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A B S T R A C T

Numerical models combined with field measurements are regularly used to characterize tidal energy resources
at potential energetic sites. However, most existing works only focus on the tidal hydrodynamic characteristics,
and turbulence parameters are often not reported because of the lack of high-quality turbulence measurements
and the limitations of numerical models in resolving turbulent eddies. In this study, we used FVCOM – a
hydrostatic primitive equation (HPE) model – to characterize the tidal energy resource in the Western Passage,
Maine, USA, by taking care of the essential macro-scale turbulence properties. We observed an excellent
model performance using the Mellor–Yamada Level 2.5 Turbulence Model; estimating the spatial and vertical
distribution of the turbulent kinetic energy and intensity added a new perspective to the site ranking for
tidal energy converter (TEC) deployments. In addition, we also examined the role of channel geometry and
bathymetry, such as headlands and underwater sills, in enhancing turbulent eddies around potential TEC siting
locations. Ultimately, the detailed analysis of the turbulent flow characteristics has changed the site-ranking
results and demonstrated that the regional-scale HPE models could be used for the relative understanding of
more or less turbulent sites for a refined resource assessment.
1. Introduction

In response to rising concern over global climate change and carbon-
free energy generation, marine renewable energy is seeing increasing
interest as an alternative source of clean energy [1,2]. Tidal stream
energy has advantages over other marine renewable energy sources,
such as offshore wind and wave energy, due to the continuous and
predictable nature, stability, and ideal locations near coastal commu-
nities. During tidal energy resource assessment, various regional-scale
2D/3D numerical modeling frameworks have been used over the years
to identify tidal stream hotspots [3–8]. These state-of-the-art ocean
models provide essential hydrodynamic properties, such as horizontal
and vertical variation of tidal velocity, where the former is used for
estimating the undisturbed power density potential throughout the en-
tire area of interest. The mean power density variability across various
channel sections or the mean kinetic energy flux available at the exact
locations is then used to rank the suitable sites for harnessing tidal
power [9].

The International Electrotechnical Commission (IEC) maintains a
guidance system for tidal resource assessments, such as IEC Technical
Specification (TS) 62600-201 [10], which asks for accurate flow prop-
erties to aid the installation of arrays of tidal energy converters (TECs).

∗ Corresponding author.
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The requirements vary based on project size, where IEC TS 62600-
201 recommends using direct field measurements or hydrodynamic
modeling, or both combined, to provide detailed information on flow
properties in the location of interest. More specifically, for a small
project where the total extracted power is less than 10 MW or 2% of the
theoretical power available, the resource characterization and assess-
ment can be performed based on a numerical model without simulating
energy extraction or velocity measurements at the turbine locations
under undisturbed conditions. And, if the total expected power output
at the project site is higher than 10 MW or 2% of the theoretical value,
the effect of energy extraction must be simulated in the numerical
models and the field measurements should be used to support the model
validation. In addition to the variables needed for resource assessment,
IEC TS 62600-201 also recommends quantifying turbulence intensity
(𝐼𝑢) and providing turbulence statistics such as turbulent kinetic energy
(TKE), Reynolds stresses, and other important properties to help ‘Stage-
2’ assessments [10]. Mainly, designers use these turbulence quantities
to test device performance and fatigue loads.

In highly energetic tidal flows, the time and length scale of the
turbulent eddies can vary widely based on the along- and across-
channel bathymetric properties. To resolve these small-scale structures,
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we need computationally expensive methods like large eddy simulation
[LES; Spalart [11]], which is still not feasible for implementation when
tidal resource assessment in a large domain is considered. A 3D ocean
model with Reynolds-Averaged Navier–Stokes (RANS) approach and
further assumptions of the flow properties (hydrostatic and Boussi-
nesq approximations) solves hydrostatic primitive equations [e.g.,12,
13] that can be useful for a general ‘Stage-1’ feasibility study of an
area of interest. More specifically, resolving turbulence macro-scale
properties using 3D hydrostatic primitive equation (HPE) models can
add essential information for ‘Stage-1’ TEC site characterization. For
example, Thyng et al. [14] and Guerra et al. [15] have used HPE
models to generate turbulence statistics to assess potential tidal turbine
sites within energetic tidal channels at Admiralty Inlet, WA, USA, and
Chacao Channel, Chile, respectively.

In this study, we focus on implementing a 3D HPE model — the
Finite Volume Community Ocean Model [FVCOM; Chen et al. [13]]
in a top-ranked tidal energy site in the US (Western Passage, ME) to
demonstrate how the macro-scale turbulence properties can be used to
help identify and rank suitable locations for TECs. The Western Passage
is an energetic tidal channel between New Brunswick, Canada, and the
state of Maine in the United States (Figs. 1a and 2), which is part of
a large and complex coastal system — the Passamaquoddy–Cobscook
Bay archipelago [16–19]. This archipelago is connected to the Bay of
Fundy, which has the largest tidal range in the world [20]. The narrow
southern portion of the Western Passage is a top-ranked site for tidal
stream energy based on several criteria: available tidal power density,
market value, energy price, shipping cost, and transmission distance,
in addition to its suitable geological and bathymetric configurations
for existing tidal energy technologies [9,21]. The large channel vol-
ume flux, in conjunction with the rugged landscape (cliffs and large
headlands extending into the bay, Fig. 2), however, generates the
Western Hemisphere’s largest tidal whirlpool, Old Sow (https://www.
bayoffundy.com/about/old-sow-whirlpool/). Old Sow occurs toward
the Canadian side of the Western Passage near the southern tip of Deer
Island, where most of the flood tide enters from the main channel in the
northeast between Campobello and Deer islands. Tidal water from the
open ocean initially bifurcates into a tributary (Indian River) and the
main channel from the positioning of Indian Island. These two streams
meet again before reaching the Western Passage, creating a confluence
zone and generating eddies that produce Old Sow and highly turbulent
conditions. Past studies [22–26] have shown that, depending on the
velocity and momentum ratio of the two streams, a confluence hydro-
dynamic zone can form immediately within and downstream of stream
junctions where complex 3D eddy motions (‘wake mode’ or ‘Helmholtz
mode’ instabilities) dominate.

The complex flow conditions observed in the Western Passage
posited a case for assessing the turbulence variation throughout the
entire channel during resource characterization and before proposing
the most suitable location for TEC farm deployment. The model chosen
for this study, FVCOM, uses a two-equation Mellor–Yamada level 2.5
(MY2.5) turbulent closure scheme [27,28] that resolves turbulence
macro-scale (wavelength containing peak turbulent energy) to param-
eterize the vertical eddy viscosity [13]. The MY2.5 turbulence model
has been widely used in different ocean circulation models [29–32] for
parameterizing vertical mixing and is considered one of the standard
schemes for coastal ocean applications.

The primary objective of this study is to integrate macro-scale
turbulent flow properties such as TKE and 𝐼𝑢, among others, in the tidal
energy resource characterization and rank suitable locations for TEC
arrays. Based on this objective, we first compared the performance of
the 3D ocean model against a dense network of field data sets collected
from the Western Passage. After conducting an extensive model valida-
tion, we ran a month-long simulation consisting of two spring and neap
cycles to evaluate the tempo-spatial variability of tidal power density
and turbulence properties in the Western Passage. Subsequently, we
2

used the modeled turbulence characteristics to investigate the flow P
unsteadiness at energetic channel transects. A sensitivity analysis is also
developed to show that turbulence production in potential TEC sites
near channel confluence and headlands depend significantly on the mo-
mentum ratio and local bathymetric features of the main channel and
tributaries. Ultimately, with these model results, we tried to understand
which specific locations within Western Passage are most promising for
TEC siting and if the same modeling framework can be used to compare
turbulence between different channels.

2. Methodology

In this study, tidal hydrodynamics and turbulence variables were
generated for two purposes: (1) hydrodynamic model validation and
(2) a resource assessment for tidal farm development in Western Pas-
sage. First, data sets from different tide gauges (e.g., surface elevation,
harmonic constituents) were used to calibrate and validate the model
following the recommendation of IEC TS 62600-201. Tidal current data
sets can provide site-specific details on the magnitude and direction
of flow velocity throughout the water column required to estimate
annual energy production and kinetic energy flux calculation, which
ultimately aid in ranking the resources [8]. We used multiple current
profiler data sets from the Western Passage to validate flow predictions
from the 3D model. Kilcher [33] collected field data sets of turbulent
kinetic energy and intensity from the study site following IEC TS 62600-
201 guidelines. We used this publicly available data set to validate
our model-generated turbulence statistics. Then, we used the validated
model results of turbulence with other flow variables for resource
assessment.

2.1. Field data

To define the model grid bathymetry, we obtained publicly avail-
able bathymetry data sets from two sources: (1) ETOPO1 1-arc-minute
Global Relief Model [34] and (2) Eastern Canada 3 arc-second Bathy-
metric Digital Elevation Model [35], the highest resolution available
during this study for Western Passage. While ETOPO1 1-arc-minute
Global Relief Model data is used for the large area of the Bay of
Fundy and Gulf of Maine, the Eastern Canada 3 arc-second (∼90 m)
ata set is used explicitly for resolving the complex shallow features
n the Western Passage main channel and tributaries. To calibrate the
odel-predicted water surface elevation, we selected the only National
ceanic and Atmospheric Administration (NOAA) tide gauge available

n the study area: Eastport, ME (station id = 8410140), and two XTide
tations: Cutler, ME, and Port Greville, NS (https://flaterco.com/xtide/)
Fig. 1a). We also used three historical acoustic Doppler current profiler
ADCP) current data sets: EP0003, EP0004, and J02 (Fig. 2), from
ocations close to the Western Passage, for further model validation.
hese stations consist of historical data sets from different periods.
ore information about these data sets can be found in [9]. As part of a

idal resource assessment study, Kilcher [33] collected various flow and
urbulence data sets using vessel and bottom-mounted ADCPs and an
coustic Doppler velocimeter (ADV) from the Western Passage. They
onducted this field campaign during April–July 2017, and different
nstruments were used to measure flow properties at different loca-
ions and periods. For example, the ADV mounted on a stable tidal
urbulence mooring (STTM) was deployed at 10 m above the bottom
mab) and collected turbulence data from 24–31 May 2017, while the
DCPs collected data for a much longer period (∼3 months). These
ata sets were post-processed using Doppler Oceanography Library for
YthoN (DOLfYN) version 0.11.2 (https://lkilcher.github.io/dolfyn),
nd shared in a public directory: https://www.osti.gov/dataexplorer/
iblio/dataset/1635227. In this study, we have used the tidal tur-
ulence statistics and current data collected in 2017 at the Western

assage, shown as WP in Fig. 2, for model validation.
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Fig. 1. (a) Unstructured grid model domain and bathymetry (in meters). Red polygon shows the location of the Western Passage in the domain, and red circles and yellow
diamonds represent tide and acoustic Doppler current profiler gauges used for model validation, respectively. (b) The Western Passage energetic tidal channel between New
Brunswick, Canada, and the state of Maine in the United States.
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Fig. 2. Model bathymetry (in meters) in the Western Passage, ME, interpolated from NOAA Eastern Canada 3 arc-second digital elevation model (DEM). Red circles and yellow
diamonds represent tide and ADCP gauges used for model validation, respectively, and the red star represents the STTM location.
2.2. Numerical model

We used the unstructured-grid, finite-volume, community ocean
model FVCOM [13] in this study to simulate tidal hydrodynamics and
flow structures. FVCOM is a 3D ocean model that solves primitive
governing equations (RANS) for momentum, temperature, salinity, and
density. It has been used in many estuarine and coastal studies consist-
ing of complex topo-bathymetry, inter-tidal wetting and drying, and
irregular coastline [e.g.,8,36,37]. Some of the essential equations in
FVCOM for mean and turbulent flow are given briefly in the following
section.

2.2.1. Governing equations
The incompressible, u-momentum equation in FVCOM is given as

𝜕𝑢
𝜕𝑡

+ 𝐮 ⋅ ∇𝑢 − 𝑓𝑣 = − 1
𝜌0

𝜕𝑃
𝜕𝑥

+ 𝜕
𝜕𝑧

(

𝐾𝑚
𝜕𝑢
𝜕𝑧

)

+ 𝐹𝑢 (1)

where, 𝐮 = (𝑢, 𝑣,𝑤) is the Cartesian mean velocity vector corresponding
to the spatial coordinate vector (𝑥, 𝑦, 𝑧); 𝑓 is the Coriolis parameter; 𝜌
is the density; 𝑃 is the hydrostatic pressure; 𝐾𝑚 is the vertical eddy
viscosity; and 𝐹𝑢 represents the horizontal momentum diffusion term.
The horizontal diffusion term 𝐹𝑢 is closed using the Smagorinsky eddy
parameterization method, as described in more detail in [13]. The
vertical eddy viscosity term 𝐾𝑚 is modeled using

𝐾𝑚 = 𝓁𝑞𝑆𝑚 (2)

Here, 𝑙 is the turbulent macro-scale; 𝑞2 = 1
2 (𝑢

′2 + 𝑣′2) is the TKE; and
𝑆𝑚 is a stability function of Galperin et al. [38]. For more details about
these variables and different constants, see [13].
4

2.2.2. Model setup
The unstructured model grid used in this study was initially devel-

oped by Rao et al. [39] as part of a tidal energy resource assessment
study, which is further modified by Yang et al. [9] to include both
the Bay of Fundy and the northern Gulf of Maine, shown in Fig. 1a.
The model grid resolution varies from 20 m in the Western Passage
to approximately 1 km near the Bay of Fundy and 2 km along the
open boundary in the northern Gulf of Maine. The existing resolution
exceeds the minimum model resolution of 50 m required by IEC TS
62600-201 for the Stage 2 design layout study. In both the previous
studies, Rao et al. [39] and Yang et al. [9], the model bathymetry
for the Western Passage was taken from the prior study by Xu and
Xue [18]. In this work, we have updated the model bathymetry using
the latest Eastern Canada 3 arc-second Bathymetric data [35] for the
region. This data set provided a better representation of the shallow
inter-tidal areas (Fig. 2) compared to the previous studies, even though
the data resolution remained coarser (∼90 m) than the unstructured
model grid. The Passamaquoddy–Cobscook Bay archipelago is strongly
dominated by tidal fluctuations; other forces such as river discharge,
swell from the open ocean, and local wind-induced wave action are ob-
served to have a relatively insignificant contribution to the overall flow
patterns [9,39]. These negligible forces, along with the bit of source
material for suspended sediment loads from the rocky shoreline and
rock/gravel seabed [40], provide conditions for weak stratification and
a well-mixed estuary [41]. Hence, during model setup, we neglected
the sea surface wind, temperature, salinity, and baroclinicity effects
in this study. Model simulations were carried out in a 3D, barotropic
mode, where 15 uniform sigma layers were specified for the vertical
direction. In addition, based on the velocity field data sets, which
showed that the horizontal processes are an order of magnitude larger
than the vertical, we selected the hydrostatic version of the model. The
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Fig. 3. Model performance comparison against the ADV dataset during a spring tide cycle at STTM location. Flow variables considered here are: eastward velocity, u (m/s);
northward velocity, v (m/s); vertical velocity, w (m/s); turbulent kinetic energy, TKE (m2∕s2); and turbulence intensity, 𝐼𝑢. The model results are shown in blue and in-situ in red.
Water surface elevation (m) is shown using a gray line to better represent the flood and ebb cycles.
horizontal mixing coefficient in the Smagorinsky scheme, kept to 0.5,
and a vertical mixing coefficient of 1.0 × 10−5 and a model minimum
depth of 5 cm for wetting and drying are defined. Finally, to force the
model from the lateral open boundary, we specified time-series of tidal
surface elevation — generated using 13 tidal constituents (M2, S2, N2,
K2, K1, O1, P1, Q1, M4, MS4, MN4, Mm, and Mf) from the TPXO 7.2
global ocean tide database [42].

2.2.3. Model validation
Initial validation of the Western Passage model were conducted us-

ing field data from three separate periods: July 2000, September 2001,
and April–June 2017 [9]. Essential hydrodynamic variables such as wa-
ter surface elevation, amplitude and phase lag of the tidal constituents,
and current velocity were compared, and a good agreement between
the model and field data was obtained in [9]. In the present study, we
focused on the ADCP and ADV gauges located in the Western Passage
(WP in Fig. 2) for further validation of the turbulence properties. We
ran the model for a week (May 24, 2017–June 01, 2017) covering the
STTM (ADV) deployment period and validated the modeled velocity,
total TKE, and 𝐼𝑢.

The comparisons have been assessed in terms of the average bias
index and model skill [43] (Eqs. (3)–(4)), where a model skill of 1.0
shows perfect agreement and a positive/negative bias represents model
5

over/under-prediction, respectively:

𝐵𝑖𝑎𝑠 =
∑𝑁

𝑛=1(𝑀𝑛 − 𝑂𝑛)
∑𝑁

𝑛=1 𝑂𝑛
(3)

𝑆𝑘𝑖𝑙𝑙 = 1 −
∑𝑁

𝑛=1(𝑀𝑛 − 𝑂𝑛)2
∑𝑁

𝑛=1(|𝑀𝑛 − 𝑂| + |𝑂𝑛 − 𝑂|)2
(4)

where 𝑁 is the total number of samples, 𝑀𝑛 is the model result, 𝑂𝑛 is
the observed data, and 𝑂 is the mean of the observed data.

Fig. 3 shows comparison between model and observation, where
we can see good model agreement for all the 3D components. Espe-
cially, for the horizontal velocity components, the skill is much higher
compared to the vertical component, ranging between 0.97 to 0.99
(Table 1). At the same time, we also found excellent agreement for
the total TKE (Fig. 3), where it has an asymmetric distribution and
is more prominent during the flood. The increase in TKE magnitude
around May 28, 2017, observed in Fig. 3, came from the northward
shift of the mooring. The instrument moved to a deeper portion of the
channel, and we extracted the model output from the same location —
at 10 mab. Subsequently, we estimated the model 𝐼𝑢 using Eq. (5) [14]
and compared it with the field data. This metric 𝐼𝑢 is computed using
the turbulent kinetic energy and mean flow velocity as

𝐼 =

√

𝑢′2
√

≈

√

𝑞2
√

(5)

𝑢2 + 𝑣2 𝑢2 + 𝑣2
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Fig. 4. Model performance comparison against the ADCP dataset at 10 mab near the STTM deployment — during the same spring tide cycle. Flow variables considered here are:
eastward velocity, u (m/s); northward velocity, v (m/s); vertical velocity, w (m/s). The model results are shown in blue and in-situ in red.
Table 1
Comparison between model and in-situ velocity data in terms of model skill and
averaged bias index at the STTM and ADCP locations in the Western Passage.

STTM location Skill Avg. bias index

u (m/s) 0.99 −0.037
v (m/s) 0.98 0.027
w (m/s) 0.95 −0.097

ADCP location

u (m/s) 0.98 −0.110
v (m/s) 0.97 −0.004
w (m/s) 0.50 −0.031

Here, 𝑢′ is the principal horizontal velocity fluctuation component;
𝑞2 is the TKE, and 𝑢, 𝑣 represent the velocity components described
earlier.

The subplot at the bottom of Fig. 3 shows that for the major portion
of the time-series, both field and model have a range of 10%–20%. The
intensity increases significantly during the slack tide to almost 60%
due to the much smaller mean flow velocity. In reality, during this
short period of elevated unsteady load, the turbines will not operate
when the cut-in speed is defined — typically above 0.8 m/s [4,5].
Finally, in addition to the STTM location, we also validated the model
performance at the ADCP location in the Western Passage (Fig. 2).
Fig. 4 shows the three velocity components at 10 mab, similar to the
STTM location. While this gauge is closer to the shore than the STTM
and shows a slightly reduced current, we still have observed a model
skill close to ∼0.98 for u and v. The vertical velocity at this place is
negligible compared to u and v due to the shallow conditions, reflecting
a challenging environment for model predictions of vertical variation.
The averaged bias index overall shows a slight model underprediction
at both these locations.
6

3. Results and discussion

3.1. Identification of along-channel tidal energy hotspots

In the previous modeling study, Yang et al. [9] selected two hotspot
locations to compare the vertical structure of the current magnitude
and water depth distribution, one at the entrance of Western Pas-
sage and another at the end of Moose Island, based on the spatial
distribution of the depth-averaged velocity. The resource assessment
study has shown that both these locations have good potential for tidal
energy extraction, where the tidal energy flux at the entrance of the
Western Passage is much higher than the other, making it a favorable
location for farm development. In this study, we picked six transect
locations (XS-1 to XS-6) along the Western Passage (shown in Fig. 5)
to analyze the variation in the vertical structure of the flow velocity and
turbulence characteristics simultaneously. These locations are selected
based on the time-averaged power density 𝑃𝑤, defined as

𝑃𝑤 = 1
1000

⋅
1
𝑁

𝑖=𝑁
∑

𝑖=1

1
2
𝜌𝐮3𝑖 (6)

where, 𝑁 is the total number of velocity output time steps; we used
the depth-averaged velocity u for power density estimate and the
time-averaging is done over the entire month.

We kept one transect (XS-1) right outside the entrance of Western
Passage, between Moose Island and Indian Island, and a second transect
(XS-2) at the entrance to see the effect of channel confluence on velocity
shear and turbulence production during a flood tide. Then, we placed
the last transect (XS-6) at the end of Moose Island to match the location
used in [9]. Ultimately, these across-channel transects are assigned to
help us rank suitable places for turbine farm development when all
the essential flow characteristics such as flow velocity, TKE, and 𝐼𝑢 are
considered during different tidal conditions.
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Fig. 5. Time-averaged power density, 𝑃𝑤 (KW∕m2). Here, the depth-averaged velocity is used for the power density estimate, and the time-averaging is done over the entire
month. Red solid lines represent six transect locations (XS-1 to XS-6) along the Western Passage, used for resource characterization and analysis of the flow structures.
Fig. 6. Time series of month-long water surface elevation (in meters) at the entrance of the Western Passage. Two separate time windows representing spring and neap cycles are
shown in blue, and are used later for time averaging of the flow variables.
3.2. Flow and turbulence characteristics

This section examines the vertical distribution of different flow
quantities mentioned previously at the transect locations. As we have
identified these places based on the time-averaged power density and
have a qualitative idea of the theoretical power throughout the West-
ern Passage (Fig. 5), for this analysis, we will specifically assess the
following flow variables: tidal current speed, TKE, and 𝐼𝑢. Moreover,
the Western Passage has a large spring-neap tidal variability where the
tide range during the spring cycle is almost double that of the neap,
as shown in Fig. 6. Thus, we evaluated the flow dynamics separately
for the spring and neap conditions using daily averaged model results
during both periods, as shown in blue in Fig. 6.
7

In the previous study, Yang et al. [9] found that there is 46 MW
of theoretical power available at the entrance of the Western Passage.
While this is a high-energy site for tidal farm development, the location
has a complex flow condition due to the surrounding bathymetric
features and channel confluence. We can clearly see the influence of
the complex morphology on along- and across-channel flow behavior in
Figs. 7 and 8. First, from the flow speed in Fig. 7, it is evident that the
region has a higher flow condition during spring tide due to the higher
tide range. Through the channel section at XS-1, between Moose Island
and Indian Island, the power density is much smaller than the other
channel — the Indian River, between Deer Island and Indian Island
(Fig. 5). A similar flow characteristic is also seen in the cross-sectional
speed distribution for XS-1 in Fig. 7.
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Fig. 7. Time-averaged flow speed (in m/s) for spring and neap cycles shown in Fig. 6 at different channel transect locations (identified in Fig. 5). All transects begin from the
southwest side of the channel.
Figs. 8, 9, and 10 show the horizontal maps of depth-averaged
peak current speed and TKE during spring flood and ebb cycles, and
daily-averaged TKE and 𝐼𝑢 at the transect locations, respectively. Fig. 8
shows that XS-1 at the stretch between Moose Island and Indian Island
has an across-channel asymmetry for both speed and TKE. During
flooding, the flow primarily enters toward the channel’s left side (USA).
A relatively higher tide-averaged TKE is observed, possibly generated
from the headland and underwater sills located at the downstream end
of this transect. During ebb, the flow comes out through the right side
(Canada) of the channel and shows a higher TKE around mid-channel
(Fig. 9). Interestingly, looking at 𝐼𝑢 in Fig. 10, we can see that in the
same location, even with the tide-averaged representation, 𝐼𝑢 reaches
20%. The vertical variation of speed and TKE seems to play an essential
role here, where it has higher turbulent fluctuations but a lower current
speed from the mid to bottom portion of the transect.

At XS-2, right at the entrance of the Western Passage, the model
results show a significant increase in the averaged flow velocity and
TKE, reaching up to 1.5 m/s and 0.2 m2∕s2, respectively, as shown
in Figs. 7 and 9. The across-channel 2D variation of the flow speed
and TKE shows a very complex pattern due to channel confluence and
8

channel area contraction at the same time. Here, the channel becomes
progressively narrower with a deeper thalweg, and the cross-section
area decreases to 4.22 × 104 m2 from 6.7 × 104 m2 in XS-1. During the
peak spring flood tide, the 3D fluid motion patterns in this section
display the formation of a confluence hydrodynamic zone (Figs. 8c and
9), commonly seen at river networks where two incoming streams meet
from different angles [23–26]. These studies have shown that when the
two streams collide, a mixing interface develops between them, where
large-scale turbulence coherent structures form within and close to that
interface.

In the following Section 3.3, we discuss the formation and sensi-
tivity of the turbulent structures to the momentum ratio (MR) and
channel bathymetry of the colliding streams. Compared to the spring
phase, during neap, the volume flux through the channels changes and
immediately shows a decrease in the magnitude of speed and TKE at
XS-2 (Figs. 7 and 9). At the same time, the averaged 𝐼𝑢 across the
channel (Fig. 10) is observed to be less sensitive to the spring or neap
cycle, where it remains at 10% for the left side (USA) of the channel.
However, we can also see that the magnitude has decreased compared
to XS-1 during the spring.
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Fig. 8. (a,c) Spatial distribution of the depth-averaged speed (in m/s) and TKE (in m2∕s2) - during a peak spring flood tide on June-25-2017; (b,d) similar analysis to (a,c) during
the peak spring ebb tide.
At XS-3 and XS-4, the channel cross-section area gradually expands
and shows a decrease in the peak speed along the channel, shown in
Fig. 7. With this dramatic change in channel properties between XS-
3 and XS-4, a bifurcation of flow occurs during the spring flood tide
(Fig. 8a). Like XS-1, XS-4 shows a strong flow on the left side (USA)
of the channel during the flood, which flips to the right side (Canada)
during ebb. The TKE generated from channel confluence around XS-
2 gets advected and dissipated as the flow travels upstream during
the flood, where the jet effect diminishes near XS-4 (Figs. 8c and
9). Subsequently, while the pattern of along-channel flow change is
similar during a neap condition, the magnitude decreases significantly,
as shown in Figs. 7 and 9. Interestingly, the intensity comparison in
Fig. 10 shows a different trend where an increase in the across-channel
intensity can be seen at both XS-3 and XS-4. Both these sections display
a more extensive spread of 𝐼𝑢, ranging from 5%–20%, where XS-4
has a higher unsteady loading close to the typical turbine hub height:
∼10–15 m from the seabed [44,45]. Nonetheless, the increased 𝐼𝑢 during
the neap condition might not be an issue for the turbines; the flow
velocity seems close to or below the cut-off speed (∼0.8 m/s) generally
used for activating the power extraction.

Finally, at XS-5 and XS-6, we can see a uniform distribution of speed
where XS-5 has a more substantial flow in the channel’s left side (USA).
At the same time, the averaged TKE is almost non-existent compared
to the other sections, shown in Figs. 8 and 9. The effect of this lower
TKE and higher speed reflects on the 𝐼𝑢 calculation in Fig. 10. At XS-5,
we notice a small percentage (5%) close to the channel bottom, coming
from the higher flow shear and the local turbulence production.
9

3.3. Sensitivity of turbulence characteristics to channel properties

In the previous section, we illustrated the complex time variation
of speed, TKE, and 𝐼𝑢 at several channel cross-sections in the West-
ern Passage. In this section, we evaluate the role of the confluence
hydrodynamic zone (Figs. 8c and 9) that forms at the entrance of
the Western Passage near XS-2 in changing the downstream TKE and
𝐼𝑢 distribution during flood tide. The confluence hydrodynamic zones
form immediately within and downstream of stream junctions. Various
studies [e.g.,22–26] have shown that the formation of complex 3D
eddy motions in the mixing interface primarily depends on the velocity
and momentum ratio of the two streams. This momentum ratio can
vary based on crucial bathymetric features like channel and tributary
cross-section areas, degree of concordance between the channel beds,
underwater sills, and headlands at the entrance of the confluence
zone. Constantinescu et al. [23] estimated this ratio using

𝑀𝑟 =
𝜌1𝑄1𝑈1
𝜌2𝑄2𝑈2

(7)

where 𝜌𝑖, 𝑄𝑖, and 𝑈𝑖 are the density, volume flux, and cross-section
averaged velocity, respectively, in the tributary [i = 1 (Indian River)]
and main channel [i = 2]. To simultaneously compare the channel flow
turbulence, we computed the Reynold’s number as

𝑅𝑒 = 𝑈𝐷
𝜈

(8)

where, 𝐷 is the cross-section averaged depth and 𝜈 is the kinematic
viscosity.

Fig. 11 shows a Google Earth image of the Western Passage conflu-
ence zone taken during a flood tide on August 27, 2017. The image
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Fig. 9. Time-averaged turbulent kinetic energy, TKE (in m2∕s2), for spring and neap cycles shown in Fig. 6 at different channel transect locations.
Table 2
Flow variables for Baseline case and Case-A during different flood tide conditions from the channels (Main channel and Indian River) before
XS-2.
Baseline condition Rising flood tide Peak flood tide

Main channel Indian River Main channel Indian River

Reynolds number, Re (×108) 1.93 3.50 2.57 4.36
Volume flux (m3∕s) (×104) 2.46 2.47 3.29 3.08
Cross-section avg velocity (m/s) 0.37 1.47 0.49 1.83

Momentum ratio, 𝑀𝑟 4.02 3.50

Case-A Rising flood tide Peak flood tide

Main channel Indian River Main channel Indian River

Reynolds number, Re (×108) 2.80 2.05 3.57 2.92
Volume flux (m3∕s) (×104) 3.60 1.49 4.57 2.06
Cross-section avg velocity (m/s) 0.54 1.34 0.68 1.88

Momentum ratio, 𝑀𝑟 1.03 1.26
displays the horizontal distribution of the surface roughness during
a particular flooding period and the formation of the confluence hy-
drodynamic zone and turbulent eddies in its mixing interface around
10
XS-2. We can also see that the flow through the Indian River tributary
behaves like a jet on the left side (Deer Island) and forms higher turbu-
lent motion right before converging on to the main river. Interestingly,
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Fig. 10. Time-averaged turbulence intensity, 𝐼𝑢, for spring and neap cycles shown in Fig. 6 at different channel transect locations.
looking at the bathymetry in Fig. 12a (baseline), we can see that there is
an underwater sill that extends ∼300 m from the Deer Island headland,
where the average depth is close to 12 m. This complex feature can
contribute to the convective acceleration of the flow and the subsequent
turbulent fluctuations in the confluence zone. In this study, we have
developed two simple scenarios to investigate the effect of 𝑀𝑟 during
a flood tide and sharp bathymetry change from the underwater sill
on turbulent flow structure at the confluence hydrodynamic zone, XS-
2. In case-A, we have reduced the maximum depth (∼35 to 45 m) in
the Indian River (considered as a tributary) between Deer Island and
Indian Island to 20 m [Fig. 12a (case-A)]. This change to the tributary
cross-section area would reduce the volume flux 𝑄 through Indian
River, alter 𝑀𝑟, and ultimately affect the instabilities in the mixing
interface. For the other scenario, case-B, we removed the underwater
sill south of Deer Island by providing a depth similar to the main
channel, shown in Fig. 12a (case-B), to evaluate its role in producing
turbulent fluctuations near XS-2. These scenarios are compared against
the baseline model simulation, which was validated using field data
and is discussed in the previous section.
11
3.3.1. Baseline case
As shown earlier, the TKE at XS-2 is prominent during the spring

flood tide, and we picked two instantaneous times during flood shown
in Fig. 12b for this analysis. Figs. 13 and 14 show a comparison of
depth-integrated speed and TKE between different scenarios, during
rising and peak flood tide, respectively. The vertical shear of the
horizontal velocity and vertical eddy viscosity that control the local
turbulence production are shown in Figs. 15 and 16. In Fig. 13, for the
baseline case, we can see that the tidal wave propagates faster through
the Indian River than the main channel at the beginning of the flood.
Also, there is an increase in flow velocity over the underwater sill,
south of Deer Island, due to the rapid bathymetry change (Fig. 13a,
top). Right before the confluence zone, 𝑅𝑒 at the main channel and
the Indian River tributary is observed to be 1.93 × 108 and 3.5 × 108,
respectively (Table 2). At the same time, we estimated the tributary-
channel momentum ratio (𝑀𝑟) to be 4.02. Fig. 13b (top) shows the
initiation of higher TKE at the northern end of XS-2 while the speed
decreases. After passing through the narrow passage XS-2, flow shows
a diversion toward the left side of the main channel, and clockwise
and counter-clockwise eddies form on both sides, representing the flow
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Fig. 11. The horizontal distribution of the surface roughness during a particular flooding period on August-27-2017, taken from the Google Earth database, shows the formation
of a confluence hydrodynamic zone and turbulent eddies at the entrance of the Western Passage. The white arrows represent the flow direction.

Fig. 12. Bathymetry scenarios to investigate the effect of tributary-channel momentum ratio and underwater sill on turbulent flow structure at the confluence hydrodynamic zone,
where (a) left (Baseline): the existing model bathymetry (in meters, from NAVD88); middle (Case-A): the Indian River tributary maximum bathymetry reduced to 20 m; right
(Case-B): removal of the underwater sill near the Deer Island headland, and (b) instantaneous time windows used for comparing turbulence properties at the confluence zone
(XS-2) shown later in Figs. 13–16.
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Fig. 13. (a) Depth-integrated speed (in m/s) for different scenarios during the rising flood tide (first red circle in Fig. 12b) in the channel confluence zone and around XS-2; (b)
depth-integrated TKE (in m2∕s2) for different scenarios during the rising flood tide. The red solid line represents the channel transect XS-2.
separation. During peak flood, shown in Figs. 12b and 14b (top), 𝑅𝑒 at
both channel and tributary becomes 2.6 × 108 and 4.4 × 108 and 𝑀𝑟 is
equal to 3.5 (Table 2), producing a much greater level of turbulence at
the confluence zone. Consequently, a flow bifurcation is observed when
the channel expands behind XS-2, producing two eddies on the sides.

The shear production term of the TKE, 𝑃𝑠, is related to the vertical
shear of horizontal velocity (𝑈𝑧) and the vertical eddy viscosity (𝐾𝑚)
as

𝑃𝑠 = −𝑢′𝑤′ 𝜕𝑢
𝜕𝑧

− 𝑣′𝑤′ 𝜕𝑣
𝜕𝑧

= 𝐾𝑚𝑈𝑧, 𝑈𝑧 =
( 𝜕𝑢
𝜕𝑧

)2
+
( 𝜕𝑣
𝜕𝑧

)2
(9)

To assess the vertical variability of local turbulence production at
XS-2, we have separately explained 𝑈𝑧 and 𝐾𝑚 for the flood events,
shown in Figs. 15 and 16. With the baseline case, during both rising
and peak tide, there is a strong vertical shear observed on the mid to
left portion of the channel, where 𝑈𝑧 reaches 0.08 s−2 during peak tide.
At the same time, we notice a very large 𝐾𝑚 - greater than 1.5 m2∕s -
potentially from the merging of the advected turbulent eddies from the
confluence zone. Constantinescu et al. [23,24] have used detached eddy
simulation (DES) with the Spalart–Allmaras (SA) RANS model to assess
13
the formation of 2D and 3D eddies in a river confluence zone. They
have shown the generation of large-scale quasi 2D eddies in the mixing
interface for both ‘wake mode’ (𝑀𝑟 ∼ 1) and ‘Kelvin–Helmholtz (KH)
mode’ (𝑀𝑟 ≫ 1) instabilities that break down while being advected in
the downstream and forms a region with highly 3D energetic eddies
(See Figs. 14 and 15 in [23]). In this study, we are not resolving such
a range of scales and are only describing turbulence characteristics by
solving macroscale [27,28] where the energy is concentrated (i.e., peak
in the energy spectrum). From Figs. 15 and 16, we can see that there is
still local turbulence production at XS-2, downstream of the confluence
zone, and very prominent during the peak flood tide.

3.3.2. Case-A: Changes to tributary-channel momentum ratio
In this scenario, during rising tide, while the depth-integrated ve-

locity magnitude and direction through the Indian River tributary
increased slightly compared to the baseline (Figs. 13, case-A), 𝑅𝑒 at
Indian River decreased to 2.05 × 108 and 𝑀𝑟 decreased to 1.03. We
can see a change in depth-integrated TKE and the flow field behind
XS-2, where both became weaker. From the across-channel 𝑈 and 𝐾
𝑧 𝑚
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Fig. 14. (a) Depth-integrated speed (in m/s) for different scenarios during the peak flood tide (second red circle in Fig. 12b) in the channel confluence zone and around XS-2;
(b) depth-integrated TKE (in m2∕s2) for different scenarios during the peak flood tide. The red solid line represents the channel transect XS-2.
comparison shown in Figs. 15 and 16 (case-A), it is evident that with a
reduced volume flux from the tributary, 𝑈𝑧 and 𝐾𝑚 both decreased at
XS-2, resulting in less production of turbulence. At the same time, this
scenario also represents a higher bed elevation discordance between
the main channel and the tributary that changed the velocity shear
in the confluence zone. We can see its effect in the 𝑈𝑧 distribution
shown in Fig. 16 (case-A): the shear production has increased on the
upper portion of XS-2 that matches the upstream modified Indian River
bed elevation. Now, the reduction of the turbulent energy in the far-
field of XS-2, shown in Fig. 14b, is an amalgamation of many factors.
Especially, the reduced 𝑀𝑟 (1.03) leading to a more unidirectional flow
through the Western Passage (Fig. 14a) and the lessened depth-varying
shear production from channel discordance, both contributed to shrink
the turbulent plume.

3.3.3. Case-B: Underwater sill and tributary flow convergence
While the previous scenario (Case-A) illustrated the reduction in

turbulent flow in the far-field of the confluence hydrodynamic zone,
Case-B showed how an underwater sill, located on the tributary mouth,
14
has increased the turbulence production (Fig. 14b, case-B). We noticed
earlier in Figs. 13a and 14a that for the baseline case, during both rising
and peak flood tide, the shoaling of the flow over the underwater sill
generates a convective acceleration. If we remove this underwater sill
as shown in Figs. 12a, the velocity magnitude immediately decreases
around the headland before reaching the confluence zone. Fig. 14a
shows that the minimized tributary flow acceleration can significantly
reduce TKE production at the mixing interface (before XS-2), even
though 𝑀𝑟 and 𝑅𝑒 are similar to the baseline. Also, during both rising
and peak flood tide, more flow takes a right turn close to the headland
in the absence of the sill, decreasing the mid-channel shear production
(Figs. 15 and 16). However, at XS-2, we can still see an across-channel
distribution of eddy viscosity and TKE convergence similar to case-A
(∼1.5 m2∕s) from the channel width contraction.

4. Implications for tidal farm site selection

Designing TECs and identifying suitable deployment locations in
energetic tidal channels is a complex problem that requires collab-
oration between device designers and project developers. While the
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Fig. 15. (a) Vertical shear of horizontal velocity, 𝑈𝑧 (𝑠−2), and (b) the vertical eddy viscosity, 𝐾𝑚 (m2∕s), at XS-2 for different scenarios during the rising flood tide. Transect
begins from the left side of the channel (Moose Island).
former seeks to optimize device design, the latter is concerned with
finding economically viable sites and optimizing arrays of devices [21].
The tidal stream energy sites are highly turbulent and large- and
small-scale turbulent motions can significantly impact power extraction
efficiency and device fatigue [7,46,47]. While undisturbed channel
tidal power density and Annual Energy Production (AEP) are commonly
used to assess the regional-scale tidal energy resource [e.g.,3,4,8], these
metrics do not account for the effects that turbulence can have on
device and array performance. In particular, turbulence is generally
understood to both reduce device power performance (especially near
or above the device’s rated speed), and also to reduce structural per-
formance because of the increased fatigue cycles caused by unsteady
loading [48–50]. Therefore, siting projects at locations with lower
turbulence intensity will be advantageous.

Although our study did not resolve the inertial sub-range of tur-
bulence (device-scale turbulent eddies), we proposed using macro-
scale turbulent properties such as TKE and 𝐼𝑢 to provide additional
information for ranking potential sites when using regional-scale mod-
eling frameworks for resource assessment. Because this macro-scale
15
turbulent energy must cascade through the inertial subrange, and be-
cause this cascade has been shown to happen over relatively short
temporal and spatial scales (compared with the scale of most tidal
energy channels), it follows that more large-scale turbulence at a site
also means more small-scale turbulence [51]. Our high-resolution 3D
HPE model, employing the MY2.5 turbulence scheme, demonstrated
excellent agreement with observed TKE and 𝐼𝑢 in the Western Pas-
sage, suggesting that regional-scale models can reliably estimate peak
energy-containing eddies. Previous studies by Thyng et al. [14] and
Guerra et al. [15] also utilized similar 3D HPE modeling frameworks
for resource assessment in energetic tidal streams, where estimates of
TKE and 𝐼𝑢 using macro-scale turbulence were found useful for TEC
siting arrangements. However, these studies only examined 𝐼𝑢 variation
at the measurement location and did not explore the across and along
channel changes in 𝐼𝑢, which provides further insight into the spatial
distribution of turbulence intensity.

In this work, we simultaneously estimated TKE and 𝐼𝑢 from different
channel transects (XS-1 to XS-6) in the Western Passage to compare
them with the tidal current speed to add more insight into the site selec-
tion for TEC siting. Among all our channel transects, we have observed
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Fig. 16. (a) Vertical shear of horizontal velocity, 𝑈𝑧 (𝑠−2), and (b) the vertical eddy viscosity, 𝐾𝑚 (m2∕s), at XS-2 for different scenarios during the peak flood tide.
that XS-2, XS-3, and XS-5 show the higher mean power density and
across-channel flow speed available to the US side. However, at XS-
2 and XS-3, the time-averaged TKE and 𝐼𝑢 are an order of magnitude
higher than XS-5 due to the formation of the confluence hydrodynamic
zone and an underwater sill at the entrance to the Western Passage.
XS-5 appears to be less turbulent because it is not a confluence zone,
is farther from the headland, and the seafloor is relatively smooth.

This suggests that XS-5 may be a more suitable site for deploying
TEC devices – especially early prototypes – despite having half the
kinetic energy flux of XS-2 (more details given in [9]). Wherever
devices are deployed, it is critically important to measure both the
turbulent inflow to the device and the device loads so that we can begin
to understand the impact of turbulence on device performance (both
power and structural). As we build up a collection of such datasets
they will become increasingly valuable for validating not only device
simulation tools, but also potentially to calibrate models like the ones
used here to inform array planning. For example, we might learn that
when high-resolution 3D HPE models estimate 𝐼𝑢 > 0.2, the site is
uneconomical but when 𝐼 < 0.1 the site is economically promising.
16

𝑢

This study also explored the impact of significant bathymetric fea-
tures, such as the confluence zone and underwater sill, on local turbu-
lence production in the Western Passage. However, higher-resolution
LES models are necessary to gain a more comprehensive understanding
of the intricate seabed morphology’s effect on turbulence generation.
Such models can offer critical metrics, including Reynolds shear stress
components, turbulent dissipation rate, and vertical integral length-
scale, essential for TEC design [52,53]. Nonetheless, despite their po-
tential advantages, LES models are still not commonly employed in
tidal resource assessment studies due to the extensive spatial (e.g., es-
tuary) and temporal (e.g., spring/neap cycles) scales required and the
associated computational expenses [54]. Recently, Bourgoin [55] and
Bourgoin et al. [52] implemented a coupled unstructured grid LES-
RANS model for a tidal turbulence study at Alderney Race. While
these works have simulated the turbulence structures at a lower com-
putational cost than standard Navier–Stokes formulations, the model
accuracy is observed to be extremely sensitive to the unstructured
grid aspect ratio and the adequate representation of near-wall physics
and boundary conditions [56,57]. Using unstructured grid LES-RANS
models in regional-scale tidal turbulence modeling continues to be a

matter of ongoing research; it needs more studies focusing on model
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calibration and validation to ensure accurate and reliable results. Our
bathymetry scenario analysis showed that, even with the various lim-
itations, 3D RANS models with Boussinesq and hydrostatic approxi-
mations could help understand the macro-scale turbulence production
and aid in ranking the TEC siting locations. Complex locations con-
sisting of confluence hydrodynamic zone and underwater sill should
be avoided for TEC deployment due to the potential negative impact
on the power extraction efficiency and device fatigue. Ultimately, the
turbulence parameters (TKE and 𝐼𝑢) estimated at different channel tran-
ects and a detailed analysis of the flow characteristics have changed
he site-ranking results in the Western Passage and introduced a new
erspective to the overall characterization of tidal energy sites.

. Conclusions

The numerical model results presented in this study have provided
n opportunity to apply several critical macro-scale turbulence parame-
ers in tidal channel resource characterization along with the traditional
ydrodynamic variables. For this case study, we chose a top-ranked
n-stream tidal energy site in the US – Western Passage, ME – that
lso consists of the Western Hemisphere’s largest tidal whirlpool, Old
ow. We selected FVCOM, an unstructured grid, 3D ocean model for
he modeling analysis of the complex tidally-varying channel flow
tructures. The IEC TS 62600-201 guideline is followed in the field
ata collection campaign, conducted in the same area, which we later
ut together for our model calibration and validation of essential flow
ariables. The model comparison against the observation showed excel-
ent agreement throughout the data collection period. This comparison
ighlighted the performance of FVCOM (3D HPE) and the turbulence
ength-scale model MY2.5 in providing a reasonable assessment of the
acro-scale kinetic energy, TKE and turbulence intensity, 𝐼𝑢 at different

hannel depths. Then, we used the model results to show that using
hese channel turbulence properties can deliver necessary information
uring the evaluation of suitable cross-sections for TEC deployment.
ainly, the estimate of along- and across-channel vertical variation

f the TKE and 𝐼𝑢 added a new perspective for the potential TEC
ite ranking approach and can be helpful for future regional-scale site
haracterization studies. We also developed two hypothetical scenarios
o illustrate the channel configuration’s role in enhancing the sheared
low and turbulent eddies in potential TEC siting locations. These
cenarios have shown that the turbulence production could be highly
ensitive to channel confluence zone attributes such as the momentum
atio between tributary and main channel and underwater sills near
eadlands.

Additionally, the fact that our current 3D HPE model setup agrees
ith high-quality turbulence measurements suggests that it can be
elpful in understanding which specific locations within a tidal channel
re most promising for tidal energy device siting, and also suggests
hat similar models can be used to compare turbulence between dif-
erent channels. This is important because, at present, the tidal energy
ommunity relies exclusively on turbulence measurements to identify
hether a site is more or less turbulent than another. If, on the other
and, we are able to begin to trust regional-scale models to tell us what
urbulence levels to expect at a site, it will dramatically improve our
bility to identify and select the most promising sites. For the time
eing, we believe it is best to continue cautiously in terms of trusting
he actual turbulence levels these models predict, and to continue to
ake measurements to validate the models before large investments

re made (e.g., in deploying tidal arrays). But, as we continue to build
onfidence in 3D HPE models through these measurements, the models
hemselves will become increasingly valuable for siting projects and
esigning arrays. Coupled LES-RANS frameworks can help to further
efine our understanding of turbulence in tidal channels. The LES
odels will provide the higher-accuracy statistics necessary for TEC
evice design purposes, and the 3D HPE models can help to guide the
17

pplication of LES efforts (i.e., where LES models should be used). That
being said, our implemented 3D HPE modeling framework is not fully
complete in terms of representing all processes, and it will require a
separate study in the future to investigate the other contributions from
wind waves, stratification, and non-hydrostatic pressure in the over-
all flow structure. Ultimately, even with the current limitations, this
work has provided valuable information about the flow and turbulence
conditions in an energetic system and illustrated how a high-resolution
regional-scale modeling approach could aid in TEC site ranking and
resource characterization.
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