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In San Francisco Bay (SFB), light availability is largely determined by the concentration
of suspended particulate matter (SPM) in the water column. SPM exhibits substantial
variation with time, depth, and location. To study how SPM influences light and
phytoplankton growth, we coupled a sediment transport model with a hydrodynamic
model and a biogeochemical model. The coupled models were used to simulate
conditions for the year of 2011 with a focus on northern SFB. For comparison, two
simulations were conducted with ecosystem processes driven by SPM concentrations
supplied by the sediment transport model and by applying a constant SPM
concentration of 20 mg I='. The sediment transport model successfully reproduced
the general pattern of SPM variation in northern SFB, which improved the chlorophyll-
a simulation resulting from the biogeochemical model, with vertically integrated
primary productivity varying greatly, from 40 g[C] m~—2 year—' over shoals to
160 g[C] m~2 year~! in the deep channel. Primary productivity in northern SFB is
influenced by euphotic zone depth (Ze). Our results show that Ze in shallow water
regions (<2 m) is mainly determined by water depth, while Ze in deep water regions is
controlled by SPM concentration. As a result, Ze has low (high) values in shallow (deep)
water regions. Large (small) differences in primary productivity exist between the two
simulations in deep (shallow) water regions. Furthermore, we defined a new parameter
Fiignt for “averaged light limitation” in the euphotic zone. The averaged chlorophyll-a
concentration in the euphotic zone and Fjgnt share a similar distribution such that both
have high (low) values in shallow (deep) water regions. Our study demonstrates that
light is a critical factor in regulating the phytoplankton growth in northern SFB, and a
sediment transport model improves simulation of light availability in the water column.
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INTRODUCTION

San Francisco Bay (SFB) is the largest estuary along the US
west coast. A healthy ecosystem in SFB is important not only
to San Francisco Bay the millions of people populated around
it but also to the resident birds and fishes (Warnock and
Takekawa, 1995; Novick and Senn, 2014). However, the bay
has been considered a high-nutrient, low-chlorophyll (HNLC)
system since the 1980s (Cloern, 2001; Dugdale et al., 2012),
especially in the northern part of the bay, which has led to
a decline in ecologically important species like the delta smelt
(Sommer et al., 2007; Dugdale et al., 2013). Geographically, SFB
includes a well-mixed lagoon in the south, a central embayment
connected to the ocean, and a partially mixed estuary of two
sub-embayments (San Pablo Bay and Suisun Bay) in the north
(Cloern, 1987; Liu et al.,, 2018). Two large rivers, the Sacramento
River and San Joaquin River, flow into the system from the
north with the majority of freshwater input in winter and spring
(Buchanan and Ganju, 2007; U.S. Geological Survey, 2014). The
tides in SFB are dominated by semi-diurnal constituents with a
mean tidal range of 1.28 m and a prominent spring-neap tidal
cycle (Cloern and Nichols, 1985; Elias and Hansen, 2013). The
wind in SFB has a noticeably seasonal cycle with strongest winds
in summer (Conomos et al., 1985). Among the different nutrient
sources into SFB, waste water treatment plants (WWTPs) and
discharge from rivers are the most important. Nutrient load
from the WWTPs to the northern SFB is mainly in the form of
NHy (about 34,300 kg day’l), while nutrient loads associated
with river discharge is mainly in the form of NOs3 (about
10,400 kg day~!) (Novick and Senn, 2014). Despite the large
nutrient input, the primary production in SFB is low (Cloern
and Jassby, 2012; Dugdale et al., 2016) and nutrients are exported
into the ocean (Wang et al., 2020), except during some episodic
phytoplankton bloom events in response to climate anomalies
(Cloern et al., 2005, 2010).

To explain the HNLC phenomenon in SFB, there have
been numerous studies of the different factors that impact
phytoplankton growth. Cloern (1987) concluded turbidity to be
a major control on estuarine phytoplankton by driving light
availability. A high concentration of suspended particulate matter
(SPM) caused by river inflow, tides, and waves (Bever and
MacWilliams, 2013) can result in poor light condition and
subsequent low primary production in SFB. Dugdale et al. (2013)
and Wilkerson et al. (2015) examined the combined influence
of river inflow and nutrient concentration on phytoplankton
growth in Suisun Bay and found that the lack of phytoplankton
blooms may be due to high NHy concentrations (above
4 mmol m~?) that inhibit phytoplankton from accessing the
dominant DIN nutrient pool of NOj. Lucas et al. (2009)
investigated the relationship between phytoplankton growth rate
and transport time using a conceptual model and suggested that
low chlorophyll concentration may also be due to short transport
time related to high river inflow (Wang et al., 2019). Additionally,
Dugdale et al. (2016) and Lucas et al. (2016) studied the benthic
grazing of Asian invasive clams that entered SFB in the late 1970s
and concluded clam grazing to be another factor responsible
for the low chlorophyll concentration in SFB. These studies

each address one aspect linked to the potential low primary
production in SFB. By using a 3D biogeochemical model, Liu et al.
(2018) integrated all these factors together in an SFB ecosystem
simulation and investigated their interaction along with the
sensitivity of phytoplankton biomass to these factors. Wang et al.
(2020) used a similar model configuration but conducted a 10-
years model simulation, to evaluate nutrient export from SFB
to the ocean. These numerical models provide a useful tool to
disentangle different aspects of the ecosystem and identify the
important factors that regulate the phytoplankton growth in SFB.

Turbidity is an important environmental factor that regulates
the light availability for primary production. It is largely affected
by SPM concentration in SFB (Cloern, 1987). As a result, the
phytoplankton growth is largely regulated by SPM concentration
that impacts the water transparency. The SPM concentration
in SFB has substantial temporal and spatial variability and can
range from several milligrams to hundreds of milligrams per
liter (Buchanan and Ganju, 2007; Schoellhamer et al., 2008).
During the wet period in winter and spring, large quantities
of suspended sediment are transported into the estuary along
with river inflow from the bay delta region (Schoellhamer
et al., 2008). During the following dry period, the sediment
is redistributed inside the bay through advection, deposition,
and resuspension; eventually, some of the sediment is exported
to the coastal ocean (Barnard et al., 2013). SPM concentration
is modulated by tides and wind waves on short timescales
(Buchanan and Ganju, 2007; Bever and MacWilliams, 2013).
Schoellhamer et al. (2008) studied the SPM measurements at
different depths and showed that wind-driven currents and waves
can resuspend sediment in shallow water, while tides resuspend
sediment in deep water. On large scales, wind is an important
factor in controlling the estuarine circulation, which impacts
the sediment transport in SFB. There also exists considerable
vertical SPM variation, with higher concentrations in the bottom
water compared to surface water (U.S. Geological Survey Data,
2018). In SFB, SPM concentration varies greatly with location.
The sediment dynamics in SFB are further complicated by
different sediment sources, variable flow transport, different
sediment particle sizes, and sediment bed properties (Barnard
et al,, 2013). Sediment transport models that account for all
these factors are useful in simulating the complex variation of
SPM in SFB. Schoellhamer et al. (2012) developed a conceptual
sediment transport model to qualitatively describe sediment
distribution in the bay delta. Bever and MacWilliams (2013)
developed a dynamic sediment transport model for San Pablo
Bay, which was coupled with a hydrodynamic model and a
wave model, to simulate spatiotemporal variability of sediment
flux in the region.

Even so, no models incorporating SPM have focused on how
the variation in SPM affects light condition and phytoplankton
growth in SFB. In this study, we address this by coupling a
sediment transport model with a hydrodynamic model and
a biogeochemical model. The simulated SPM concentration
resulting from the sediment transport model is used to compute
light availability for phytoplankton growth in the biogeochemical
model. The sediment transport model “SED3D” is a part of
the “Semi-implicit Cross-scale Hydroscience Integrated System
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Model” (SCHISM) modeling system'; it can simulate advection,
diffusion, and settling of multiple non-cohesive sediment classes
in the water column as well as sediment deposition and erosion
at the bottom (Pinto et al,, 2012). The hydrodynamic model
used is the SCHISM, which is a derivative of the original “Semi-
implicit Eulerian-Lagrangian Finite-Element model” (SELFE)
(Zhang and Baptista, 2008), but with many enhancements
including a new extension to cover large-scale eddying regimes
and a seamless cross-scale modeling capability from creek to
ocean (Zhang et al, 2016). The biogeochemical model used
is the “CoSiNE” model, which stands for “Carbon, Silicate,
Nitrogen Ecosystem” (Chai et al., 2002, 2007). CoSiNE can be
used to simulate biogeochemical processes involving nutrients,
phytoplankton, zooplankton, and detritus. The combination of
these three models integrates the SFB estuarine circulation,
sediment transport process, and phytoplankton dynamics,
enabling us to investigate the effect of SPM variation due to
sediment on phytoplankton growth. In this study, we used the
sediment transport model to obtain estimates of SPM and focused
on the effect of SPM on regulating light condition. The paper
is organized as follows: model configuration is described in the
“Materials and Methods” section, followed by modeling results in
the “Results” and “Discussion” sections. Finally, the “Summary”
section is given.

MATERIALS AND METHODS

Model Configuration

The configuration of SCHISM is based on Chao et al. (2017).
The model domain covers the entire SFB, extending from Coyote
Creek in the South Bay to Rio Vista in the north. In addition, part
of the coastal ocean outside of the SFB entrance (the Golden Gate)
is included. The model grid includes coarse resolution in shallow
water areas and fine resolution in the deep channel, varying from
10 to 100 m. Water depth along the channel can change from
less than 10 m to more than 30 m (Chao et al,, 2017), though
it is generally less than 3 m in the broad shallow shoals (Cloern,
1987). In the vertical, we used 23 sigma layers. The hydrodynamic
model is driven by atmospheric forcing including wind and solar
radiation (Doyle et al., 2009), river inflows at river boundaries,
and oceanic forcing (including water level and velocity at the
coastal boundary). The time step is 120 s.

The configuration of CoSiNE is based on Liu et al. (2018) and
Wang et al. (2020). The CoSiNE model has 13 state variables
with two zooplankton species, two phytoplankton groups, four
inorganic nutrients, two kinds of detritus, dissolved oxygen,
carbon dioxide, and alkalinity. The setup for CoSiNE model
includes concentrations for these variables at both river and
ocean boundaries. The effluents from the WWTPs within the
SFB (Novick and Senn, 2014) are added as nutrient sources for
the ecosystem. More detailed specification of these inputs can be
found in Liu et al. (2018), and the model parameter values are
shown in Table Al. In this study, a modification was made to the
phytoplankton concentration at river boundaries. The input in

Thttp://ccrm.vims.edu/schismweb/

Liu et al. (2018) and Wang et al. (2020) was based on the monthly
water quality measurements (grab sample) by the United States
Geological Survey (USGS) (Schraga and Cloern, 2017), while here
we use continuous monitoring data collected at 15-min intervals
from the California Data Exchange Center at the Department of
Water Resources* (DWR).

Southern SFB is distinctly different from the northern bay, in
terms of geomorphology and hydrodynamic circulation (Cloern,
1987; Cloern and Jassby, 2012). In this study, we focused on the
ecosystem in northern SFB. The domain includes San Pablo Bay
and Suisun Bay (Figure 1), which are under heavy influences
from river discharge and sediment input from the bay delta
(Dugdale et al., 2012; Barnard et al., 2013). The simulation was
carried out for the year 2011, a wet year, during which a large
river inflow occurred in March and April (U.S. Geological Survey
Data, 2018). Figure 1 shows the model grid, along with two
USGS stations of turbidity measurements’, two DWR stations
of chlorophyll-a measurements, and six USGS stations of water
quality measurements.

The sediment transport model SED3D shares the same model
grid as SCHISM and CoSiNE, but its configuration requires
specification of sediment model variables in both sediment
bed and water column. In this study, we considered only one
sediment bed layer and three sediment grain size classes: 0.02,
0.10, and 0.60 mm in diameter. The critical shear stress and
settling velocity of sediment grains are computed by SED3D.
The initial sediment porosity was set to 0.4, and bed fraction
for each grain class is one third. In the water column, the
initial SPM concentration was set to 25 mg 1. In addition, we
assigned the SPM concentrations at river boundaries based on
turbidity measurement data using a linear relationship between
SPM concentration and turbidity measurement (Buchanan and
Ganju, 2007). More information about SED3D can be found in
Pinto et al. (2012) and http://ccrm.vims.edu/schismweb/.

To investigate the impact of SPM on the ecosystem, we carried
out two simulations. The coupled model SCHISM + CoSiNE was
first run with a constant SPM concentration of 20 mg1~!, referred
to as “SPM_20.” This SPM concentration of 20 mg 17! is close
to the average SPM concentration in SFB in 2011 and was also
used by Liu et al. (2018) in their ecosystem simulation about SFB.
Then, the fully coupled model SCHISM + CoSiNE + SED3D was
run using SPM concentration generated from SED3D, referred to
as “SPM_SED3D.”

Analysis

In order to validate the sediment transport model, the simulated
SPM results were compared with two types of observations.
For the high-frequency variability, we first estimated SPM
concentrations based on turbidity data (Buchanan and Ganju,
2007) and then compared them with the high-frequency modeled
SPM result. For the long-term mean SPM values, monthly
SPM measurements by the USGS were available at multiple
locations in SFB (Schraga and Cloern, 2017). Because only
one SPM data point was available at each individual location

Zhttp://cdec.water.ca.gov/cdecstation2/
3https://ca.water.usgs.gov/projects/baydelta/
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monitoring stations (USGS 15, 13, 9, 6, 3, and 649) for monthly water quality data, turbidity data (RIC and BEN), as well as DWR chlorophyll-a data (MRZ and MAL).
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each month, while the model outputs SPM result hourly, it is
inappropriate to directly compare the model results with those
discrete observations. Therefore, we conducted a model error
analysis by using the closest modeled SPM concentrations that
occurred £3 days around the observation times (see Table 1).
The same statistical method was also used for the comparison
between simulated chlorophyll-a and monthly chlorophyll-
a measurements.

In this study, we also investigated how tide regulates
phytoplankton growth by impacting the light field in SFB. To
quantitatively identify the signals of tidal frequencies, time series
of chlorophyll-a and SPM at location MRZ were analyzed in
frequency domain through Fourier transform for both model
results and observations in “Influence of Tides” section.

Euphotic zone depth (Ze) is commonly used to represent the
light penetration in water, which is often defined as the depth of
1% light level relative to surface light intensity Iy (Sellner et al.,
2003; Muylaert et al., 2005). Because chlorophyll-a concentration
is normally low in SFB and turbidity in the water column is often
linearly correlated with SPM (Cloern, 1987; Buchanan and Ganju,
2007), we attribute the variation of Ze mainly to the variation
of SPM concentration, with little contribution by chlorophyll-a
attenuation. Therefore, simplistically in SFB, Ze represents how
SPM impacts light penetration in the water.

TABLE 1 | Statistics for modeled surface suspended particulate matter (SPM)
compared with monthly observational data at six USGS stations; statistics are
based on the best matches in +3 days around the observations, including
correlation coefficient (R), mean absolute error (MAE), and mean error (ME).

SPM (mg I-) 649 3 6 9 13 15

R 0.96 0.51 0.99 0.88 0.95 0.82
MAE 10.78 7.40 1.38 9.59 3.67 5.52
ME -10.68  -6.52 077 -9.25 -3.31 -540

In CoSiNE, the light factor for phytoplankton growth (Platt
etal., 1980, 1982; Miller and Wheeler, 2012) is defined as follows:

6@ = (1 - ems!) e, M
Where pmax is maximum growth rate (day’l), o is initial
slope of the P-I curve (w~! m? day~!), B is the slope for
photoinhibition (w~! m? day~!), and I is light intensity (w m~2).
Due to the high SPM concentration in controlling the light
field in SFB, we ignore the photoinhibition effect by setting
B =0, and ¢ (2) is mainly used to simulate the light limitation
effect in this study. Light intensity is determined by I (z) = I -
exp (—k1 c2ky - [0, ChI(Z) - dz — ks - [°, SPM(Z) - dz’) (Liu
et al, 2018), where I is light intensity at water surface
(w m~2) and k;(m~1), k; (mmol~! m?), and k3 (g~! m?) are
light attenuation coefficients for seawater, chlorophyll-a, and
SPM, respectively. Colored dissolved organic matter (CDOM)
is an important factor for the light attenuation (Babin et al,,
2003). In SFB, the influence from SPM dominates over CDOM
(Fichot et al., 2016). Thus, CDOM effect is omitted in CoSiNE
model for this study.

The light factor (¢) represents the effect of both light
and photosynthesis efficiency, and euphotic zone depth (Ze)
represents how deep photosynthesis can happen in the water
column. However, either the light factor or euphotic zone depth
can represent the mean light condition for phytoplankton growth
for the bulk water column in the euphotic zone. To describe
the overall light availability, we defined a new parameter of
“averaged light limitation” in euphotic zone that combines these
two parameters as follows:

)

Fight = —

0
Ze ) ¢ (2) - dz,
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Where ¢ (2) is the light factor for phytoplankton (Eq. 1). Flight
is a non-dimensional number. When Fgp is close to one, it
means phytoplankton growth is not limited by light availability
in the euphotic zone. When Fjgp, is close to zero, it means
phytoplankton growth is completely limited by light.

For later model analysis, the primary productivity (PP) in
CoSiNE model is computed as follows:

PP = 7.3 x (NPSI 4 RPS1 + NPS2 + RPS2), (3)
Where NPS1 (RPS1) is the NOs; (NHy) uptake
(mmol m~3 day‘l) by small phytoplankton, NPS2 (RPS2)
is the NO3; (NHy4) uptake (mmol m~3 day‘l) by diatoms,
and 7.3 is the conversion constant from nitrogen to carbon
(Chai et al., 2007).

RESULTS
Suspended Particulate Matters

Figure 2 shows simulated near-surface SPM concentrations from
the three-way coupled models, from April to May at two stations
of BEN and RIC. Superimposed are USGS observations converted
from turbidity measurements. The results from SED3D give
correlation coefficients (R) of 0.56 and 0.85 and mean absolute
errors (MAE) of 10.1 and 7.1 mg 17!, at the two stations,
respectively, with respect to the observations. SED3D reproduces
the tidal components of SPM variation as well as the SPM
difference between the two stations. The model captures the
general patterns of SPM observations at both stations, but
with many discrepancies of underestimates and overestimates
in details as SPM observational data have substantial variations

associated with large uncertainties. For example, during the
period from April 1st to April 15th, the modeled SPM at
Station BEN only captures the mean, but overestimates the daily
variations. Figure 2 shows that SPM concentration in SFB is
highly variable over time. Both model results and observations
display prominent diurnal variation. Some semi-diurnal signal
can also be visually identified at RIC, particularly around April
20th where the model largely underestimates the signal. These
diurnal and semi-diurnal variations are induced by tides, which
resuspend sediment particles from the bottom as reported in
Schoellhamer et al. (2008). There exists significant SPM variation
with the spring-neap tidal cycle, which can significantly modify
the amplitude of daily variation. For example, the maximum
daily SPM concentration at RIC reached about 100 mg 17! at
spring tide time around May 18th, but fell below 20 mg 1! at
neap tide around May 25th. There are some subtle differences
of SPM variation between the two stations. The lower values
of SPM concentration at BEN are around 20 mg 11, while the
lower values at RIC can approach zero. Also, the tidal signals at
RIC seem to be more regular with evident oscillations of diurnal
and semi-monthly periods than those at BEN. These differences
may be caused by the local hydrodynamics and partially related
to the fact that RIC is closer to coastal ocean and therefore
receives more oceanic influence, while BEN is located more
upstream near Suisun Bay and receives more fluvial influence.
Because the estimated SPM from turbidity data contains large
uncertainties as the relationship between turbidity and SPM
is highly variable (Buchanan and Ganju, 2007), the matches
between modeled SPM and observation should not be over-
interpreted, especially in the details.

Table 1 shows the comparison with monthly observational
data at six bay channel stations (Figure A1l). The R varies

120

BEN : —— Obs_USGS 3
1004{ R =0.556 é —— Model: SPM (mg.L™1) E
MAE= 10.1 | :
+ 804 ME= 1.3 i i
? |
z ul } t 1‘ \‘ |
«» 40 | \| I (|
iy i AT |
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FIGURE 2 | Comparison of near-surface suspended particulate matter (SPM) concentrations (mg I~ 1) between USGS observations and model results in
SPM_SED3D. The observational data are converted from turbidity data following Buchanan and Ganju (2007). Statistics shown in the figure are correlation coefficient

(R), mean absolute error (MAE), and mean error (ME).
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from 0.51 to 0.99. Note that the large R values in Table 1
merely represent observational data falling within the daily
ranges of modeled SPM, given the statistical method adopted.
The MAE of SPM varies from 1.38 to 10.78 mg 1~!. The
mean error (ME) are all negative, varying from —10.68 to
—0.77 mg 171, which suggests that the sediment transport model
systematically underestimates the surface SPM concentration
along the bay channel.

To further examine the spatial distribution, snapshots of
modeled surface SPM concentrations in northern SFB are shown
in Figure 3 for both high and low SPMs during spring and
neap tides. It shows that SPM changed dramatically with time,
and SPM concentration varied from below 10 mg 17! to above
80 mg 1=! depending on locations. The patches of high SPM
concentration tended to appear in Suisun Bay and in the shallow
water region of San Pablo Bay. In contrast, SPM tended to stay
relatively low in the deep water region along the bay and river
channels. This difference was probably due to the fact that the
high SPM concentration in the bottom resulting from benthic
resuspension can reach the surface easily in shallow water region
but with more difficulty in deep water region.

Chlorophyll-a

Figure 4 shows simulated chlorophyll-a concentrations in 2011
at six stations, where monthly chlorophyll-a data measured by
the USGS are available (Schraga and Cloern, 2017), using a fixed
SPM of 20 mg 1! and a modeled SPM from SED3D. Note
that the simulated chlorophyll-a generated by the model with
SPM = 20 mg 17! is not the same as the chlorophyll-a output
in Liu et al. (2018) because different boundary conditions of
chlorophyll-a were applied. The chlorophyll-a values from the
two runs only show small differences from January to April.
This is probably because the influence from large winter-spring
river inflow dominated over the influence from local SPM
variation (Buchanan and Ganju, 2007; Liu et al., 2018). Thus,

the chlorophyll-a pattern in northern SFB during this period
can be largely explained by the advection of phytoplankton from
north to south. However, noticeable differences in chlorophyll-
a concentration between the two simulations can be seen in the
second half of the year. Compared to the result of SPM_20,
chlorophyll-a in SPM_SED3D presents larger fluctuations,
particularly evident at USGS stations 13 and 15 in San Pablo Bay.
The chlorophyll-a concentration was higher with many peaks.
In July and August, there were larger chlorophyll-a differences
between the two simulations at the upstream stations (649, 3, and
6), where chlorophyll-a concentration in SPM_20 was generally
less than 3 pg 171, but chlorophyll-a in SPM_SED3D often
exceeded 6 Lg 171, In addition, these larger chlorophyll-a values
from SPM_SED3D match observational data better than those
in SPM_20. Another difference is that the ecosystem model
captures some chlorophyll-a peaks when SED3D was coupled
with CoSiNE. For example, there was a phytoplankton bloom
in late September when chlorophyll-a concentration exceeded
10 pg 171, The fully coupled model with SED3D can reproduce
this bloom, particularly at stations 9, 13, and 15, while the model
with constant SPM concentration completely misses this bloom.
The greater fall bloom at stations 13 and 15 was related to the
low SPM concentration during that time, while the smaller spring
bloom was likely related to the flushing effect from the large river
inflow in spring (Liu et al., 2018).

A quantitative comparison of chlorophyll-a simulations
between SPM_20 and SPM_SED3D is shown in Table 2 (a Taylor
diagram is also shown in Figure A2 for reference). For all stations,
the model skills for chlorophyll-a in SPM_SED3D are improved
to some extent compared to those in SPM_20, more so at stations
649, 13, and 15. It shows that the R of chlorophyll-a in SPM_20
ranges from 0.19 to 0.68, while the R in SPM_SED3D ranges from
0.63 to 0.95 with the maximum value at station 649. The range
of MAE of chlorophyll-a in SPM_SED3D is 0.37, 2.11 pg 11,
compared to 0.84, 3.47 pg 17! in SPM_20. On average, the
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FIGURE 3 | Spatial variation of modeled surface SPM concentration (mg I~ ) in northern SFB. The snapshots of high (A,C) and low (B,D) SPMs were taken during
spring (April 21 for A and B) and neap (April 27 for C and D) tides.
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TABLE 2 | Statistics for chlorophyll-a results including R, MAE, and ME for the six stations in northern San Francisco Bay (SFB).

Chlorophyll (ng I-1) 649 3 6 9 13 15 Improvement

R SPM_20 0.43 0.19 0.68 0.32 0.39 0.52 0.38
SPM_SED3D 0.95 0.77 0.85 0.63 0.79 0.85

MAE SPM_20 2.46 1.40 0.84 1.34 2.42 3.47 0.90 (48%)
SPM_SED3D 1.18 (62%) 0.57 (569%) 0.37 (56%) 0.74 (44%) 1.59 (34%) 2.11 (39%)

ME SPM_20 —1.71 —0.58 —0.52 —0.60 —1.73 —2.89 0.80 (65%)
SPM_SED3D —0.31 (81%) 0.41 (30%) 0.04 (91%) 0.05 (91%) —0.88 (49%) —1.49 (48%)

They are based on the best matches in +3 days around the observation times. The numbers in parentheses are the improvement (percentage) of the chlorophyll-a in
SPM_SED3D relative to that in SPM_20. The last column is the averaged improvement.

MAE in SPM_SED3D is reduced by 0.90 pg 1=! (or improved
by 48%) relative to that in SPM_20. For ME, the values in
SPM_20 are in the range of —2.89, —0.52 g 17!, which are all
negative, suggesting that the model systematically underestimates
chlorophyll-a when constant SPM of 20 mg 1~ is used. When the
ecosystem model is coupled with SED3D, the ME is improved
with a range of —1.49, 0.41 g 17!, especially at stations 6 and
9 with ME values being 0.04 and 0.05 jLg 171, respectively. The
averaged ME in SPM_SED3D is reduced by 0.80 pg 1=! (or
improved by 65%).

Figure 5 shows the spatial distribution of annual mean surface
chlorophyll-a concentration in 2011. The model results match
the general pattern obtained from MODIS Aqua satellite data
in San Pablo Bay where higher chlorophyll-a concentrations
tend to be in shallow water regions and lower chlorophyll-a in
deep water regions. The same spatial pattern also appears in
Suisun Bay (Figure 5A) where chlorophyll-a concentration is
higher along the shallow shoals than in the deep channel. The
magnitude of simulated chlorophyll-a concentration seems to be
underestimated in comparison with the satellite image in San
Pablo Bay with a maximum value about 7 jug 1! for the model
but a maximum value about 12 g 17! for the observations.

However, it is plausible that the error is associated with the
satellite image if we compare the chlorophyll-a values with in situ
data (Figure 4). For example, at USGS 13, the average value of
in situ chlorophyll-a measurement in 2011 is about 4 pg 17!, but
chlorophyll-a value from the satellite image is about 7 ug 17 1.

DISCUSSION

Influence of Tides
Figure 4 shows that the chlorophyll-a simulation was improved
when a 3D sediment transport model was incorporated
into the ecosystem model. This illustrates the importance
of turbidity (or SPM) on phytoplankton dynamics in SFB
(Cloern, 1987). Since SPM concentration is influenced by
many factors (Barnard et al, 2013) at different time scales,
it can potentially impact chlorophyll-a concentration on both
short (semi-diurnal, diurnal, and semi-monthly) and long
timescales (seasonal).

Figure 2 shows that SPM in northern SFB had diurnal and
semi-monthly cycles, consistent with previous findings (Cloern,
1996; Martin et al., 2007; Schoellhamer et al., 2008). In Figure 6,
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three prominent frequencies are evident: semi-monthly, diurnal,
and semi-diurnal. The semi-monthly variation is caused by the
spring-neap tidal cycle (Bever and MacWilliams, 2013). The
diurnal variation of SPM is largely due to the diurnal tide
(Schoellhamer et al., 2008) as well as semi-diurnal tide (Stanev
et al, 2007), while the diurnal variation of chlorophyll-a is
related to the diurnal variations of light condition and tide
(Catts et al., 1985; Powell et al., 1989; Cloern, 1996). Specifically,
tidal advection (Conomos, 1979) moves chlorophyll-a patches
(as well as SPM) back and forth and can potentially induce
daily variation of local chlorophyll-a concentration observed
at fixed stations. The diurnal signal of chlorophyll-a variation
is also related to the diurnal variation of the light condition,
which is in turn caused by the diurnal cycles of both solar
radiation and SPM. Because tidal phase is changing with time,
tide can be in and out of phase with the variation of light
intensity related to the sun movement (Martin et al., 2007; Chen
et al.,, 2010). In addition, SPM varies both in the horizontal
and in the vertical, contributing more spatial variation to the
light field. Therefore, the spatial and temporal variations are
intertwined, which complicates the phytoplankton dynamics in
the estuary. The semi-diurnal signal is also included in the

time series of SPM and chlorophyll-a, which is likely related to
semi-diurnal tide (Cloern, 1996). The semi-diurnal amplitudes
of chlorophyll-a and SPM are generally smaller than the diurnal
and semi-monthly amplitudes (Figure 6). Overall, the frequency
analysis results in Figure 6 show that the coupled model results
are consistent with the observations in representing the three
dominant cycles of chlorophyll-a and SPM. Similar features
between chlorophyll-a and SPM in Figure 6 suggest that besides
the light, tide is another major driving forcing in affecting
chlorophyll-a variation in northern SFB by regulating the SPM
variation. For the subtidal variation of chlorophyll-a, it is also
related to river influence, wind, and temperature, apart from the
tide/light influence (Cloern et al., 2005; Chen et al., 2010).

Euphotic Zone Depth and Averaged

Light Limitation

In estuarine ecosystem, vertically averaged parameters and
vertically integrated parameters are both meaningful to assess the
concentrations and budgets of constituents, respectively. Here,
we evaluate how light influences these two aspects by focusing
on how changing light field affects chlorophyll-a (vertically
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averaged) and primary productivity (vertically averaged or
integrated)-the rate that produces the phytoplankton biomass.
The role of the light field is first analyzed. Then, we compared
the variations of chlorophyll-a and primary productivity in SFB
as well as their relations with the light field.

Figure 7A shows the time series of daily mean Ze at station
EZ, which is located in San Pablo Bay with a mean water
depth of 1.29 m (Figure 1). Ze obtained using model version
SPM_20 is generally deeper than Ze that is determined with the
coupled model SPM_SED3D, suggesting that the average SPM
concentration from SED3D is greater than 20 mg 17! at this
location. The higher SPM concentration may be caused by wind-
or tide-induced sediment resuspension, which substantially
increases the SPM concentration in the water column in a shallow
water area (Schoellhamer et al., 2008). The average Ze at EZ
is about 1.3 m in both runs (Figure 7A), indicating that the
entire water column at this location is euphotic because of its
shallowness. This is further shown by the increased depth of Ze
in late March when a large river inflow (Liu et al., 2018) brought
fresh water and increased the water depth in San Pablo Bay.
Figure 7B shows the daily mean Ze at USGS 13 where the mean
water depth is 9.42 m. In contrast to Ze at station EZ, Ze at USGS
13 in SPM_SED3D is much deeper than that in SPM_20 (which is
nearly a constant of about 2 m). The Ze in SPM_SED3D can vary
from 2 to 5 m. It shows a strong semi-monthly fluctuation, which
is related to the variation of SPM concentration in the surface
water modulated by the spring-neap tidal cycle (Buchanan and
Ganju, 2007). Moreover, a large drop of Ze occurred at USGS 13

in late March, in contrast to the increase of Ze at station EZ under
high river inflow condition. These differences of Ze between
shallow and deep locations indicate that Ze values in areas with
different water depths have different controlling mechanisms.
Figure 7C shows averaged Ze in SPM_SED3D versus water
depth along a transect in San Pablo Bay (see Figure 1 for the
location) and the standard deviation of Ze. Ze generally increases
with water depth. When water depth is less than 2 m, such as
at station EZ, Ze increases almost linearly with water depth,
suggesting that Ze is generally limited by water depth in the
shallow water area. Because of the shallowness, the entire water
column is euphotic as shown in Figure 7A. Therefore, the large
SPM concentration in shallow water regions (Figure 7D) has a
limited effect on Ze and its standard deviation. Instead, when
water depth is less than 2 m, the variation of Ze generally follows
the tidal variation of water depth. When water depth is more
than 2 m, but less than 4 m, Ze also increases with water depth,
which means that water depth still plays an important role in
determining Ze. In the meantime, the standard deviation of Ze
begins to increase with water depth. This may indicate that
the SPM variation in the water column has started to affect Ze
because the water column is not completely euphotic, and light
penetration in SFB is related to SPM concentration in the bay
(Cloern, 1987). When water depth is larger than 4 m, Ze increases
less with water depth, and the standard deviation does not change
much. This means that in deep water regions, water depth has
no major control on Ze. Instead, the variation of Ze is primarily
due to the SPM variation in the surface water. Figure 7C also
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shows Fjign versus water depth along the same transect for Ze
in San Pablo Bay. Unlike Ze that increases with water depth, Fjign
decreases steeply when water depth is less than 4 m, and then
decreases gently when water depth is larger than 4 m. As Fjjgp
represents the overall light limitation, its variation with depth in
Figure 7C means that phytoplankton growth is less light limited
in shallow water regions than in deep water regions, which is
consistent with the conclusion of Bukaveckas et al. (2011) that
shallow water regions are generally not light limited.

Figure 7D shows averaged surface SPM concentration and
chlorophyll-a versus water depth. Generally, averaged SPM
concentration decreases with water depth. At shallow depth
(<4 m), surface SPM concentration is around 75-100 mg 1!
associated with a large variation, as it is close to the bottom where
sediment can be resuspended. In deep water regions (>4 m), the
averaged SPM concentration changes from ~80 to ~25 mg 17!
when water depth increases from 4 to 12 m. If we regard the
typical mean chlorophyll-a = 3 g/l and SPM = 50 mg/l, their

contributions (—k; - fEZ Chl (z/) .dz and —k3 - LOZ SPM (z’> .

dz) to light attenuation are —0.09 and —3.3, respectively.
Therefore, SPM plays a major role in affecting the light field
in SFB. The variation of SPM at different water depths may
be related to different mechanisms in sediment resuspension.
Wind can disturb the bottom and substantially modify the SPM
concentration in shallow water, but its influence cannot penetrate
into deep water (Schoellhamer et al., 2008). Tides can resuspend
the bottom sediment in deep water region and redistribute

SPM in the water column (Bever and MacWilliams, 2013). This
difference results in a higher SPM concentration in the shallow
water region than that in the deep water region. The decreasing
trend in SPM concentration with water depth in Figure 7D is
consistent with the variation of z, with water depth in Figure 7C.
However, the high SPM concentration in the shallow water region
of San Pablo Bay did not cause light limitation on phytoplankton
growth (Figure 7C). This is suggested by a higher chlorophyll-a
concentration in the shallow water regions (<3 m, Figure 7D)
with averaged chlorophyll-a decreasing from above 4.5 to below
2.0 g 17! with water depth. In the deep water regions (>3 m),
averaged chlorophyll-a has a range of [1.5, 2.0] pg 171

Chlorophyll-a Concentration and Primary
Productivity

Chlorophyll-a concentration represents the accumulation of
phytoplankton growth minus the reduction from all loss terms
including predation, respiration, mortality, and sinking (Chai
et al, 2002; Cerco and Noel, 2004). Primary productivity
represents the rate of carbon increase over time that is a growth
term of phytoplankton, which is affected by many factors,
including nutrients, light, and temperature (Kemp and Boynton,
1984; Marshall and Nesius, 1996; Dugdale et al., 2013). In this
study, we regard that PP serves as a proxy of phytoplankton
growth. To investigate how the light availability related to SPM
can influence phytoplankton dynamics in SFB, we show the
vertical distribution of chlorophyll-a concentration and PP at
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USGS station 13 during 2011 for both simulations in Figure 8.
One prominent feature of chlorophyll-a concentration is that
it is largely well-mixed in the water column, compared to PP
that peaks near the surface. Strong seasonal variation in PP
occurs with a spring peak in March-April in both runs, a fall
peak in July-August in SPM_20, and several peaks in August-
September in SPM_SED3D. During winter, PP remains low. PP
is the strongest at the water surface, but decreases rapidly with
depth. PP in SPM_20 is restricted to the top 1-2 m, while PP
in SPM_SED3D can extend to depths as great as 5 m. There
exists substantial short-term variability of PP in SPM_SED3D
compared to that in SPM_20. Figure 8D shows strong semi-
monthly fluctuation of PP, which corresponds to the variation
of z. in Figure 7B. It suggests that the spring-neap tidal cycle
can greatly affect PP by influencing the SPM concentration
in the surface water. The different vertical structures between
chlorophyll-a concentration and PP are due to different processes
affecting these two parameters. Phytoplankton growth only
happens in the euphotic zone. Thus, PP is restricted to the
upper part of water column. However, phytoplankton cells can
be vertically mixed throughout the water column, resulting in
very small difference between surface and bottom chlorophyll-
a concentrations in SFB and leading to the homogenous
distributions seen in Figures 8A,C.

The similar variations with water depth for Fjgy, in Figure 7C
and for chlorophyll-a in Figure 7D suggest that Fjjgy may be
a good indicator of chlorophyll-a concentration in SFB. To
investigate this, we computed Fjig (Figure 9A) and vertically
averaged chlorophyll-a (Figure 9B) and PP (Figure 9C) in
northern SFB. In Figure 9A, high values of Flight (>0.8) are
mainly in the shallow water regions (water depth < 2 m) of San
Pablo Bay and Suisun Bay. Along the deep channels, Fgy has
lower values and can drop to 0.5. The averaged chlorophyll-a in

the euphotic zone in Figure 9B shows a horizontal distribution
similar to that of Fjgn. High chlorophyll-a concentrations
(>4 pg 171) are also distributed in the shallow water area (water
depth < 2 m), and chlorophyll-a values larger than 6 pg 17!
are mostly located near the margin of San Pablo Bay, where
water depth is less than 1 m. Toward the deeper region (water
depth > 2 m), chlorophyll-a is low, especially along the channels
where chlorophyll-a can drop below 2 pg 17!, In Figure 9C,
it shows that vertically averaged PP has the same features as
chlorophyll-a in the spatial distribution (thus, also similar to
Flight), although PP has different vertical structures (Figure 8).
The comparison among Fjigh, chlorophyll-a, and PP in Figure 9
suggests that Fligp, can be used to describe the averaged light
limitation on phytoplankton growth in northern SFB. Fjgp, is
higher in shallow water regions than in deep water regions,
suggesting that phytoplankton growth in shallow water areas
is less limited by light, which results in higher chlorophyll-a
concentration in the euphotic zone.

Figure 10 displays annual mean Ze in northern SFB in 2011 as
well as vertically integrated PP. Note that PP here is different from
the vertically averaged PP in Figure 9. It shows that vertically
integrated PP is low (high) in shallow (deep) water region, which
is consistent with the small (large) Ze (Figure 10A) in the shallow
(deep) water region. Therefore, Ze serves as a good indicator
for the vertically integrated PP in northern SFB. The spatial
distribution of Ze and PP in Figure 10 is consistent with our
analysis of Ze at different water depths in Figure 7. In the shallow
water regions, Ze is largely constrained by water depth, although
SPM concentration in SPM_SED3D can vary greatly. In contrast,
in the deep water regions, to a large extent, Ze is determined
by SPM concentration in the surface water. In Figure 10B, the
annual mean PP in northern SFB can vary from below 30 to over
180 g[C] m~2 year‘1 in different areas. Cole and Cloern (1984)
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measured PP at multiple locations in SFB. Their values of annual
mean PP were 140-160 g[C] m~2 year! in San Pablo Bay
and 110-120 g[C] m~2 year~! in Suisun Bay. Jassby et al.
(2002) calculated the PP based upon chlorophyll-a and light
penetration in the bay delta region and reported an averaged PP
of 70 g[C] m~2 year~!, with a variation over a factor of five in
different years. Recently, Wilkerson et al. (2015) measured the
annual PP in Suisun Bay to be 40-60 g[C] m~2 year™! in 2011

and 2012, and Kimmerer et al. (2012) reported a smaller PP of
25-31 g[C] m~2 year~! in 2006 and 2007 in SFB. In general, our
estimated PP is consistent with those reported values that fall in
the range of PP in Figure 10B.

However, the spatial distribution of Ze is opposite to the
distribution of Flight that shows large (small) values in shallow
(deep) water regions (Figure 9). As Ze is an indicator for vertically
integrated PP and Fjigp is an indicator for vertically averaged
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chlorophyll-a and PP, correspoindingly, vertically integrated
PP presents an inversed spatial pattern of vertically averaged
chlorophyll-a and PP. The vertically integrated PP represents
the accumulation of phytoplankton growth integrated in the
euphotic zone; thus, it is mainly controlled by Ze. The low PP
rates in shallow water areas are kept low, mainly due to small Ze,
even though the average phytoplankton concentration is higher
(Figure 7D), while the large PP in deep water region is due to
large Ze with greater amount of water column for growth. On the
other hand, the vertically averaged chlorophyll-a concentration
and PP in Figure 9 represent the mean strength of phytoplankton
growth in the euphotic zone, which is related to the mean
light availability in the euphotic zone, as represented by Fiigp;.
This leads to similar spatial distributions shared by Fjjgy; and
chlorophyll-a concentration. Although the SPM concentration
in northern SFB is relatively higher in shallow water region
than in deep water region, it does not cause light limitation on
phytoplankton growth in the shallow water region, likely because
the SPM concentration is not high enough to completely block
the light penetration. Therefore, chlorophyll-a concentration can
be high in the shallow water areas. In the deep water areas, lower
SPM concentration (Figure 7D) means a larger Ze. The light
factor ¢ (z) (see Eq. 1) may change with depth, from one at the
surface to a rather low value at the depth of Ze, which may result
in a small Fygy for the euphotic zone. This explains the lower
chlorophyll-a concentrations in the deep water regions compared

to the shallow water regions of northern SFB. The significance of
Ze and Figy, is that they can be roughly estimated by using SPM
because light attenuation is dominated by SPM in SFB (Cloern,
1987; Buchanan and Ganju, 2007), which provides another way to
assess the ecosystem without resorting to calculating or tracking
all the complex biogeochemical processes.

Figure 11 shows monthly mean PP that is averaged over
northern SFB. For all months, PP resulting from using SPM_20
is lower than that with SPM_SED3D; the latter varied from
40.4 g[C] m~2 year~! in December to 140.6 g[C] m~? year~! in
September. The two peaks of PP in April and August-September
in Figure 11 correspond to the spring and fall blooms in Figure 8,
respectively. In addition, the underestimated PP in SPM_20 is
intensified in the winter months. For example, in December,
the PP in SPM_20 (14.2 g[C] m~2 year_l) is only 35% of
the PP in SPM_SED3D (40.4 g[C] m~2 year‘l). Therefore, the
incorporation of SED3D into CoSiNE not only improved the
chlorophyll-a time series at individual stations (Figure 4) but also
increased the bay-wide PP estimate.

SUMMARY

In this study, we developed a three-way coupled modeling
system, including a hydrodynamic model (SCHISM), a
biogeochemical model (CoSiNE), and a sediment transport
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model (SED3D), to investigate the effect of irradiance as
determined by SPM on phytoplankton growth in northern SFB.
The SPM simulated by SED3D was used for computing light
conditions that were used in the biogeochemical CoSiNE
model. We focused on how SPM in the water column
influences light penetration and subsequent phytoplankton
growth. We calculated euphotic zone depth (Ze) and defined
a new parameter “averaged light limitation” (Fjgn) that
vertically integrates the photosynthetic light factor through
the euphotic zone.
The summary of the findings of this study are as follows:

(a) The sediment model SED3D was able to simulate
SPM concentration well in northern SFB at semi-
diurnal, diurnal, and semi-monthly time scales and cycles.
Chlorophyll-a simulation produced by the CoSiNE model
is more realistic when it is coupled to SED3D compared
to the simulation with SPM set to a constant value of
20mg 11

(b) Ze in shallow water regions (<2 m) was shown to be
determined by water depth, while Ze in deep water regions
is controlled by SPM concentration in the whole water
column. Ze appears to be a good indicator for vertically
integrated primary productivity that varies from 40 to
160 g[C] m~2 year~! at different locations.

(c) Fignt appears to be a good indicator of vertically
averaged chlorophyll-a and PP. The averaged chlorophyll-
a concentration follows a similar distribution of Fjig, with
high (low) values in shallow (deep) water regions.

Our study demonstrates the importance of SPM determining
light availability for phytoplankton growth in northern SFB and
the need to include sediment models in ecosystem simulations.
It also shows that both SPM and chlorophyll-a concentration
are strongly modulated by spring-neap tidal cycle. More

importantly, these results suggest the advantage of coupling
a sediment transport model and a biogeochemical model in
simulating spatial and temporal variation of ecosystem dynamics
in northern SFB. We highlight that euphotic zone depth (Ze) and
“averaged light limitation” (Fjign;) analyzed in this study can be
useful physical indicators of biogeochemical variables in systems
with similar morphometric characteristics of SFB.
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FIGURE A1 | Daily ranges of simulated surface SPM concentrations (mg 1~ 1) compared with monthly observations at six USGS stations.

Chlorophyll

Normalized Standard Deviation

FIGURE A2 | Taylor diagram for chlorophyll-a simulations at six USGS stations in northern SFB. Markers with solid color are for SPM_SED3D, while open markers
are for SPM_20. In this figure, each variable is normalized by the standard deviation of its corresponding observed field.
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TABLE A1 | CoSINE model parameter and values.

Parameter Symbol Value Unit
Light attenuation due to water ki 0.75 m~’
Light attenuation due to phytoplankton ko 0.03 mmol~" m?
Light attenuation due to suspended particulate matter k3 0.066 g’ m?
Initial slope of P~/ curve a 0.1 W1 m?2 day~"
Nitrification rate ”n 0.07 day~"
Maximum growth rate of small phytoplankton 1A max 1.35 day~!
Maximum growth rate of diatom 12 max 0.8 day~"
Ammonium inhibition parameter v 1.5 mmol~" m®
Half-saturation for nitrate uptake by small phytoplankton kno3s1 1.0 mmol m~3
Half-saturation for ammonium uptake by small phytoplankton knh4s1 0.15 mmol m~3
Half-saturation for nitrate uptake by diatom kno3s2 3.0 mmol m~3
Half-saturation for ammonium uptake by diatom knh4s2 0.45 mmol m~3
Mortality rate of small phytoplankton 751 0.2 day~"
Mortality rate of diatom 752 0.075 day~"
Maximum microzooplankton grazing rate G1 max 0.5 day~!
Maximum mesozooplankton grazing rate G2 max 0.25 day~!
Microzooplankton excretion rate to ammonium K1 ex 0.2 day~’
Mesozooplankton excretion rate to ammonium Ko ex 0.2 day~"
Microzooplankton assimilation rate 71 0.75 day~!
Mesozooplankton assimilation rate Y2 0.75 day~"
Mortality rate of zooplankton vz 0.2 day~!
Grazing preference for diatoms 1 0.6

Grazing preference for microzooplankton P2 0.3

Grazing preference for detritus P2 0.1
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