bay. This difference in
estimated turbidity is shown on the scatter plot (Fig. 10c) by
an increase in the remote sensing turbidity from 200 to about
360 NTU, while the model predictions remain around 75
NTU. This area of very high remote sensing turbidity is lo-
calized to a relatively small area that is below the horizontal
resolution of the model. Statistically, the model predicted av-
erage turbidity to be 7.8 NTU higher than the remote sensing
estimate and acceptably predicted the remote sensing turbid-
ity (RMSDN = 0.55; Table 5). When accounting for the

Fig. 9 Observed and predicted turbidity at the Three Mile Slough monitoring station

Fig. 10 a Surface turbidity pattern observed by satellite remote sensing, b surface turbidity predicted by the model, and c scatter plot comparing the
remote sensing turbidity to the model-predicted turbidity
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estimated relative error in the remotely sensed turbidity esti-
mates (13.7% from Dogliotti et al. 2015), the model bias over
Suisun Bay is potentially reduced from 7.8 to 2.6 NTU.

The model predictions of the timing and magnitude of el-
evated turbidity on multiple timescales (tidal, fortnightly, and
seasonal), as seen on Figs. 8 and 9, and the accurate prediction
of spatial turbidity patterns (Fig. 10), demonstrates that the
model is accurately capturing the dominant processes
influencing sediment resuspension and transport and the
resulting turbidity in the study area. Because the model cap-
tures the relevant processes, it is suitable for use in investigat-
ing the influence of the observed decline in wind speed on
turbidity in the Estuary.

Effects of Wind Speed Trend

Four model scenarios evaluated the effect of long-term trends
in wind speed (Table 3, scenarios 5 through 8). These scenar-
ios indicated that the effect of the observed wind speed trend
on waves was the largest in the open water regions of San

Francisco Bay and decreased into the narrow channels of the
Delta, where waves are generally small. Increasing or decreas-
ing the wind speed by the observed long-term trend (Fig. 11a)
resulted in corresponding changes to the size of the predicted
waves. Reductions in wind speed resulted in reductions in
wave height (Fig. 11b) and period, and increases in wind
speed resulted in increases in wave height and period.
Decreases in the predicted waves in Suisun Bay produced
corresponding changes to the seabed shear stress (Fig. 11c),
and increases in the waves resulted in increased seabed shear
stress. The physical processes driving turbidity changes in the
study area were the cascading effects of wind on waves and
the nonlinear effect of waves on sediment resuspension from
the Suisun Bay shallows (e.g., Grizzly Bay and Honker Bay).
Sediment resuspension from the shallows was strongly influ-
enced by the predicted bed shear stress during wind-wave
resuspension events. Some of the sediment resuspended from
the shallows was then advected to the main channels, resulting
in an overall increase in turbidity throughout Suisun Bay. The
effects of increasing or decreasing the wind speed on turbidity

Fig. 11 a Suisun Bay wind speed used in the scenarios, b significant
wave height, c wave and current combined seabed shear stress, and d
turbidity at the Grizzly Bay monitoring station for the 1995 baseline and
decreased wind scenarios. The shaded periods highlight resuspension

events in the baseline scenario that were not predicted in the decreased
wind scenario. The dashed line in (c) shows the critical shear stress of the
flocs sediment class for reference

Estuaries and Coasts



were not predicted to be uniform in time; rather, the majority
of the differences in turbidity between the baseline (scenarios
1 through 4) and the wind scenarios (scenarios 5 through 8)
occurred during wind-wave episodes and periods of elevated
sediment resuspension (Fig. 11d). Following the periods of
elevated resuspension, both the baseline and wind scenarios
returned to similar background values.

Figure 11d highlights periods of elevated sediment resus-
pension and turbidity that occurred in the baseline but were
absent when the wind speed was decreased. This indicates that
the decrease in wind speed decreased the waves over a large
portion of the Grizzly Bay shallows such that the bed shear
stress was below the critical shear stress of the modeled sed-
iment classes, resulting in some of the relatively large resus-
pension events in the baseline not being predicted in the de-
creased wind scenario. The wind scenarios which applied the
observed long-term trends in wind speed as wind speed in-
creases predicted similar findings, with both higher turbidity
during resuspension events and more resuspension events and
turbidity peaks than the baseline.

Similar to the waves, the effect of the observed wind speed
trend on turbidity was largest in the open water regions of San
Francisco Bay and decreased into the narrow channels of the
Delta (Fig. 12; Tables 6 and 7). The October through January
period had the largest effect of changes to wind speed on
turbidity (Tables 6 and 7). During the October through
January period, the four wind scenarios (Table 3, scenarios 5
through 8) applied wind speed trends throughout the entire
Estuary based on the observed trends at all stations during
these months. For the remainder of the year, the wind scenar-
ios applied the trend to wind speed only in the North Delta

region (Table 4). The largest effects on turbidity due to de-
creasing wind speed for 1992 and 1995 (Table 6) and increas-
ing wind speed for 2011 and 2015 (Table 7) are evident at the
Grizzly Bay and Honker Bay stations in open water (Fig. 12).
Averaged over October through January, during the water year
1992 (critical water year) wind scenario, the observed reduc-
tion in wind speed was predicted to decrease the turbidity by
55% in Grizzly Bay (Fig. 13a; Table 6) and had a smaller
decrease of 26% at Sherman Island (Fig. 14a; Table 6). The
1995 (wet water year) scenario predicted similar results be-
tween Grizzly Bay (Fig. 13a; Table 6) and Sherman Island
(Fig. 14a; Table 6) with decreases of 50 and 7%, respectively.
During the 2011 (wet water year) scenario, an increase in the
wind speed equal to the long-term trend resulted in an average
increase in turbidity of 60% at the Grizzly Bay station
(Fig. 13b; Table 7) and again less effect (4% increase)
progressing up the Sacramento River at Sherman Island
(Fig. 14b; Table 7). The water year 2015 (critical water year)
scenario predicted similar results with comparatively larger
effects of wind on turbidity during the October through
January period at Grizzly Bay (Fig. 13b; Table 6) than at
Sherman Island, with increases of 50 and 8%, respectively
(Fig. 14b; Table 7). Somewhat smaller turbidity effects were
predicted during this time period at the Benicia and Mallard
Island stations relative to the Grizzly Bay station. At the Rio
Vista and Freeport stations in the Delta, only very small effects
on turbidity were predicted as a result of either increasing or
decreasing winds between October and January.

During the February through May and June through
September periods, when the wind trends were applied only
in the North Delta, the effects on turbidity due to decreasing

Fig. 12 Change from the baseline
in depth-averaged turbidity aver-
aged over the October through
January period resulting from
changes to wind speed
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Table 6 Baseline turbidity and turbidity change magnitude (NTU) and percent at stations in the vicinity of Suisun Bay and in the Delta resulting from
decreasing wind speed. Shading highlights when wind speeds were not changed relative to the baseline

Station Oct–Jan Feb–May Jun–Sep

Baseline
(NTU)

Change
(NTU)

Change
(%)

Baseline
(NTU)

Change
(NTU)

Change
(%)

Baseline
(NTU)

Change
(NTU)

Change
(%)

Water year 1992: reduced wind

Benicia 32 − 8 − 25 41 0 0 45 2 4

Grizzly Bay 22 − 12 − 55 48 1 2 62 2 3

Honker Bay 20 − 11 − 55 55 0 0 50 1 2

Mallard Island 26 − 9 − 35 64 − 1 − 2 43 1 2

Sherman Island 19 − 5 − 26 86 − 2 − 2 16 0 0

Rio Vista 13 − 1 − 8 31 − 1 − 3 8 − 1 − 13
Freeport 4 0 0 38 1 3 4 1 25

Jersey Point 8 − 3 − 38 20 − 1 − 5 4 − 1 − 25
Water year 1995: reduced wind

Benicia 36 − 6 − 17 36 0 0 30 1 3

Grizzly Bay 24 − 12 − 50 42 4 10 33 0 0

Honker Bay 22 − 7 − 32 40 − 4 − 10 38 1 3

Mallard Island 42 − 6 − 14 52 − 1 − 2 23 − 1 − 4
Sherman Island 68 − 5 − 7 77 − 1 − 1 22 0 0

Rio Vista 32 − 1 − 3 45 − 1 − 2 18 0 0

Freeport 43 0 0 46 0 0 20 − 2 − 10
Jersey Point 20 − 1 − 5 23 − 1 − 4 9 − 2 − 22

Table 7 Baseline turbidity and turbidity change magnitude (NTU) and percent at stations in the vicinity of Suisun Bay and in the Delta resulting from
increasing wind speed. Italics highlights when wind speeds were not changed relative to the baseline

Station Oct–Jan Feb–May Jun–Sep

Baseline
(NTU)

Change
(NTU)

Change
(%)

Baseline
(NTU)

Change
(NTU)

Change
(%)

Baseline
(NTU)

Change
(NTU)

Change
(%)

Water year 2011: increased wind

Benicia 31 8 26 27 0 0 24 0 0

Grizzly Bay 15 9 60 36 − 3 − 8 23 0 0

Honker Bay 16 7 44 29 − 1 − 3 17 0 0

Mallard Island 26 6 23 22 2 9 13 0 0

Sherman Island 26 1 4 30 2 7 12 0 0

Rio Vista 19 0 0 24 1 4 12 0 0

Freeport 25 − 1 − 4 25 0 0 13 0 0

Jersey Point 8 1 13 8 3 38 3 1 33

Water year 2015: increased wind

Benicia 32 8 25 38 0 0 41 − 1 − 2

Grizzly Bay 12 6 50 56 0 0 62 0 0

Honker Bay 18 6 33 49 0 0 45 1 2

Mallard Island 34 6 18 45 1 2 39 1 3

Sherman Island 40 3 8 32 1 3 13 1 8

Rio Vista 22 1 5 15 1 7 7 1 14

Freeport 23 0 0 15 − 1 − 7 4 0 0

Jersey Point 12 3 25 8 2 25 4 1 25
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wind speed for 1992 and 1995 (Table 6) and increasing wind
speed for 2011 and 2015 (Table 7) were relatively small for all
the analysis stations except Jersey Point. The small change in
turbidity relative to the period when the wind trends were
applied throughout the study region is evidenced by the small-
er changes predicted at the Grizzly Bay station between

February and May (Fig. 13). The smaller effect of the wind
trends during the February through May and June through
September periods results because only the North Delta region
had a statistically significant wind speed trend during these
months (Table 4) and the effect on turbidity resulting from
changes in wind speed from October through January

Fig. 13 Tidal-averaged turbidity change from the baseline at the Grizzly Bay station. Shading highlights when the wind speed was increased or
decreased in all five regions relative to the baseline

Fig. 14 Tidal-averaged turbidity
change from the baseline at the
Sacramento River at Sherman
Island station. Wind speed was
increased or decreased relative to
the baseline during the whole year
at this station
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throughout all five regions was largely confined to that time
period. Turbidity in the North Delta region near large open-
water areas was predicted to be more affected by wind speed
trends from June through September than Suisun Bay. For
example, the largest predicted declines in turbidity resulting
from decline in wind speed trends in the North Delta during
June and September were at Jersey Point (Tables 6 and 7).

The availability of easily erodible sediment on the seabed
was increased when past resuspension and winnowing were
decreased. This lead to changes in turbidity in the wind sce-
narios relative to the baseline outside of the time period when
the winds were adjusted. For example, turbidity in Grizzly
Bay was increased in the reduced wind scenarios relative to
the baseline during some resuspension events in February
through May 1992 and 1995 (Fig. 13a). This increase in tur-
bidity relative to the baseline was because the reduction in
wind-wave resuspension during October through January re-
sulted in slightly more easily erodible sediment remaining at
the bed surface following the end of the October through
January period than in the baseline. The 2011 wind scenario
shows similar results, with an increase in wind speed and
wind-wave resuspension during October through January
due to higher winds resulting in a slight decrease in fine sed-
iment at the bed surface relative to the baseline and a general
slight decrease in turbidity from February through
May 2011 at the Grizzly Bay station (Fig. 13b).

Discussion

Decadal Reduction in Wind Speed

This study documented a statistically significant decline in wind
speed throughout the Estuary from 1995 through 2015.
However, there was interannual variability in the seasonally av-
eraged wind speed around the long-term trend (Fig. 5). Because
California was in a drought fromwater year 2013 through 2015,
it was possible that multiple low storm years at the end of the
1995 through 2015 record, possibly corresponding to low aver-
age wind speed from October through January, could have
caused the decline in wind speed to be statistically significant.
However, when the averagewind speed trendswere recalculated
using only the 1995 through 2012 data, the decline in average
wind speed from October through January was still statistically
significant at every station evaluated except one (Point San
Pablo, p = 0.123). Also, 1995 through 2000 were all wet or
above normal water years at the beginning of the analysis peri-
od, possibly corresponding to above-average wind speed from
October through January. Excluding 1995 through 2000 from
the analysis period, results in the analysis both starting and end-
ing with dry or critical water years. After excluding 1995
through 2000 from thewind trend analysis, all stations evaluated
except Point San Pablo (p = 0.081) and San Francisco Airport

(p = 0.067) had statistically significant wind speed declines. This
demonstrates that the cause of the decline in wind speed is likely
a result of decadal changes in conditions driving the winds over
the Estuary and not the sequence of wet versus critical (dry)
water years during the 20-year time period evaluated.

It is unclear whether the observed decline in wind speed
over the past 20 years will continue, whether future winds will
remain at the current lower level, or whether this trend is
cyclical and will reverse in the coming decades. While the
available data from 1995 through 2015 was consistent in in-
dicating wind speed declines in the fall, a similar analysis of
the NOAAwind data around the Estuary from 1973 to 1994
indicated that three stations (Oakland International Airport,
Sacramento Executive Airport, and Stockton Metropolitan
Airport) did not have a statistically significant trend in wind
speed and one station (San Francisco Airport) had a statisti-
cally significant increasing trend over the 20 years preceding
the analysis period used in this study.

Previous studies have documented the influence of climate
oscillations on wind speed and direction. For example, Scully
(2010) showed that wind direction over the Chesapeake Bay is
associated with the modified Bermuda high climate index, and
that much of the decadal variability in the volume of hypoxic
water is also associated with the modified Bermuda high
index. Wei et al. (2016) showed a link between North
Pacific sea surface temperature anomalies and wind over the
ocean. The Pacific Decadal Oscillation (PDO) is a climate
oscillation based on sea surface temperature anomalies in the
northern Pacific and is itself a product of three different pro-
cesses (Mantua and Hare 2002; Newman et al. 2016). The
PDO underwent an increasing trend from the early 1970s until
the mid-1980s and a decreasing trend from the mid-1980s
until the mid-2010s. These trends in the PDO, or correspond-
ing trends in the processes driving the PDO, could be influenc-
ing the observed wind speed trend from 1995 through 2015
and the absence of a wind speed trend when we analyzed the
available wind data from 1973 through 1994. Further work to
identify the mechanisms driving the observed wind speed
trends would both improve the ability to forecast future wind
speed trends (or the absence of trends) and improve the un-
derstanding of the mechanisms behind past trends.

Effect of Long-Term Declines in Wind Speed
on Turbidity

The observed long-term decline in wind speed resulted in a
large decrease in SSC and turbidity in the open-water areas of
the Estuary from October through January when turbidity po-
tentially provides an important habitat component for native
fishes. This demonstrates that declines in observed SSC and
turbidity in the Bay over the past 20 years are a product of both
reduced sediment supply and reduced wind speed.
Specifically, the trend in decreasing SSC in Suisun Bay from
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2000 to 2011 identified by Schoellhamer et al. (2014) that was
attributed to a decrease in sediment supply may result in part
from a decline in wind speed. Even if the supply of sediment
to the Estuary levels off, a continued decrease in wind speed
could result in a continued decrease in turbidity. However, if
the decrease in wind speed is cyclical, future increases in wind
speed may result in increased turbidity, particularly in open
water areas of the Estuary, such as Suisun Bay. If the sediment
supply to the Estuary remains low and the shallows (e.g.,
Grizzly Bay) erode and deepen over time (Cappiella et al.
1999), then the effectiveness of wind waves at resuspending
sediment and increasing turbidity will be reduced such that
future increases in wind speed may not result in corresponding
increases in turbidity.

The predicted magnitudes of the reduction in turbidity from
October through January that resulted from a decline in wind
speed are ecologically important, even if the magnitude of the
turbidity decreases do not appear to be large (maximum of 12
NTU decrease when averaged over October through January;
Tables 6 and 7). Because the SSC and turbidity during this
portion of the year are already seasonally low, further de-
creases in turbidity may exacerbate any negative ecological
effects of both the step decrease in turbidity in 1999 and the
continued observed decline in turbidity since 1999. For exam-
ple, Delta Smelt are more likely to be caught in the Estuary
when the turbidity is relatively high, with a turbidity of less
than 18 to 12 NTU considered unfavorable for Delta Smelt
(Baskerville-Bridges et al. 2004; Sommer and Mejia 2013).
Grizzly and Honker Bays are favorable habitat for Delta Smelt
catch if the salinity is low and the turbidity is high (Bever et al.
2016). However, the scenarios evaluated here suggest that
reductions in turbidity as a result of decreasing wind speed
over the past 20 years have contributed to the more frequent
occurrence of low turbidity levels considered unfavorable for
Delta Smelt catch in Grizzly and Honker Bays.

While the analysis of wind direction did not suggest decad-
al trends in dominant wind direction, it is difficult to analyze
long-term trends in wind direction. The analysis of wind di-
rection suggested that during very stormy years, there is more
variation in dominant wind direction than in less stormy years.
This may have implications for turbidity because the Estuary
is a fetch limited system, and winds of equal speed from one
direction may result in much less sediment resuspension and
increase in turbidity than winds from another. Further work is
needed to more fully examine the influence of wind direction
on turbidity in the Estuary.

Spatial Patterns in Turbidity in Suisun Bay

Spatial patterns in turbidity and continuous time series at discrete
locations demonstrate that turbidity throughout Suisun Bay
during periods of low river inflow is influenced by sediment
resuspension from the shallows and the advection of

resuspended sediment to the deeper channel areas. For
example,Warner et al. (2004) found that tidal-timescale increases
in turbidity near the outer edge of Grizzly Bay were the product
of wind-wave resuspension at low tide and tidal advection of the
resuspended sediment, a similar finding to that obtained by ana-
lyzing surface turbidity patterns (e.g., Fig. 10). This interplay of
sediment resuspension from the shallows followed by advection
by tidal currents results in turbidity signals at locations between
the shallows and deeper channels that may not be intuitive.
Because the Grizzly Bay monitoring station is located slightly
west of the area of elevated turbidity in the shallows of Grizzly
Bay seen in Fig. 10, the tidal timescale increases in turbidity at
the Grizzly Bay monitoring station (e.g., Fig. 8) are primarily
driven by the transport of sediment resuspended in the shallower
areas of Grizzly Bay to the monitoring station, and not by local
sediment resuspension at the monitoring station. The advection
of sediment from shallow water has also been observed on other
mudflats of the Estuary, for example by Lacy et al. (1996, 2014)
in South San Francisco Bay. This implies that wind-wave resus-
pension plays a large role in turbidity throughout the San
Francisco Bay, especially since about half of the Bay bathymetry
is less than 2 m mean lower low water (Conomos 1979).

The interplay of wind-wave resuspension and tidal advec-
tion results in complex near-surface turbidity patterns that are
time-varying and difficult to characterize with non-synoptic
sampling (see Fig. 10 and Fichot et al. 2016). Using time-
series SSC field observations at five locations, Ruhl and
Schoellhamer (1999, 2004) found a large degree of spatial
variability in SSC in Honker Bay that was related to the com-
bined effects of wind-wave resuspension and advection of
sediment from tidal currents. Fichot et al. (2016) used remote
sensing to observe very complex surface turbidity patterns in
Grizzly Bay. The model captures observed spatial turbidity
patterns (Fig. 10) and provides information on the causes of
the sharp gradients in turbidity, overall turbidity patterns, and
timing of elevated turbidity at a continuous monitoring sta-
tion. Because the model captured the observed patterns and
the physical processes driving these patterns, these results
demonstrate that both numerical models and remote sensing
of turbidity can provide valuable insight into time-varying
surface turbidity patterns that would be difficult to observe
using non-synoptic point observations or only a few continu-
ous monitoring locations. However, because remote sensing
turbidity is only available at discrete times, models provide a
valuable tool to understand the temporal variability in turbid-
ity patterns over shorter time scales.

Applicability to Other Estuaries

This study demonstrates that long-term trends in average wind
speed can have large effects on estuarine systems. The model
scenarios which applied a decreasing trend in wind speed to
1992 and 1995 showed a similar effect of wind speed on
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turbidity to that predicted for the scenarios that applied an in-
creasing trend in wind speed to 2011 and 2015. For example, a
decrease in wind speed resulted in overall lower turbidity and
the loss of some resuspension events on the shoals (Fig. 11),
while an increase in wind speed resulted in an overall increase
in turbidity and an increase in the number of resuspension
events. In addition, the spatial variability in the percentage
change in turbidity between the analysis stations was much
larger than the variability between wet and critical water years
(Tables 6 and 7). This consistency in findings between the
scenarios which evaluated decreasing and increasing trends im-
plies that the physical processes affecting turbidity changes are
the same whether the observed trends were applied forward by
decreasing wind speed from 1992 and 1995 levels or backward
by increasing wind speed for 2011 and 2015. Because the un-
derlying physical processes driving sediment transport and tur-
bidity were included in the model, the findings of this study
which demonstrate that long-term trends in average wind speed
can have large effects on sediment transport and turbidity are
broadly applicable to similar estuarine systems.

While decreases in turbidity are of concern in the San
Francisco Estuary, decreases in turbidity have positive effects
in other estuaries. For example, in the Chesapeake Bay, an-
other large estuarine system, decreases in turbidity result in
decreased light attenuation and increased growth of seagrass
(Moore et al. 1996, 1997), an important habitat component for
fishes and blue crabs (e.g., Schaffler et al. 2013; Lipcius et al.
2005). Reducing turbidity in the Chesapeake Bay through
decreases in sediment supply is part of the bay-wide total
maximum daily loads (TMDLs), which are designed to restore
the health of the Chesapeake Bay ecosystem (USEPA 2010).
Full implementation of the sediment and nutrient TMDLs is
expected to cost in the tens of billions of dollars (Maryland
2012; Commonwealth of Virginia 2010).

Current research is focusing on the effects of infilling of the
Conowingo Dam and the resulting increase in sediment sup-
ply to the Chesapeake Bay (Hirsch 2012; Zhang et al. 2013;
Zhang and Blomquist 2018). However, there is much less
work examining the effects of wind trends, either in speed or
direction, on sediment transport and turbidity in Chesapeake
Bay, even though previous studies have documented the im-
portance of wind waves on SSC (e.g., Sanford 1994) and by
correlation turbidity. Similar analyses, which examine wind
data and the effects of any trends on SSC and turbidity, could
provide insight into any decadal timescale changes in SSC and
turbidity in other estuarine systems.

Conclusions

Wind data throughout the San Francisco Estuary showed statis-
tically significant wind speed declines from 1995 through 2015
from October through January. All the analysis stations had

statistically significant wind speed declines from October
through January, even though the magnitude of the declines
varied. Wind speeds averaged from October through January
have declined by as much as 13 to 48% from 1995 to 2015 at
the stations evaluated. For February through May and June
through August averaging periods, only the North Delta had
statistically significant declining wind trends at each station
evaluated.

Analyses from this study demonstrate that the observed
long-term reduction in wind speed has resulted in a reduction
in turbidity in the Estuary. This reduction in turbidity has been
the highest in the Suisun Bay portion of the study area and
with smaller effects predicted in the Delta. Turbidity reduc-
tions have likely been the largest from October through
January when the wind speed data had statistically significant
wind speed declines at all the analysis stations. Turbidity was
predicted to have declined by 14 to 55% throughout Suisun
Bay from October through January as a result of the observed
long-term decline in wind speed from 1995 through 2015.
This decline in turbidity during an already seasonally low
turbidity portion of the year has potential negative effects on
habitat for endangered fish like the Delta Smelt which are
more likely to be caught in relatively turbid water.

This study suggests that the long-term declines in wind speed
and sediment supply have both resulted in reduced turbidity in
the San Francisco Estuary over the past 20 years. Future work
examining the cause of the long-term declines in observed wind
speed would provide a greater understanding of whether the
decline in wind speed over the past 20 years is due to cyclical
processes and will increase in the future or if wind speed is
expected to remain low or decrease further in the future.
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