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Abstract A 3-D coastal ocean model with a tidal turbine
module was used in this paper to study the effects of tidal
energy extraction on temperature and salinity stratification
and density-driven two-layer estuarine circulation. Numerical
experiments with various turbine array configurations were
carried out to investigate the changes in tidally averaged
temperature, salinity, and velocity profiles in an idealized
stratified estuary that connects to coastal water through a
narrow tidal channel. The model was driven by tides, river
inflow, and sea surface heat flux. To represent the realistic size
of commercial tidal farms, model simulations were conducted
based on a small percentage (less than 10 %) of the total
number of turbines that would generate the maximum extract-
able energy in the system. Model results show that extraction
of tidal in-stream energy will increase the vertical mixing and
decrease the stratification in the estuary. Installation of in-
stream tidal farm will cause a phase lag in tidal wave, which
leads to large differences in tidal currents between baseline
and tidal farm conditions. Extraction of tidal energy in an
estuarine system has stronger impact on the tidally averaged
salinity, temperature, and velocity in the surface layer than the
bottom layer even though the turbine hub height is close to the
bottom. Finally, model results also indicate that extraction of
tidal energy weakens the two-layer estuarine circulation, es-
pecially during neap tides when tidal mixing is weakest and
energy extraction is smallest.
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Introduction

There have been rapid developments seeking renewable energy
alternatives due to the growing concerns of climate change and
strong demand of global reduction of greenhouse effect due to
human energy consumption. Harnessing in-stream tidal energy
gains much attention because of the high predictability, and
oftentimes, the energy resources are close to the coastal regions
with high population. In recent years, many studies have been
conducted to assess the maximum extractable tidal energy
using numerical models and analytical methods. For example,
Garrett and Cummins (2004, 2005, 2008) and Blanchfield et al.
(2008) developed a simple theoretical model to estimate the
upper limit of the extractable tidal energy in a tidal channel
connecting to a basin as a function of tidal amplitude and the
maximum undisturbed volume flux through the channel. These
analytical studies provided fundamental understanding and
insight to the dynamics of tidal energy extraction in a simplified
tidal system. However, for more detailed and site-specific
analysis, analytical models are often limited because of the
underlined assumptions and simplifications.

Numerical models have been widely used to assess in-
stream tidal energy resources and evaluate impacts of tidal
energy extraction on hydrodynamics and marine environ-
ments. These modeling studies range from 1-D to 3-D models
at laboratory scale to a real-world site. Sun et al. (2008)
evaluated the local effects of tidal energy extraction on the
flow field at a laboratory scale using a computational fluid
dynamics code. Walkington and Burrows (2009) simulated
the tidal stream power potential and impacts of installed tidal
farm capacity on the west coast of the UK using a depth-
averaged 2-D model. Draper et al. (2009) also used a 2-D
model to investigate the effects of tidal energy extraction on
tidal hydrodynamics in a simple tidal channel. With the rapid
growth of computation resource, 3-D models have been used
to simulate the potential of tidal energy extraction and its
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environmental effect. Shapiro (2010) applied a 3-D ocean
circulation model to study the effects of tidal energy extraction
on tidal current magnitudes and transport process in a shallow
sea. Defne et al. (2011) modeled the effects of tidal power
extraction on the estuarine hydrodynamics along the Georgia
coast using the 3-D Regional Ocean Modeling System.
Hasegawa et al. (2011) evaluated the far-field effects of tidal
energy extraction in Minas Passage, Bay of Fundy, using a 3-
D nested-grid modeling approach. More recently, Yang et al.
(2013) implemented a tidal energy extraction module in the
unstructured-grid Finite-Volume Coastal Ocean Model
(FVCOM) to simulate the 3-D effects of tidal energy extrac-
tion in a channel linking to a bay system.

However, most of the studies related to environment im-
pacts still primarily focus on the barotropic flow field, espe-
cially on the total volume flux across a large fence of tidal
turbines. For example, Ahmadian et al. (2012) modeled the
far-field hydro-environmental impacts, such as tidal currents,
sediment, and fecal bacteria levels, due to the installation of
tidal stream turbines in the Severn Estuary and Bristol Chan-
nel. Neill et al. (2009) applied a 1-D hydrodynamics and
morphological model to evaluate the impacts of tidal energy
extraction on the sediment dynamics in the Bristol Channel of
the UK. Neill et al. (2012) further applied a 3-D model to
simulate the impact of tidal energy converter arrays on the
dynamic formation of headland sand banks in the Alderney
Race. Furthermore, nearly all of the previous studies on the
effects of tidal energy extraction on flow fields were
conducted with the assumption of barotropic tidal motion,
i.e., stratification and density-induced circulation were not
considered. No studies have been found on evaluating the
effects of tidal in-stream energy on estuarine stratification
and two-layer baroclinic circulation. In reality, many hotspots
with high tidal in-stream energy potential are often connected
to estuaries with high freshwater discharge, which are subject
to density stratification and baroclinic motion, such as the
Admiralty Inlet and Tacoma Narrows of Puget Sound, USA.
Stratification and estuarine two-layer circulation are important
factors affecting the flushing time and biogeochemical pro-
cesses in estuarine and coastal environments. In this study, the
FVCOM model with tidal turbine module (Yang et al. 2013)
was used to evaluate the effects of tidal energy extraction on
the temperature and salinity stratification and the baroclinic
two-layer circulation in an idealized estuary and bay system
connected to the coastal ocean through a narrow channel.

Methods

Model Description and Model Domain

The 3-D unstructured-grid FVCOMwith a tidal turbine module
(Chen et al. 2003; Yang et al. 2013) was used in this study.

FVCOM simulates water surface elevation, velocity, tempera-
ture, salinity, sediment, and water quality constituents. The
unstructured-grid and finite-volume approach employed in the
model provide geometric flexibility and computational efficien-
cy that is well suited for simulating the tidal and estuarine
circulations in estuaries and coastal bays. FVCOMuses unstruc-
tured triangular cells in the horizontal plane and a sigma-
stretched coordinate system in the vertical direction to optimally
represent the complex horizontal geometry and bottom topog-
raphy. A mode splitting approach is used in the numerical
scheme to solve the depth-averaged 2-D barotropic external
mode and 3-D baroclinic internal mode equations. FVCOM
has been used to simulate tidal and estuarine circulations (Huang
et al. 2008; Xue et al. 2009; Yang and Khangaonkar 2010),
storm surge and wave modeling (Weisberg and Zheng 2006; Qi
et al. 2009), and nearshore restorations (Yang et al. 2010, 2011),
as well as tidal energy extraction (Karsten et al. 2008; Yang et al.
2013).

To systematically evaluate the effect of tidal energy devices
on flow field, an idealizedmodel domainwas developed, which
is approximated with dimensions similar to Puget Sound, a
tidally dominant fjord estuary in the Pacific Northwest, USA.
The model domain consists of a semi-enclosed bay that is
forced by the upstream river discharge and tidal forcing through
a narrow tidal channel, which mimic the Puget Sound and
Admiralty Inlet at its entrance (Fig. 1). The length of the tidal
channel is 15,000 m, and the width is 30,000 m. The length of
the tidal basin is 100,000 m, and the width is 20,000 m. The
water depth in the channel and basin is 60 and 80 m, respec-
tively. The dimensions of the tidal channel and bay system are
shown in Table 1. The unstructured model grid consists of
25,415 elements and 13,148 nodes, with finer grid resolution
in the tidal channel. The model cell size varies from 300 m in
the tidal channel to around 4,500 m in the coastal ocean
boundary. Twenty-one uniform sigma layers were specified in
the water column for all model runs.

Model Forcing

To simulate temperature/salinity stratification and density-
induced mean estuarine circulation, model forcing includes
not only tide and river inflows, but also meteorological inputs.
All forcing functions in this study were generated based on
observed data in the Puget Sound region. To keep the tidal
forcing simple but still representative of the spring and neap
tidal cycle as observed in Puget Sound (Yang andKhangaonkar
2010), the principal lunar semidiurnal tide (M2) with amplitude
of 0.7 m and the principal solar semidiurnal tide (S2) with
amplitude of 0.3 m were specified along the open ocean
boundary. In the upstream river boundary, river inflow and
river temperature were specified. The river flow was idealized
based on the climatology of total river inflow in Puget Sound.
River inflow shows strong seasonal variations, with the highest
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peak flow in December as a result of storms and floods. A
second peak flow occurs in January, caused by the early snow
melt, followed by a third peak due to spring snow melt. The
lowest river flow (dry season) happens in September (Fig. 2a).

Long-term river temperature records in Puget Sound are
very limited. Existing temperature measurements for the major
rivers in Puget Sound showed relatively small to medium
seasonal variations. The idealized river annual temperature
distribution was developed based on 3 years of temperature
records of Cedar River, which discharges into the main basin of
Puget Sound. The annual temperature distribution basically
follows a sinusoidal distribution pattern with a maximum tem-
perature of 16 °C in July and aminimum temperature of 6 °C in
January (Fig. 2b). Similarly, an annual sinusoidal distribution of

air temperature with daily maximum and minimum variations
was specified, based on measurements at the NOAA meteoro-
logical station at Seattle, Washington. The idealized daily max-
imum andminimum air temperatures as well as daily variations
with comparison to the NOAA measured data are shown in
Fig. 2c, d. For simplicity, short-term (weekly to monthly)
fluctuations in air temperatures were filtered out.

Short- and long-wave solar radiations, sensible heat flux,
latent heat flux, and the net heat flux are required for the
prescribed meteorological forcing in FVCOM. Measurements
for meteorological parameters in Puget Sound are very limit-
ed. To generate representative meteorological forcing, such as
wind, solar radiation, and heat flux, we used hybrid data from
Weather Forecast Research model prediction (http://www.wrf-

Fig. 1 Model domain and bathymetry—a tidal estuary connected to the
coastal ocean through a narrow tidal channel. The inset image shows the
unstructured model grid and array arrangement of 400 turbines in the tidal

channel. A and B denote locations for profile and time series plots of
model results

Table 1 Dimensions of the
model domain Tidal channel (m) Semi-enclosed bay (m) Coastal ocean (m)

Length Width Depth Length Width Depth Length Width Depth

15,000 3,000 60 100,000 20,000 80 170,000 250,000 200
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model.org/index.php) and NOAA measurements. The solar
radiation was calculated based on the formula of a CE-
QUAL-W2 model (Cole and Wells 2009). Details for calcula-
tion of net heat flux are given in Yang et al. (2010). The
maximum solar radiation of 898 W/m2 occurred in late June,
and the minimum value of zero occurred at midnight daily
(Fig. 3a, b). The maximum net heat flux is around 860 W/m2

in late June, and the daily minimum net heat flux is −170W/m2,
where the negative sign represents heat release from water to

the atmosphere at night (Fig. 3c, d). Cloud cover data are very
limited temporally, and cloud cover is not a major factor in heat
exchange. Specification of temporally varying cloud cover with
high uncertainty as model input does not necessarily provide
better prediction of heat flux. Therefore, a constant cloud cover
factor of 0.8 was used throughout the simulation period to
account for the effect of cloud cover. Similarly, wind data are
also limited, and wind pattern is very much site dependent. A
constant westward wind speed of 2.5 m/s was considered for

Fig. 2 Model inputs for river inflow (a), river temperature (b), and air temperature (c, d)

Fig. 3 Model inputs for solar radiation (a, b) and net heat flux (c, d)
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the entire domain and simulation period. The tidal boundary
condition was specified at every 15 min, and all river and
meteorological inputs were specified in hourly intervals.

Modeling of Baseline Condition Without Tidal Turbines

To evaluate the effect of tidal energy extraction on the estua-
rine hydrodynamics in the tidal channel and bay system, a
baseline condition without the presence of tidal turbines was
first developed. To spin up the model, one full year simulation
was conducted, and the model results were saved as a new
initial condition for the new model run using the hot-start
option. Time series of simulated tidal elevation and depth-
averaged velocity in the tidal channel and bay are shown in
Fig. 4. Strong semidiurnal tidal variations with spring and
neap tidal cycle are seen in both tidal elevation and velocity
distributions. Tidal range is amplified significantly in the
semi-enclosed bay as tides propagate from the coastal ocean
to the tidal basin, which is consistent to the tidal range distri-
bution in Puget Sound (Yang and Wang 2013). Tidal velocity
reaches its maximum in the narrow channel and becomes very
small in the bay. Seasonal variations in tidal elevations and
tidal velocities are negligible in the system.

Time series of surface and bottom salinities and tempera-
tures in the tidal channel and the bay are shown in Fig. 5.
There are strong stratifications in salinity and temperature
distributions throughout the year. Surface salinity in the chan-
nel shows strong daily variation because of strong tidal ex-
change between the coastal seawater and freshwater from the
estuary. There is also a clear seasonal pattern in surface

salinity, with high surface salinity corresponding to low river
discharge in late summer and low surface salinity correspond-
ing to high river discharge in winter. Bottom salinity remains
nearly constant, which is close to the salinity of coastal water
outside of the channel. Surface temperature is mainly con-
trolled by the surface heating from atmospheric forcing.
Strong seasonal variations are observed in surface temperature
distribution, which reaches the maximum during summer and
turned over as water cooled from the surface in late fall and
winter. Spring and neap tidal cycle signals are also clearly
presented in both surface salinity and temperature distribu-
tions. Salinity and temperature in the bay show small daily
variations but strong seasonal variations, similar to the
channel.

Temperature/salinity and density stratifications and tidally
averaged estuarine circulation are important factors affecting
the biogeochemical processes in estuarine and coastal ecosys-
tems. Time series of tidally averaged surface and bottom salin-
ity, temperature, density anomaly, and velocity at location A in
the tidal channel are shown in Fig. 6. There is a close correla-
tion among the tidally averaged surface density anomaly and
velocity (R2=0.71), which shows strong modulation of the
spring–neap tidal cycle at fortnightly frequency, with stronger
outgoing surface currents occurring in neap tides. Low-pass-
filtered (monthly) surface density anomaly and velocity also
show a good correlation with R2=0.79. It is well understood
that water exchange and stratification are strongest at neap tides
when tidal mixing become weakest. These results are consis-
tent with previous studies on the dynamics of stratified estuar-
ies (e.g., Geyer and Cannon 1982; Geyer et al. 2008; Murphy

Fig. 4 Tidal elevations and depth-average velocities at location A in the tidal channel (a, b) and location B in the bay (c, d)
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and Valle-Levinson 2008). Figure 6 also shows that the max-
imum mean surface current occurs in June (JD 150–165),
corresponding to the high flow and warm season. To further
examine the two-layer circulation pattern, tidally averaged
temperature, salinity, and velocity profiles at spring and neap
tides in the tidal channel are analyzed and shown in Fig. 7.
Strong stratification is seen clearly in both salinity and temper-
ature profiles. The two-layer estuarine circulation (negative
velocity indicates current going out of the estuary) is well
developed with stronger outgoing surface current during neap
tide and weaker outgoing surface current during spring tide.

Model Applications to Tidal Energy Extraction

Maximum Extractable Tidal Energy in Baroclinic Mode

To simulate the effect of tidal energy extraction, a momentum
sink approach is used in this study. The momentum governing
equations for Reynolds-averaged turbulent flows with mo-
mentum sink terms due to energy extraction have the follow-
ing general form:
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where (x, y, z) are the east, north, and vertical axes in the
Cartesian coordinates; (u, v, w) are the three velocity compo-
nents in the x, y, and z directions; (Fx, Fy) are the horizontal
momentum diffusivity terms in the x and y directions; Km is
the vertical eddy viscosity coefficient; ρ is water density; p is
pressure; and f is the Coriolis parameter. FM

�! ¼ FM
x ; F

M
y

� �
are the added momentum sink terms corresponding to energy
extraction that can be defined as follows:

FM
�! ¼ 1

2

CeA

V c
u!

��� ��� u! ð3Þ

where Vc is a control volume, Ce is momentum extraction
coefficient which takes into account for the rotor blade thrust
and the drag of turbine structure, A is the flow-facing area of
the turbines, and u! is the velocity vector. FVCOM solves the
momentum governing equations using a finite-volume meth-
od and sigma-stretch coordinate transformation in the vertical
direction. Details on the numerical method for solving Eq. (1)
and (2) are given in Yang et al. (2013).

To evaluate the effect of tidal energy extraction on the
hydrodynamics of the system by a large commercial-scale tidal
turbine farm, the maximum extractable energy of the system

Fig. 5 Surface and bottom salinities and temperatures at location A in the tidal channel (a, b) and location B in the bay (c, d)
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was first estimated. Due to high computation costs for simulat-
ing many array configurations with increasing turbine numbers,
we calculated the maximum extractable energy based on

simulation results for a 30-day period using the baseline model
results on JD 180 as initial condition. Model simulations with
tidal turbine farms were designed by deploying tidal turbines in

Fig. 6 Tidally averaged surface and bottom salinity (a), temperature (b), density anomaly (c), and velocity (d) at location A in the tidal channel
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the entire channel section with increasing turbine density in each
model element. The diameter of the tidal turbine was specified
as 15 m, and the turbine rotor hub height was located at 10 m
above the sea bed. The turbine thrust coefficient is specified as
0.5. For simplicity, effects of turbine supporting structures and
turbine drag were neglected in this study.

The total extractable energy at any given time can be
calculated based on the following formula (Yang et al. 2013;
Sutherland et al. 2007):

Ptotal ¼
X
i¼1

M

N � 1

2
ρCTAb u!

��� ���3� �
i

ð4Þ

where ρ is water density,CT is the turbine thrust coefficient for
the amount of thrust force exerted uniformly on a grid cell of
the fluid, Ab is the total flow-facing area swept by turbine
blades, u! is the velocity vector at hub height,N is the number
of turbines in each model element, and M is the total number
of elements containing turbines. The tidally averaged extract-
able power as a function of number of turbines is plotted in
Fig. 8. As the total number of turbine increases to around
17,000, the tidally averaged extractable energy reaches a
maximum value of 770 MW, which is close to the total tidal
energy dissipation (733 MW) in Puget Sound calculated by
Lavelle et al. (1988), based on a 1-D multiply connected
channel tide model with composite tidal forcing of M2 and
K1. Model results also showed that the undisturbed tidally
averaged volume flux is 2.71×105 m3/s, which is also close to
the value of 2.98×105 m3/s obtained by Lavelle et al. (1988).
The simulated instantaneous maximum volume fluxes

corresponding to the undisturbed condition and maximum
energy extraction condition are 5.647×105 and
4.096×105 m3/s, respectively. Figure 8 also shows that the
extractable power is approximately linearly proportional to the
number of turbines, N, when N is a small percentage (e.g.,
<10 %) of the turbine number corresponding to the maximum
extractable power.

Garrett and Cummins (2004) developed a simple analytical
model to estimate the maximum extractable energy for a tidal
channel connecting to a close basin, based on the tidal ampli-
tude a outside of the channel and undisturbed volume flux
Qmax through the channel

Pmax ¼ 0:2pgaQmax ð5Þ
They further extended the above solution by following

multiplier to include the effect of multiple tidal constituents
(Garrett and Cummins 2005)

Fig. 7 Tidally averaged salinity (a), temperature (b), and velocity (c) profiles at location A in the tidal channel (negative velocity indicates outgoing
current)

Fig. 8 Tidally averaged extractable power as a function of tidal turbines

S194 Estuaries and Coasts (2015) 38 (Suppl 1):S187–S202



1þ 9

16

� �
a1
a

� �2
þ a2

a

� �2
þ…

� 	
ð6Þ where a1, a2,… are amplitudes of additional tidal constituents.

In the case of two tidal constituents, M2 and S2, the equation

Fig. 9 Comparisons of tidal elevations (a) and velocities between baseline and 1,500 turbine cases at surface layer (b) and bottom layer (c) and velocity
differences between baseline and 1,500 turbines cases in surface and bottom layers (d) at location A in the tidal channel
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for estimating the maximum extractable tidal energy becomes

Pmax ¼ 0:2ρgaM2 1þ 9

16

� �
aS2
aM2

� �2
" #

Qmax ð7Þ

where aM2 and aS2 are the amplitudes of M2 and S2 tides,
respectively. Using ρ=1,025 kg/m2, g=9.8 m/s2, and
Qmax=5.647×10

5 m3/s, aM2=0.7 mand aS2=0.3 m, Eq. (4)
gives Pmax=870 MW, which is comparable to the model
prediction of 770 MW. It should be noted that Eq. (7) was
derived for the depth-average condition, and density effect
was not considered. Yang et al. (2013) showed that the depth-
average 2-D approach tends to overestimate the maximum
extractable power than that with a 3-D approach.

Effect of Tidal Energy Extraction on Estuarine
Hydrodynamics

Once the relationship between extractable power and number
of tidal turbines is established and the maximum extractable

power Pmax in the system is determined (Fig. 8), we can
design various array configurations to simulate the effect of
tidal energy extraction by realistic commercial-scale tidal
farms on the estuarine hydrodynamics. Due to the back effect
of energy extraction on the flow field, the rate of extractable
energy with respect to the number of tidal turbines reduces as
the number of turbines increases. While many resource as-
sessment studies were conducted to estimate the maximum
extractable tidal energy (e.g., Sutherland et al. 2007; Karsten
et al. 2008), extraction of all the extractable energy is not
practical in the real world because it would significantly affect
the marine system and require installing numerous tidal tur-
bines. Therefore, we focused on energy extraction scenarios
using a small percentage of the total tidal turbines correspond-
ing to the maximum extractable energy.

While the large number turbines (such as 17,000 shown in
Fig. 8) for generating the maximum power is unrealistic, it is
possible to extract tidal energy for a tidal farm with a much
less number of turbines, for instance, a small percentage of the
maximum 17,000 turbines. Three model simulations were
conducted, with three different sizes of turbine arrays. The

Fig. 10 Tidally averaged extractable power, surface salinity, temperature, and velocity at location A in the tidal channel between baseline and 1,500
turbines cases during the period of JD150-180 (left panels: surface layer; right panels: bottom layer)
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Fig. 11 Comparisons of tidally averaged salinity, temperature, and ve-
locity profiles between baseline and 1,500 turbine cases at location A in
the tidal channel.Upper panels: neap tide (JD156).Middle panels: spring

tide (JD163). Lower panels: differences between baseline and 1,500
turbines cases at spring and neap tides

Estuaries and Coasts (2015) 38 (Suppl 1):S187–S202 S197



largest array has 1,500 tidal turbines, which is about 9% of the
total turbines (around 17,000 turbines) for generating the
maximum extractable tidal energy. The other two arrays con-
sist of 400 and 800 turbines, respectively, which correspond to
about 2.4 and 5 % of the total turbines for generating the
maximum extractable tidal energy. For the purpose of better
visualizing the effect of energy extraction, model results for
the scenario with 1,500 turbines and a hub height of 10mwere
first analyzed and compared to the baseline condition. The
turbine array occupies the entire cross section (3,000 m in
width) of the tidal channel for a section 13,000 m long, which
results in a total coverage area of 39×106 m2. This configu-
ration is equivalent to one turbine per 26,000-m2 area or
approximately 200 m apart in the transverse direction and
130 m apart in the longitudinal direction between turbines.
A thrust coefficient of 0.5 was used in the simulation.

Comparisons of tidal elevations and tidal currents at the tidal
channel between the 1,500 turbines scenario and baseline con-
dition (no turbine) during spring tide (JD 163) are shown in
Fig. 9. We can see that the effect of tidal energy extraction with
1,500 turbines on the tidal elevation is relatively small (Fig. 9a).
Themaximum tidal flood (positive) and ebb (negative) currents
in the surface layer are nearly the same between the turbine
scenario and baseline condition (Fig. 9b). However, there is a
phase lag in the surface velocity for the turbine scenario with
respect to the baseline condition because of additional drag
induced by the turbines. In the bottom layer, the maximum
flood and ebb currents in the turbine scenario are smaller than
those in the baseline condition because the bottom layer is close
to the turbine hub height, and velocities are directly affected by
the energy extraction. Similar to surface currents, a phase lag is
also seen in the bottom velocities (Fig. 9c). Velocity differences
between baseline condition and turbine scenario in surface and
bottom layers are shown in Fig. 9d. The greatest difference in
the surface velocities occurs during slack tides when currents
start to reverse directions. During flood and ebb tides when
surface tidal currents become strongest, velocity differences in
the surface layer are close to zero. In contrast, the largest
differences in the bottom layer velocities between turbine and
baseline conditions occur near flooding and ebbing phases
when tidal current and extractable energy are greatest.

Tidally averaged estuarine stratification and circulation
play an important role in water exchange and transport pro-
cesses in estuaries and bays. As shown in Fig. 6, tidally
averaged salinity, temperature, and velocity have strong fort-
nightly modulations and long-term seasonal variations. Com-
parisons of mean salinity, temperature, and velocity between
baseline and turbine conditions were made for the period of
JD 150 to JD 180 (Fig. 10), when the two-layer estuarine
circulation is greatest as a combined result of high river inflow
and warm surface water temperature (Fig. 6). For reference,
the tidally averaged extractable energy was also plotted in the
top panel of Fig. 10. During neap tides (JD 156 and JD171)

when tidal currents and mixing are weakest (thus, the extract-
able energy is smallest), a sharp decrease in salinity and an
increase in temperature are seen in the surface layer (Fig. 10,
left panel), and a small increase in salinity and decrease in
temperature are also seen in the bottom layer (Fig. 10, right
panel). As a result, stronger two-layer circulation also occurs
during neap tides, i.e., tidally averaged velocities in opposite
directions at the surface and bottom become stronger. Tidally
averaged salinity under turbine scenario is reduced in the
surface layer and increased in the bottom layer, as a result of
the increase of vertical mixing due to tidal energy extraction.
Note that the change of salinity in the surface layer is almost
an order of magnitude larger than that in the bottom. Similarly,
tidally averaged temperature is reduced in the surface layer
and increased in the bottom layer (during warm season) under
turbine scenario. Extraction of tidal energy thus also reduces
the two-layer estuarine circulation, especially during neap
tides when tidal mixing is weakest and stratification is stron-
gest in the estuary. It is important to point out that although the
extractable tidal energy is stronger in spring tide than in neap
tide because it is directly proportional to the cube of the tidal
velocity magnitude (Eq. 4), the effect of tidal energy extrac-
tion on the fortnightly variability of estuarine circulation is
stronger during neap tide than spring tide, a phenomenon
similar to the effect of shallow sill on fjord circulation reported
by Geyer and Cannon (1982).

Vertical profiles of tidally averaged salinity, temperature,
and velocity during neap (JD156) and spring (JD163) tides are
shown in Fig. 11 (upper and middle panels). Comparisons
between baseline and turbine conditions clearly show that
extraction of tidal energy would increase the surface salinity
and decrease the surface temperature, thus reducing the verti-
cal stratification and the estuarine two-layer circulation, espe-
cially during neap tides. The differences of vertical profiles
between the baseline and turbine conditions are shown in the
lower panel of Fig. 11. Overall, tidal energy extraction has
stronger impact on the tidally averaged salinity, temperature,
and velocity in the surface layer and neap tides than those in
the bottom layer and spring tides.

Effect of Different Array Configurations

To further examine the effects of tidal energy extraction on the
estuarine hydrodynamics with different array configurations,
two additional simulations were conducted. The detailed array
configurations for all the simulations are listed in Table 2.
Turbine blade diameter and thrust coefficient remain the same,
15 m and 0.5, in all the model runs. The additional model runs
were designed to simulate a smaller and more practical num-
ber of tidal turbines (400 and 800). The 400- and 800-turbine
scenarios occupy a slightly smaller region (36×106 m2) than
the 1,500-turbine scenario (39×106 m2). The 400-turbine
scenario has a lateral turbine spacing of 300 m and a
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longitudinal spacing of 300 m, respectively (see the inset
image in Fig. 1). The 800-turbine scenario has a lateral turbine
spacing of 300 m but a longitudinal spacing of 150 m, which
is half of the distance in the 400-turbine scenario.

Time series of tidally averaged extractable energy during
JDs 150–180 for all three scenarios listed in Table 2 are shown
in Fig. 12. The maximum tidally average powers at spring tide
for 400, 800, and 1,500 turbines with 10-m hub height sce-
narios are 115, 210, and 312 MW, which correspond to the
extractable power per unit turbine of 288, 262, and 208 KW,
respectively. Therefore, the extractable power output per unit
turbine reduces as the number of turbines increases (as shown
in Fig. 8) but remains approximately constant when the num-
ber of turbines is much smaller than the total number of
turbines that corresponds to the maximum extractable energy
in the system.

To evaluate the effects of energy extraction on the stratifica-
tion and estuarine circulation under different array configura-
tions, differences (surface value minus bottom value) of surface
and bottom tidally averaged salinities, temperatures, and veloc-
ities during spring and neap tides are plotted and compared in
Fig. 13. Zero turbine number represents the baseline condition.
As seen in Fig. 13, stratification and two-layer circulations in
neap tide are consistently stronger than those in spring tide. For
all the scenarios, differences of surface and bottom salinities and
temperatures decrease as the number of turbines increases.
Differences of surface and bottom mean velocities show the

same decreasing trend during neap tide while remain nearly the
same during spring tide.

Summary

The effect of tidal energy extraction on stratification and
baroclinic circulation has been studied in the past. In this
study, an unstructured-grid coastal ocean model FVCOMwith
a tidal turbine module was applied to simulate the effect of
tidal energy extraction on the stratification and two-layer
estuarine circulation in a stratified estuarine system, which
consists of a tidal basin with river discharge and a narrow tidal
channel connecting to the open coastal water. The full annual
cycle with seasonal variability of stratification and two-layer
estuarine circulation was simulated with forcing of tide, river
inflow, and meteorological heat flux. Numerical model runs
for tidal energy extraction were conducted by deploying a
fence of tidal turbines in the tidal channel. Although there
has not been any commercial-scale tidal farm installed in a real
site, it is expected that a tidal power farm with hundreds of
turbines and even up to a thousand can be developed in a large
site, such as Alderney Race of the UK (Myers and Bahaj
2005; Neill et al. 2012), over the next decade. To realistically
represent a commercial-scale tidal farm, three different arrays
with a total number of tidal turbines of 400, 800, and 1,500
were considered in the model simulations; all were within the
10% limit of the total number of turbines corresponding to the
maximum extractable energy in the system. Results from this
study could be used as a reference for future studies on the
effect of tidal energy extraction as well as guidance by indus-
try for environmental impact assessment during planning
stage.

Model results show that extraction of tidal energy with a
turbine hub height close to the bottom layer of the water column
not only reduces the bottom tidal current but also results in a

Fig. 12 Tidally averaged
extractable powers under different
turbine array configurations

Table 2 Array configurations

Total turbine Coverage
area
(m2)

Lateral
spacing
(m)

Longitudinal
spacing
(m)

Blade
diameter
(m)

Hub
height
(m)

1,500 39×106 200 130 15 10

800 36×106 300 150 15 10

400 36×106 300 300 15 10
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phase shift. The main effect of energy extraction on the surface
tidal current is the phase shift, which results in a larger velocity
difference between the conditions with and without tidal tur-
bines than that in the bottom layer because surface velocity is
much greater than the bottom velocity. Tidal energy extraction
will increase the vertical mixing and weaken the stratification
and two-layer circulation in the estuary. Although tidal energy
extraction is highest during spring tides when the tidal currents
are strongest, the effect on the tidally averaged two-layer circu-
lation is greatest during neap tides because of the changes in

vertical mixing and stratification in neap tides. The effect on the
two-layer circulation is small during spring tides, mainly be-
cause of the strong tidal mixing. Our model results show that for
a small number of turbines, such as <10%of the total number of
turbines for the maximum extractable energy, the effect of tidal
energy extraction on stratification and baroclinic flow is rela-
tively small. However, as reported in previous studies (Garrett
and Cummins 2005; Sutherland et al. 2007; Yang et al. 2013),
the total volume flux (barotropic flow) across the channel would
be reduced at a higher rate for a smaller number of turbines.

Fig. 13 Differences of surface and bottom tidally averaged salinities (a), temperatures (b), and velocities (c) at location A in the tidal channel for
different array configurations during neap tide (JD 156) and spring tide (JD 163)
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Therefore, it is important to keep in mind that the effect of tidal
energy extraction on physical processes in marine environment
should be considered for both baroclinic and barotropic flow
conditions. The effect of tidal energy extraction on stratification
and estuarine circulation would have implication to the long-
term biogeochemical processes in estuaries because of the po-
tential change of flushing time in the system.

While this study provides interesting and important results
for assessing the impacts of tidal energy extraction on estua-
rine hydrodynamics, such as mixing, stratification, and two-
layer circulation, many issues remain for further investigation.
For example, how do the changes in barotropic and baroclinic
motions due to tidal energy extraction interact and affect the
overall transport processes in the estuary?What is the cost and
benefit of energy extraction with a larger number of turbines
due to the effect on the environment and the decrease of power
output rate as the total extractable power is increased? While
our study shows that the greatest impact of energy extraction
occurs during neap tides, what would be the change of impact
during neap tide if turbines were shut off during neap tides
when tidal currents are weakest? Finally, it is important to
apply the model in a real-world case and further evaluate the
impacts and confirm the findings obtained in this study.
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