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Abstract To assess the effects of tidal energy extraction on
water quality in a simplified estuarine system, which consists
of a tidal bay connected to the coastal ocean through a narrow
channel where energy is extracted using in-stream tidal tur-
bines, a three-dimensional coastal ocean model with built-in
tidal turbine and water quality modules was applied. The
effects of tidal energy extraction on water quality were exam-
ined for two energy extraction scenarios as compared with the
baseline condition. It was found, in general, that the environ-
mental impacts associated with energy extraction depend
highly on the amount of power extracted from the system.
Model results indicate that, as a result of energy extraction
from the channel, the competition between decreased flushing
rates in the bay and increased vertical mixing in the channel
directly affects water quality responses in the bay. The de-
creased flushing rates tend to cause a stronger but negative
impact on water quality. On the other hand, the increased
vertical mixing could lead to higher bottom dissolved oxygen
at times. As the first modeling effort directly aimed at exam-
ining the impacts of tidal energy extraction on estuarine water
quality, this study demonstrates that numerical models can
serve as a very useful tool for this purpose. However, more
careful efforts are warranted to address system-specific envi-
ronmental issues in real-world, complex estuarine systems.
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Introduction

In recent years, there has been growing interest in harnessing
in-stream tidal energy in response to concerns over increasing
energy demand and the associated climate change impacts.
Unlike traditional energy sources such as fossil fuels, tidal
energy is clean and renewable and has been regarded as a
strong candidate for alternative energy in the near future.
Research efforts are underway to assess and map tidal energy
resources in coastal regions and countries worldwide (e.g.,
Sutherland et al. 2007; Karsten et al. 2008; Grabbe et al. 2009;
O'Rourke et al. 2010; Wang et al. 2011).

Traditionally, tidal energy is extracted using the tidal bar-
rage approach, which mimics conventional hydropower tech-
nology by blocking the entrance of a tidal basin with a barrier
containing sluices and turbines (Gorlov 2001). Although the
tidal barrage approach has been successfully applied in several
field sites and could be extended tomore places, it raisesmany
environmental concerns due to its significant alternation of the
tidal regime (Parker 1993), as well as blocking fish passage
and removing virtually all estuarine ecosystem services. Thus,
harnessing tidal energy from strong tidal current regions using
in-stream (hydrokinetic) tidal devices has quickly gainedmore
attention. A number of studies have been conducted using
either analytical or numerical models to evaluate the maxi-
mum amount of tidal energy that can be extracted from a tidal
system (Garrett and Cummins 2005, 2008; Bryden and Couch
2007; Sutherland et al. 2007; Blanchfield et al. 2008; Draper
et al. 2009; Walkington and Burrows 2009; Atwater and
Lawrence 2010; Yang et al. 2013). However, these physically
based calculations did not consider associated environmental
effects, and the calculated energy removal potential is unlikely
to be achieved in real-world estuaries and tidal basins. It is,
therefore, necessary to assess the potential environmental
effects associated with hydrokinetic tidal energy extraction
as part of tidal energy resource characterization.
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There are a few numerical modeling studies designed to
assess the potential effects of tidal energy extraction on hy-
drodynamics and circulations. For example, by using a three-
dimensional (3-D) ocean circulation model, Shapiro (2010)
examined the changes in current magnitude and effects on
passive tracer transport due to energy extraction. Defne et al.
(2011) studied the effects of tidal energy extraction on the
estuarine hydrodynamics along the US Georgia coast using
the regional ocean modeling system (ROMS). Hasegawa et al.
(2011) evaluated the far-field effects of tidal energy extraction
in the Minas Passage on tidal circulation in the Bay of Fundy
(eastern Canada) and Gulf of Maine (Northeastern USA)
using a 3-D nested-grid tidal circulation model based on the
Princeton Ocean Model. These studies suggest that the far-
field effects of energy extraction on tidal amplitudes and
velocities can be substantial, depending on the amounts and
locations of tidal energy extracted from the system.

On the other hand, most previous studies on the environ-
mental effects of tidal energy extraction focused only on tidal
dynamics (i.e., tidal amplitude and velocity) while neglecting
the impacts on other important processes such as estuarine
circulation and water quality. In fact, many candidate sites for
tidal stream energy extraction are estuarine and coastal waters
that are very sensitive to changes in water quality parameters
such as dissolved oxygen (DO) (Kadiri et al. 2012). The ex-
traction of tidal energy not only modulates tidal dynamics but
also affects water quality through changing the circulation; the
degradation of water quality may have ecological consequences
in estuaries and coastal waters already stressed by other anthro-
pogenic impacts and climate change. Yang et al. (2013) dem-
onstrated that tidal energy extraction could have a large impact
on the flushing rates in a tidal basin. Yang and Wang (2013a)
further examined the impacts of tidal energy extraction on
baroclinic circulation and mixing in the tidal system. In this
study, we extended our modeling effort to directly assess the
potential effects on water quality resulting from tidal energy
extraction using a similar tidal channel and bay system.

Methods

Model Description

The model used in this study is the widely used finite-volume
coastal ocean model (FVCOM) developed by Chen et al.
(2003, 2006). As a prognostic, unstructured-grid, finite-
volume, 3-D primitive equation coastal ocean circulation
model, FVCOM has been extensively used by the estuarine
and coastal modeling community to solve a variety of scien-
tific problems related to both physical and biological process-
es (e.g., Weisberg and Zheng 2006; Ji et al. 2008; Chen et al.
2009, 2012; Hu et al. 2011; Yang et al. 2012; Yang and Wang
2013b). FVCOM simulates water surface elevation, velocity,

salinity, temperature, sediment, and other scalar constituents
in an integral form by computing fluxes between
nonoverlapping horizontal triangular control volumes. This
unstructured-grid and finite-volume approach combines the
advantages of finite-element methods for geometric flexibility
and finite-difference methods for simple discrete structures
and computational efficiency (Chen et al. 2007). In addition,
it provides a reliable numerical representation of both local
and global momentum and mass conservation. In the vertical
direction, a sigma-stretched coordinate is used to better repre-
sent the irregular bottom topography in the coastal regions.
The detailed theoretical aspects and model formulations of
FVCOM have been presented in Chen et al. (2003, 2006,
2007) and other FVCOM publications and thereby will not
be elaborated here.

In our previous work, a tidal turbine module was developed
for FVCOM based on the widely used momentum sink ap-
proach (Yang et al. 2013). Specifically, the momentum sink
induced by turbines can be defined as follows:

FM
�! ¼ 1
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where FM
�!

is the momentum sink rate from a momentum
control volume V c by tidal turbines (in meters per second
squared), C e is the momentum extraction coefficient, A is
the flow-facing area of the turbines or the turbine swept area
(in square meters), and u! is the velocity vector (in meters per
second). The quadratic form of Eq. 1 is similar to the momen-
tum sink terms used by others (Defne et al. 2011; Hasegawa
et al. 2011) and the detailed formulations and validation
experiments can be seen in the study of Yang et al. (2013).

Water Quality Model Development

To simulate water quality responses resulting from tidal ener-
gy extraction, a nitrogen-based water quality model was in-
corporated into FVCOM. The general structure and formula-
tions of the model were based mainly on the biological model
in ROMS (Fennel et al. 2006; Gruber et al. 2006; Bianucci
et al. 2011) and were modified by referencing to other well-
established estuarine eutrophication models including CE-
QUAL-ICM (Cerco and Cole 1993, 1994; Cerco and Noel
2004) and three-dimensional hydrodynamic-eutrophication
model (HEM-3D) (Park et al. 1995, 2005). The mass conser-
vation and transport equation for any water quality variable is
given by
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where C is the concentration of the water quality variable at
each node; u , v, andw are the velocity components in the x , y,
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and z directions, respectively; Kx, Ky, and Kz are the eddy
diffusivities in the x , y, and z directions, respectively; R
represents the source and sink processes of water quality
variables through kinetic reactions, settling, air–sea exchange,
and benthic flux; andW is the external loading directly added
to each node. In the current model configuration, all external
loadings are assumed to enter the model domain at river
boundaries. Hence, the external loading term W is not imple-
mented in the current model.

In this study, seven coupled state variables are considered:
phytoplankton (Phy), zooplankton (Zoo), nitrate (NO3), am-
monium (NH4), detritus nitrogen (DetN), detritus carbon
(DetC), and dissolved oxygen (DO). These variables form
the most fundamental biological processes in nitrogen-
limited marine ecosystems; the concentrations are based on
nitrogen units (in grams N per cubic meter), except for DetC
and DO, which have units of grams C per cubic meter and
grams O2 per cubic meter, respectively. In another words, the
state variables (except for DO and DetC) represent concentra-
tions of nitrogen within different state variable pools. The
source and sink processes of the water quality model are
illustrated in Fig. 1. The source terms for phytoplankton
(which plays a central role in the water quality model) include
growth (photosynthesis supported by N uptake) and sink
terms include basal metabolism, grazing by zooplankton,
mortality, and settling. It is assumed that zooplankton assim-
ilates ingested phytoplankton with the efficiency β , while the
remaining fraction is transferred to the detrital nitrogen pool.
Other zooplankton sink terms include basal metabolism, eges-
tion through fecal pellets, and mortality. The source term for
nitrate is nitrification from ammonium; the sink term is uptake
by phytoplankton. For ammonium, the source terms include
excretion by phytoplankton and zooplankton through basal
metabolism and remineralization of DetN; the sink terms are
phytoplankton uptake and nitrification. For ammonium in the
bottom layer, there is an additional source contributed by
benthic flux from the sediment. The source terms for DetN
and DetC come mainly from the sink terms of phytoplankton
and zooplankton. The sink terms are remineralization into
ammonium and CO2, respectively. For DO, one of the most
important water quality variables, photosynthesis, is the pri-
mary source term, while sink terms include nitrification, con-
sumption by phytoplankton and zooplankton through basal
metabolism, and remineralization of DetC. In addition,
DO in the surface layer is affected by the air–sea
exchange or surface re-aeration process, which can be
either the source or sink term depending on the satura-
tion level of surface DO. DO in the bottom layer is also
affected by sediment oxygen demand (SOD) released
from bottom sediment. Phytoplankton and detritus can
also be lost in the model by settling out as particles to
the seafloor. For each state variable, the full set of
source and sink terms R in Eq. 2 are written as:
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In Eqs. 3, 7, and 8, the term Lvs on the right-hand side
denotes loss via settling, which has the following general
form:

Lvs ¼ ws
∂ C½ �
∂z

ð10Þ

where w s is the settling velocity and C denotes the water
quality variables subject to vertical settling and correspond
to Phy, DetN, and DetC in Eqs. 3, 7, and 8, respectively. In
Eq. 3, μp

max is the phytoplankton maximum growth rate under
the optimal environmental conditions; f (I ), f(T ), and f (N) are
the limiting functions for light, temperature, and nitrogen,
respectively. For the light limiting function, the classic
Michaelis–Menten type relationship was used here:

f Ið Þ ¼ I

kI þ I
ð11Þ

where I is the light intensity for photosynthetically active
radiation (PAR), which roughly equals to 43 % of total solar
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radiation at the sea surface, and kI is the half-saturation light
intensity. The commonly used Lambert–Beer law for light
extinction was used to define the extinction of light with water
depth:

dI zð Þ
dz

¼ − kw þ kchla⋅chla zð Þð Þ⋅I zð Þ ð12Þ

where kw is the background light extinction coefficient of
seawater, kchla is the light extinction coefficient due to phyto-
plankton self-shading, and chla(z ) is the phytoplankton con-
centration represented as chlorophyll a . The relationship be-
tween chlorophyll a and phytoplankton is defined as:

chla zð Þ ¼ θ⋅ phy zð Þ½ � ð13Þ

where θ is the fixed ratio of chlorophyll a to nitrogen for
phytoplankton. For the temperature effect on phytoplankton
growth, the Gaussian probability curve type formula used in
HEM-3D was adopted (Park et al. 1995):

f Tð Þ ¼ exp −KTG1 T−Topt½ �2
� �

when T ≤Topt

¼ exp −KTG2 Topt−T½ �2
� �

when T > Topt

ð14Þ

where T is the water temperature, Topt is the optimal temper-
ature for phytoplankton growth, and KTG1 and KTG2 are the
coefficients. pbmet, pmort, and zgraze are the rates for phyto-
plankton basal metabolism, mortality, and zooplankton graz-
ing, respectively. kp is the half-saturation constant. The nitro-
gen limiting function f(N) is defined as:

f Nð Þ ¼ QNP þ QRP ð15Þ

whereQNP andQRP are the N limiting functions by nitrate and
ammonium, respectively. Considering the preference for am-
monium uptake, they are further defined as:

QNP ¼ NO3½ �
KNO3 þ NO3½ � ⋅

KNH4

KNH4 þ NH4½ � ð16Þ

QRP ¼ NH4½ �
KNH4 þ NH4½ � ð17Þ

whereKNO3
andKNH4

are the half-saturation constants for
nitrate and ammonium uptake by phytoplankton,
respectively.

In Eq. 4, β stands for zooplankton grazing efficiency, zbmet,
z eg, and zmort are rates for zooplankton basal metabolism,
egestion through fecal pellets, and mortality, respectively. In
Eq. 5, the nitrification rate is defined as:

Qnitr ¼ tnitr⋅ 1−max 0;
PAR zð Þ−I thNH4

Dp5NH4
þ PAR zð Þ−I thNH4

� 	� �
ð18Þ

where tnitr is the maximum nitrification rate, I thNH4
is the

threshold PAR for nitrification inhibition, and Dp5NH4
is

the half-saturation light intensity for nitrification inhibi-
tion. In Eqs. 6, 7, and 8, d remin stands for the
remineralization rate of detritus. In Eq. 6, JNH4

denotes
the benthic ammonium flux rate for the bottom layer of
the water column and ΔZ b is the bottom layer thick-
ness. In Eq. 8, rC/N,phyto and rC/N,zoo are the cellular
carbon-to-nitrogen ratios for phytoplankton and zoo-
plankton, respectively. In Eq. 9, rO2=NO3

and rO2=NH4

are the stoichiometry ratios for oxygen production dur-
ing photosynthesis using nitrate and ammonium as N
source, respectively; rnitr;O2=NH4

is the oxygen-to-
ammonium ratio for nitrification and rO2=C is the
oxygen-to-carbon ratio for DetC.

For deep estuaries like fjords, the DO surface re-aeration
rate k r in Eq. 9 mainly depends on the effect of turbu-
lence generated by surface wind stress (Cerco and Noel
2004). For simplification, it was assumed to be constant
in this study. The saturated DO concentration (DOs) is

Fig. 1 Flow diagram depicting
kinetic interactions of the water
quality model. Boxes represent
model state variables and the
arrows show the processes that
transfer mass between different
state variables. Open circles
intersected by arrows denote
there are no interactions, while
solid circles denote interactions
among them

S176 Estuaries and Coasts (2015) 38 (Suppl 1):S173–S186



determined using the same equation as that used in
HEM-3D (Park et al. 1995) and has the following form:

DOs ¼ 14:5532−0:38217⋅T þ 5:4258� 10−3⋅T2−
S

1:80655

⋅ 1:665� 10−4−5:866� 10−6⋅T þ 9:796� 10−8⋅T 2
� �

ð19Þ
where T and S stand for water temperature and salinity,
respectively. The last term on the right-hand side of Eq. 9
represents the effect of SOD.

To calculate the benthic flux of ammonium JNH4
and

SOD, we adopted the sediment component model developed
by Bianucci et al. (2011). This model is a much improved
version of the original sediment component model by Fennel
et al. (2006) for the biological model in ROMS. The detailed
model formulations and parameter configurations were pro-
vided by Bianucci et al. (2011) and, thus, will not be described
here. The water quality state variables are solved using the
same transport scheme as salinity and temperature. The kinetic
equations are updated explicitly at each internal time step.
Table 1 lists all the parameters, values, and units used for this
study. The parameter values are mostly adopted from literature
without further adjustment. However, the parameter values
should be further calibrated based on field data for model
applications in real estuarine environments.

Study Domain

To examine the impacts of tidal energy extraction on water
quality in a more general setting, we started with an idealized
model domain with simplified geometry. The study domain is
similar to the tidal channel–bay system of Yang et al. (2013)
and was designed with dimensions similar to those of Puget
Sound, a representative fjord-like estuary with a large tidal
range in the Pacific Northwest, USA. Puget Sound is consid-
ered a promising candidate for tidal energy extraction. The
study domain consists of a large tidal bay that is forced by
both river discharge upstream and by tides entering through a
narrow channel connecting to a much broader coastal ocean
(Fig. 2). The tidal bay and channel system roughly mimics
Puget Sound and its Admiralty Inlet entrance. Table 2 shows
the dimensions of the model domain. The entire domain is
covered by an unstructured grid consisting of 25,415 triangu-
lar elements and 13,148 nodes. The model element size varies
from 300 m in the tidal channel to nearly 4,500 m at the
coastal ocean boundary. In the vertical direction, 10 sigma
layers are specified.

Model Forcing

Simulating water quality in the coastal environment requires
extensive forcing information on nutrient loadings, freshwater

discharge, meteorological forcing, and ocean boundary con-
ditions. In this study, all the forcing functions were
constructed from observational data in the Puget Sound re-
gion. For tidal forcing, two tidal constituents, the principal
lunar semidiurnal tide (M2) and the principal solar semidiurnal
tide (S2), with amplitudes of 0.7 and 0.3 m, respectively, were
specified at the ocean boundary to represent the spring–neap
tidal cycle. For the upstream river boundary, daily flows and
temperatures were generated based on the climatology river
inflows of Puget Sound. As can be seen in Fig. 3a, the
hydrograph shows a distinct seasonal pattern with peak flows
occurring in late fall and winter, primarily driven by high
precipitation.

Long-term river temperature records in Puget Sound are
limited. Existing temperature measurements for major rivers
emptying into Puget Sound showed relatively small seasonal
variations. An idealized river annual temperature distribution
was, thus, developed based on 3 years of temperature records
in the Cedar River that discharges into the main basin of Puget
Sound. The annual temperature follows a sinusoidal curve
with a maximum temperature of 16 °C in July and a minimum
temperature of 6 °C in January (Fig. 3b). Similarly, two
sinusoidal curves were constructed, respectively, for daily
maximum and minimum temperature values based on the
measurements at the National Oceanic and Atmospheric Ad-
ministration (NOAA) weather station in Seattle, Washington.
The idealized hourly temperature–time series were then gen-
erated based on the sinusoidal daily maximum and minimum
temperature curves. The comparisons between constructed air
temperature–time series and NOAA observations are shown
in Fig. 3c, d.

Solar radiation and net heat flux at the air–water interface
are required in FVCOM for water temperature simulation
using the prescribed heat flux scheme. Due to limited obser-
vational data in Puget Sound, a combination approach was
used to generate the required meteorological forcing utilizing
NOAA observations, model predictions by the Weather Re-
search and Forecast Model, and empirical formulas. The solar
radiation shown in Fig. 3e, f is calculated based on the formula
of the CE-QUAL-W2 model (Cole and Wells 2009). The
detailed steps for net heat flux calculations were described
by Yang et al. (2011). In Fig. 3g, h, the negative net heat flux
values represent heat release from water to the atmosphere,
normally occurring at night. Tidal boundary conditions were
specified every 15 min, while river and meteorological inputs
were specified at hourly intervals. In the current study, wind
forcing was not included due to the highly stochastic distri-
butions in both time and space.

All nutrient loadings were assumed to enter the model
domain through river discharges. To simplify the problem,
nutrient concentrations (i.e., nitrate, ammonium, and DetN)
were specified as constant values in time based on observa-
tional data for major rivers emptying into Puget Sound.
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Therefore, the loading rates are basically a function of the
river discharge rate, which varies throughout the year. Simi-
larly, concentrations of phytoplankton, zooplankton, and
DetC were also simplified as constants at the river boundary.
For DO, considering its significant seasonal variations due to
river temperature, the concentrations at the river boundary
were calculated as a function of river temperature using
Eq. 19.

At the ocean boundary, salinity, temperature, and all water
quality state variables were specified as constants in the cur-
rent study; this simplified treatment is sufficient because the
ocean boundary is far enough from the tidal bay (170 km

away from the entrance of the tidal channel) and the variations
of salinity, temperature, and water quality constituents at the
ocean boundary are much smaller than those inside the bay.
The concentrations at both the ocean and river boundaries are
provided in Table 3.

Design of Numerical Model Experiments

To evaluate the impacts of tidal energy extraction on water
quality, a baseline condition without any tidal energy extraction
was first established (experiment 1). Two energy extraction
scenarios were then conducted to assess the corresponding

Table 1 Definitions, values, and
units for the parameters of the
water quality model

a Park et al. (2005)
b Bowie et al. (1985)
c Bianucci et al. (2011)
d Gruber et al. (2006)
e Fennel et al. (2006)

Parameter Symbol Value Unit

Phytoplankton parameters

Phytoplankton maximum growth rate μp
max 2.5a day−1

Light attenuation coefficient due to seawater kw 0.2b m−1

Light attenuation coefficient due to chlorophyll a kchla 0.024c m2(mg Chla)−1

Half-saturation light intensity for phytoplankton growth k I 30.0b W m−2

Optimum temperature for phytoplankton growth Topt 15.0b °C

Coefficient for effect of temperature below Topt on growth KTG1 0.004a °C−2

Coefficient for effect of temperature above Topt on growth KTG2 0.006a °C−2

Cellular C/N ratio for phytoplankton rC/N,phyto 5.68b g C(g N)−1

Cellular chlorophyll a /N ratio θ 0.114a g Chla(g N)−1

Half-saturation N concentration for nitrate uptake kNO3
0.01d g N m−3

Half-saturation N concentration for ammonium uptake kNH4
0.007d g N m−3

Phytoplankton basal metabolism rate pbmet 0.01a day−1

Phytoplankton linear mortality rate pmort 0.072d,e day−1

Zooplankton parameters

C/N ratio for zooplankton rC/N,zoo 5.68b g C(g N)−1

Zooplankton grazing rate zgraze 0.6d day−1

Zooplankton assimilation efficiency β 0.75d,e –

Zooplankton half-saturation constant for ingestion Kp 0.014d g N m−3

Zooplankton egestion rate zeg 0.1c day−1

Zooplankton quadratic mortality to detritus zmort 7.0d,e day−1(g N m−3)−1

Zooplankton basal metabolism rate zbmet 0.1c day−1

Remineralization parameters

Detritus remineralization rate d remin 0.02d day−1

Nitrification rate in the dark tnitr 0.05d day−1

Threshold PAR for nitrification inhibition I thNH4
0.01d W m−2

Half-saturation PAR for nitrification inhibition Dp5NH4
0.036d W m−2

DO parameters

Oxygen/nitrate stoichiometry for photosynthesis rO2=NO3
19.71b g O2(g N)

−1

Oxygen/ammonium stoichiometry for photosynthesis rO2=NH4
15.14a g O2(g N)

−1

Oxygen/ammonium stoichiometry for nitrification rnitr;O2=NH4
2.28a g O2(g N)

−1

Oxygen/carbon stoichiometry rO2=C 2.67a g O2(g C)
−1

Surface re-aeration rate for DO k r 1.0b m day−1

Sinking parameters

Sinking velocity for detritus wD 2.0d m day−1

Sinking velocity for phytoplankton wPhy 0.2a,d,e m day−1
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water quality impacts based on both the turbine efficiency curve
(Fig. 4) and the power potential curve (Yang andWang 2013a).
In the first energy extraction scenario (experiment 2), 300 MW
tidally averaged power (about 40 % of the maximum extract-
able power) was extracted from the system with 1,500 turbines
deployed in the tidal channel. Under this scenario, the turbine
efficiency remains relatively high (Fig. 4). In the second energy
extraction scenario (experiment 3), the number of tidal turbines
was increased to 15,000 turbines. The extracted power in-
creases to 760 MW, which approximately corresponds to the
maximum extractable power but at a much lower turbine effi-
ciency. In both experiments 2 and 3, tidal turbines were evenly
distributed in the tidal channel at a depth of 10 m above the
seafloor. The momentum extraction coefficient by turbines was
specified as 0.5, based on our previous study (Yang et al. 2013).

To reduce the effects of initial conditions on model results,
all model simulations were configured to run continuously for
4 years by repeating the constructed model forcing for each
year. A sufficiently long “spin-up” time allows the model to
reach a stabilized condition necessary for reliable evaluations
of the results. The model results also suggest that the model
approached dynamic equilibrium after 2 years of continuous
simulation. The results in the fourth year were processed and
compared to assess the impacts resulting from energy
extraction.

Results and Discussion

Hydrodynamic Response of the System to Tidal Energy
Extraction

The first effect of tidal energy extraction examined in this
study is changes in tidal velocity. The extraction of tidal
energy from the channel affects tidal velocity, as evidenced
by the velocity results at the station located in the middle of
the channel (for station location, see Fig. 2). Figure 5 shows
the 1-day time series comparisons of depth-averaged velocity
for both the baseline condition and the two energy extraction
experiments during spring tide. The results demonstrate, in
general, that more power extraction leads to a greater reduc-
tion in tidal velocity and an increase in tidal phase shift. For
the 300-MW experiment, the changes in tidal velocity are
relatively small. Because tidal amplitude inside the bay is
controlled by tidal flows through the channel, the correspond-
ing changes of tidal amplitude inside the bay are also small,
which is confirmed by further examination of the model
results inside the bay.

Water Quality Condition for the Baseline Scenario

The station located in the upper bay (Fig. 2) was selected as an
example of the baseline water quality distributions in an area
heavily affected by nutrient inputs from the river and also
sensitive to change in water circulation. Figure 6 shows the
water quality time series for surface and bottom layers of the
water column. It can be seen that most water quality variables
exhibit strong temporal variations at timescales controlled by
seasonal cycles of meteorological and river forcing, tides, and
the diurnal solar cycle.

Phytoplankton exhibits seasonality, as shown in Fig. 6a,
with surface phytoplankton (chlorophyll a ) reaching a maxi-
mum (>30 μg L−1) during the period from late spring to early
summer, driven by high nutrient loadings and increased water
temperature and solar radiation. Phytoplankton remains light-
limited in bottom waters and seldom reaches 5 μg L−1 of
chlorophyll a throughout the year. Surface phytoplankton
concentrations also vary substantially throughout the day,
affected by both tides and the diurnal solar cycle. For instance,
during the growing seasons in late spring, surface chlorophyll
a can vary by as much as 10 μg L−1 in a day. DO is the
primary concern for many anthropogenically disturbed eco-
systems. The model results suggest that DO concentrations
remain sufficiently high (e.g., >5 mg L−1) throughout the year
to support biological activities (Fig. 6b). It is noteworthy that
bottom water DO was affected by spring–neap tidal cycle,
especially during late summer when DO reaches annual min-
ima. The lowest DO tends to occur immediately following the
neap tide. It is believed that reduced vertical mixing during the
neap tide causes this decrease in bottom DO.

Channel

Bay

River

Coastal Ocean

O
pe

n 
 B
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nd

ar
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Fig. 2 The model domain with simplified geometry. The two dots
located in the middle of the tidal channel and upper bay denote the
locations where velocity and water quality time series data were analyzed

Table 2 Dimensions of the model domain

Sub-domain Length (m) Width (m) Depth (m)

Coastal ocean 170,000 250,000 150

Tidal channel 15,000 3,000 60

Semi-enclosed bay 100,000 20,000 80
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For inorganic N, the model reproduced the appropriate
seasonal patterns. For example, ammonium, which relies
mainly on in situ recycling/regeneration processes in the sed-
iment and water column, tends to remain relatively stable
throughout the year but often increases in summer and fall in
bottom waters. The model successfully captures this temporal
trend (Fig. 6c). Nitrate has a distinct seasonal pattern that is
high in winter–spring (due to high river inputs) and lower in
summer (due to rapid uptake by autotrophs). This seasonal
pattern is well captured by the model (Fig. 6d). DetN is largely
controlled by the balance between in situ production (source)
and decomposition (sink) processes and tends to remain

relatively constant in coastal waters, as confirmed by the
model results (Fig. 6e). DetC is regulated by in situ production
and decomposition/settling processes, but unlike DetN, DetC
is also heavily affected by river input and exhibits a seasonal
pattern that closely follows the variability of river input
(Fig. 6f).

The model results have been shown to be capable of
reproducing the typical water quality conditions for temperate
fjords receiving relatively low nutrients from rivers. The
established baseline scenario demonstrates the natural condi-
tion with good water quality, prior to the introduction of tidal
energy extraction.

Fig. 3 Constructed model forcing time series from climatology data in Puget Sound for river inflow (a), temperature (b), air temperature (c , d), solar
radiation (e , f), and net heat flux (g , h)
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Water Quality Responses to Tidal Energy Extraction

Phytoplankton primary production provides the founda-
tion for marine ecosystems; thus, it is crucial to exam-
ine how phytoplankton will respond to tidal energy
extraction from the system. Figure 7 shows the surface
phytoplankton concentrations at the same upper bay
station for both the baseline and tidal energy extraction
scenarios. To better illustrate the results, the model
results were first processed with a 36-h low-pass filter
to remove the high-frequency (e.g., semidiurnal and
diurnal) oscillations. Based on the low-pass filtered time
series, in general, phytoplankton concentrations do not
show substantial changes for either energy extraction
experiment, as compared with the baseline condition.
For the 760-MW experiment, phytoplankton shows ele-
vated concentrations as compared with the baseline con-
dition. The increases appear to be larger during spring
tides. In comparison, for the 300-MW experiment, the
changes in chlorophyll a concentration are within
1 μg L−1.

Concerns about potential effects of tidal energy ex-
traction on DO relate to the effects that those changes
might have on heterotrophic organisms such as fishes.
For fjord-like systems such as Puget Sound, deep

bottom waters are most likely to suffer from decreased
DO levels (e.g., Newton et al. 2007). The annual min-
imum daily averaged bottom DO concentrations along
the longitudinal axis of the tidal bay were examined
based on model results for the entire year. The longitu-
dinal distributions of minimum daily averaged bottom
DO under all three experimental conditions are
presented in Fig. 8. As one can see, DO exhibits some-
what similar longitudinal patterns for all three scenarios
with minimum concentrations generally occurring in the
middle to upper bay regions. This is also consistent
with estuaries such as Chesapeake Bay (Officer et al.
1984) and Hood Canal (Newton et al. 2007). Under the
baseline condition, the minimum DO concentrations are
generally close to 5 mg L−1, a level that is commonly
assumed to be sufficient for aquatic organisms. Howev-
er, in the 760-MW experiment, minimum DO concen-
trations show a general decrease from the baseline con-
dition in regions spanning a 50-km distance. The min-
imum DO concentrations drop substantial ly to
<4 mg L−1 in the middle bay. The maximum difference
also exceeds 1 mg L−1. Interestingly, no obvious
changes of DO concentrations were observed for the
300-MW experiment. It can be seen that, near both ends
of the bay, minimum DO concentrations actually

Table 3 Boundary and initial
conditions of the water quality
model

Variable (unit) Open boundary concentration River boundary concentration Initial concentration

Phy (g N m−3) 0.05 0.05 0.05

Zoo (g N m−3) 0.005 0.01 0.01

NO3 (g N m−3) 0.01 1.0 0.1

NH4 (g N m−3) 0.01 0.01 0.01

DetN (g N m−3) 0.05 0.1 0.1

DetC (g C m−3) 1.0 4.0 1.0

DO (g O2m
−3) 7.46 Calculated using Eq. 19 8.0

Fig. 4 Turbine efficiency curve. Note that the efficiency decreases as the
total number of turbines increases

Fig. 5 Tidal velocity responses to tidal energy extraction as compared
with the baseline condition. The results were depth-averaged velocities
extracted at the channel station during spring tide
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increase slightly in the 300-MW experiment under cur-
rent model configurations. Mechanisms for this phenom-
enon require further investigation in a future study.

To further quantify the impacts of tidal energy
extraction on water quality, the total masses of phyto-

plankton, DO, and nitrate in the entire tidal bay for
each experiment were calculated and compared in
Fig. 9, representing key biologically important water
variables for coastal ecosystems. Similar to Fig. 7, the
results were first processed with a low-pass filter to
remove high-frequency oscillations. As can be seen in
Fig. 9, phytoplankton and DO show similar trends in
which the total mass increases as more energy is
extracted from the system. In contrast, nitrate shows
an opposite trend with total mass decreasing as more
energy is extracted. These results suggest that the ex-
traction of tidal energy may increase phytoplankton
biomass, leading to more nitrate N consumption within
the water body. In addition, more oxygen may be pro-
duced in the system by increased photosynthesis. In
terms of temporal variability, all three water quality
variables show consistent seasonal patterns in the three
experiments. For instance, the DO mass reached a min-
imum in late summer when water temperature is
highest.

It is well recognized that hydrodynamics may sub-
stantially modulate biological processes in estuarine and
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Fig. 6 Time series plots of water quality variables for the baseline condition at the upper bay station: phytoplankton/chlorophyll a (a), DO (b),
ammonium N (c), nitrate N (d), DetN (e), and DetC (f)

Fig. 7 Phytoplankton (chlorophyll a) responses to energy extraction
compared with the baseline condition at the station located in the upper
bay
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coastal ecosystems (Monbet 1992; Nixon et al. 1996).
Previous studies (e.g., Yang et al. 2013) also suggest
that extracting energy from a tidal system reduces the
flushing rate and may indirectly affect the water quality.
The flushing time was, thus, calculated for all three
experiments using the freshwater displacement time
method (Dyer 1973; Officer 1976; Huang 2007; Shen
and Wang 2007), in which the flushing time for the
entire tidal bay is defined as:

FT tð Þ ¼ V f

Q f
¼

Z
vol
fd Vð Þ
Q f

ð20Þ

where FT is the flushing time for the entire bay (in days), V f is
the total volume of freshwater inside the tidal bay (in cubic
meters) and can be calculated by integrating the freshwater
volume for all the model grid cells inside the bay, Q f is the
river discharge rate (in cubic meters per second), and f is the
freshwater fraction at each model grid cell and is defined as:

f ¼ S0−S
S0

ð21Þ

where S0 is the prescribed open boundary salinity (parts per
thousand) and S is the model calculated salinity at each model
grid cell.

The flushing time results are shown in Fig. 10. As one can
see, flushing time increases as more power is extracted from
the system. The results are also consistent with the previous
study by Yang et al. (2013) and the velocity response curves
shown in Fig. 5. In terms of the temporal trend, the flushing
time appears to be negatively correlated with the river flow
shown in Fig. 3a. This also agrees well with other studies
(Huang 2007; Shen and Wang 2007) and confirms that, along
with tides, river discharge plays an important role in regulating

the flushing rate of a tidal system. For example, the flushing
time for the baseline condition ranges from 40 days in winter
and late spring to more than 120 days in summer: this varia-
tion is caused mainly by the seasonal variations of river
discharge.

The longer flushing time associated with more energy
extraction may act to increase phytoplankton biomass in the
water body (Fig. 9a). Due to increased primary production and
flushing time, hypoxia can develop in the bottom water when
DO is consumed by excess organic matter. As indicated in
Fig. 10, both flushing times and the differences between the
three experiments reach maximum in late summer when river
flow is lowest. Consequently, the negative effects of energy
extraction on DO become more pronounced in late summer
when water temperatures increase.

Yang and Wang (2013a) found that extracting tidal energy
from the tidal channel increases vertical mixing. Because ex-
change between the tidal bay and the coastal ocean in the model
is controlled by the channel, increased vertical mixing in the
channel could subsequently affect water circulation and mass
transport in the bay. Figure 11 shows the low-pass filtered time
series comparisons of vertical DO differences (surface DO
minus bottom DO) under different energy extraction conditions
at the station located in the middle of the channel (Fig. 2). As
can be seen, the vertical DO gradients decrease consistently as
more energy is extracted from the channel, which agrees well
with the findings by Yang and Wang (2013a). The impacts of
tidal energy extraction on water quality result largely from the
modulation of the hydrodynamics, in which decreased flushing
rates in the bay and increased vertical mixing in the channel are
the two competing processes affecting water quality responses.
While increased vertical mixing may help improve bottom DO
in the bay, decreased flushing rates tend to negatively affect
water quality by increasing phytoplankton productivity and
decreasing bottom water DO in later summer.

Summary

In this study, an unstructured-grid coastal ocean model
FVCOM with built-in tidal turbine and water quality modules
was applied to assess the effects of tidal energy extraction on
water quality in a stratified estuarine system, consisting of a
tidal bay with river inflow and a narrow channel connecting to
the coastal ocean. To mimic realistic estuarine systems, the
model was forced by input data constructed from observations
in estuaries like Puget Sound. The effects of tidal energy
extraction were examined for two energy extraction scenarios
based on an efficiency curve for tidal turbines. The established
baseline condition reasonably reproduced the typical water
quality conditions in temperate fjords receiving relatively low
nutrients from rivers. The water quality simulation results for
the two energy extraction experiments suggest, in general, that

Fig. 8 Minimum daily averaged bottom DO concentrations along the
longitudinal transect of the tidal bay based on the hourly model output for
the entire year. Distance on the x-axis is measured from the intersection of
the tidal channel and bay shown in Fig. 2
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the effects of energy extraction on water quality are closely
related to the amount of power extracted from the system.
When tidal energy was extracted at a level (760 MW experi-
ment) approaching the upper limit for the water body, unfavor-
able water quality conditions such as low DO could eventually
develop in bottom waters. In comparison, the effects on water
quality were much smaller when tidal energy was extracted at a
lower level (300 MWexperiment).

As the first modeling effort directly aimed at assessing the
impacts of tidal energy extraction on estuarine water quality,
this study provides useful information on evaluating water
quality responses to tidal energy extraction using a coastal
ocean model with built-in tidal turbine and water quality
modules. Tidal energy extraction was found to result in

Fig. 9 Time series plot of total
mass of phytoplankton (a), DO
(b), and nitrate (c) in the bay for
the three model scenarios

Fig. 10 Time series comparisons of flushing time of the bay calculated
with the freshwater displacement time method

Fig. 11 Time series plot of differences of DO concentrations between
surface and bottom layers for the three model scenarios at the channel
station
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decreased flushing rates in the bay and increased vertical
mixing in the channel, with potentially greater effects on water
quality from the decrease in flushing rates. This modeling
effort shows interesting and important results, but also un-
covers limitations. For instance, there are considerable sim-
plifications in this study including an idealized model domain
and simplified forcing data. In addition, water quality models
are often associated with a high degree of uncertainty due to
the complexity of biogeochemical processes. These limita-
tions support the need for field validation data for all water
quality modeling efforts, with specific emphasis on those
where new perturbations such as energy extraction are under
consideration. This study demonstrated that numerical models
can serve as a useful tool for evaluating water quality impacts
associated with tidal energy extraction. Additionally, more
careful efforts are warranted to address system-specific envi-
ronmental issues in complex real estuarine environments,
including the implications of primary productivity and asso-
ciated water quality conditions with higher-level organisms in
the marine food web.
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