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ARTICLE INFO ABSTRACT

Keywords: Understanding turbulence is critical for the robust design of current energy converters. Subsurface moorings
Salish Sea were deployed in the Salish Sea, WA to characterize the turbulence statistics at three potential tidal energy
Tidal energy o sites: Bellingham Channel, Rosario Strait, and Tacoma Narrows. Measurements were made over two days
Resource characterization during spring tides with a combination of acoustic Doppler velocimeters and current profilers in order to
Turbulence analyze the turbulence intensity, integral length scales and turbulent kinetic energy balance. For the four
Hydrodynamic loads g

full tidal cycles collected at each site, water velocity peaks at 2.0, 2.8, and 2.5 m/s with average turbulence
intensities of 12%, 9%, and 10% for Bellingham Channel, Rosario Strait, and Tacoma Narrows, respectively.
The majority of turbulent energy is contained in horizontal anisotropic structures, consistent with the integral
length scales observed, and turbulent energy production and dissipation are roughly balanced at the observed
sites. Additionally, these channels have significant transverse shear stresses and should not be approximated
as wall-bounded flows. This study shows the successful use of buoy-mounted ADVs to gain mid-water column
turbulence measurements pertinent to the tidal energy industry, and results from this deployment are important
for future work improving a numerical resource characterization model for the Salish Sea.

1. Introduction are publicly available and accessible from NOAA’s website (National
Oceanographic and Atmospheric Administration, 2015). Yang et al.
(2021) used these water level and velocity data to validate a numerical
model for the specific purpose of identifying potential marine energy
sites and quantifying the Salish Sea’s tidal resource.

From this model, three additional sites - Bellingham Channel,
Rosario Strait, and the Tacoma Narrows - were found to have enough

energy density to initiate further study. While the original model

The Salish Sea was one of the first major water bodies in the United
States to be formally investigated for the suitability of tidal energy
harvesting by current energy converters (CECs). Admiralty Inlet, a
swift tidal passage that forms the entrance to the Puget Sound, was
characterized by a series of field studies in the early 2010s (Gooch et al.,
2009; Thomson et al., 2010, 2012; Polagye and Thomson, 2013; Bassett
et al., 2013; McCaffrey et al., 2015) and has served as a “test site” for

resource characterization procedures in use today (Epler et al., 2010;
Palodichuk et al., 2013; Guerra and Thomson, 2017). Admiralty Inlet
is not the only potential tidal energy site in the Salish Sea; there are a
number of channels located in US waters in the Pacific Northwest that
have the potential to support tidal energy long-term and/or be utilized
as test sites.

In 2015, the National Oceanographic and Atmospheric Administra-
tion (NOAA) began an initiative to improve the network of water level
and water velocity stations positioned around the Puget Sound (Kam-
merer et al., 2021). This initiative included deploying stations in ev-
ery major channel on the U.S. side of the Salish Sea. These data
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was validated using tide and velocity measurements, turbulence mea-
surements are critical to improving the model’s resolution and ac-
curacy (Yang et al.,, 2021), particularly for an IEC TS 62600-201
Stage 2 assessment (IEC/TS 62600-201, 2015). Turbulence has already
been characterized in Admiralty Inlet (Thomson et al., 2012; Polagye
and Thomson, 2013), but this study aimed to analyze turbulence
characteristics based on field measurements collected at the three
aforementioned locations of interest.

High-fidelity turbulence measurements are typically made with
acoustic Doppler velocimeters (ADVs), which have superior accuracy to
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Fig. 1. Map of deployment locations: (a.) image of Puget Sound, WA, USA; (b.) Rosario Strait (left channel) and Bellingham Channel (right channel); and (c.) Tacoma Narrows.
The Stablemoor (SMB) moorings are shown by orange triangles, while yellow circles show the NOAA current stations closest to each mooring location.

acoustic Doppler current profilers (ADCPs) (Thomson et al., 2012) but
with the tradeoff of taking a point measurement instead of a profile of
the water column. ADCPs have since been shown to measure turbulence
statistics well if using a high sampling rate (Guerra and Thomson,
2017; Williams and Simpson, 2004), but with some limitations. The 4-
and 5-beam instruments must be aligned properly with the principal
flow direction; they cannot resolve turbulence scales smaller than
their beam spread; and breakdown of the fundamental “assumption
of homogeneity" (flow statistics remain unchanged across the beam
spread) must not occur (Guerra and Thomson, 2017; Lu and Lueck,
1999; Richmond et al., 2015; Mercier et al., 2021). ADVs, meanwhile,
are limited to point measurements, often made from a lander on the
seafloor. Combining the use of these two instruments allows the full
characterization of a tidal energy site, where the ADCP provides profiles
of velocity and shear (e.g., Osalusi et al., 2009), essential for evaluating
turbulent kinetic energy production, and the ADV provides high resolu-
tion measurements to quantify the turbulence energy budget, intensity,
and length scales (e.g., Thomson et al., 2012; Milne et al., 2017). These
turbulent statistics are critical for CEC design (Milne et al., 2016).
Positioning an ADV at a height relevant for CECs can be challenging.
Previous studies have used tower structures to position an ADV higher
in the water column, up to 5 m above the seafloor, though tower
vibration can raise instrument noise levels (Thomson et al., 2012;
Milne et al., 2013; Gunawan et al., 2014). To get even higher in the
water column, at an altitude relevant for utility-scale CECs, Thomson
et al. (2015) deployed ADVs on simple spherical floats, termed “Tidal
Turbulence Moorings” (TTMs), moored to the seafloor, with decent
success. More recently, Harding et al. (2017) and Kilcher et al. (2017b)
engineered a method that deployed ADVs on DeepWater Buoyancy
Stablemoor buoys, also moored to the seafloor. They showed that
compared to the towers and TTMs, the Stablemoor buoys could return
higher fidelity ADV measurements if the buoy motion was quantified
by both ADCP bottom-track and ADV inertial measurement unit (IMU)
measurements. The Salish Sea measurements described here are the
third set of resource measurements conducted using the Stablemoor-
ADV method, building on lessons learned from the initial Admiralty

Inlet campaign (Harding et al., 2017) and the second set of measure-
ments conducted by the National Renewable Energy Laboratory (NREL)
in Western Passage, ME (Kilcher et al., 2017a). These Western Passage
measurements were also used for validation of a hydrodynamic and
resource characterization model (Deb et al., 2023).

The primary objective of this study was to measure ocean turbu-
lence relevant for CEC design at three Salish Sea sites (Bellingham
Channel, Rosario Strait, and the Tacoma Narrows, see Fig. 1) using the
Stablemoor-ADV method, and to provide data to further validate the
Salish Sea resource characterization model (Yang et al., 2021). Short
durations, (i.e., 4 tidal cycles), of data collection were used to meet
this objective, since the water velocity at these sites have already been
characterized. Spring tides offer the opportunity to capture the full
range of turbulence statistics (Milne et al., 2013).

Section 2 of this paper describes the measurement sites and the
mooring systems used in this study. Data processing pertaining to the
Stablemoor-ADV method is described in Sections 3, and 4 presents
the turbulence statistics measured at each of the three sites. Section 5
interprets the results, and Section 6 summarizes the results and future
work.

2. Methods
2.1. Site descriptions

In July and November of 2017, mid-water ADV measurements were
made using two Stablemoor buoys over a duration of 2-3 days in
the Bellingham Channel (BC), Rosario Strait (RS), and the Tacoma
Narrows (TN) in the state of Washington, U.S.A (Fig. 1). The particular
deployment locations were chosen based on preliminary numerical
model analysis of the Salish Sea (Yang et al., 2021) and the proximity to
current stations deployed by NOAA in 2015 and 2017 (Kammerer et al.,
2021). Deployment locations and NOAA current stations are shown in
Fig. 1.

The two Stablemoor buoys utilized in these deployments were de-
signed to carry nose- and wing-mounted ADVs (Harding et al., 2017).
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Fig. 2. Stablemoor (SMB) mooring drawings, a. Bellingham Channel SMB500, b. Rosario Strait SMB400. Drawings by Joe Talbert (APL-UW).

The Stablemoor500 (SMB500, 500 denoting 500 1b of buoyancy) was
configured to have a nose-mounted Nortek Vector ADV and instrument
wells for additional ADCPs and battery canisters. The Stablemoor400
(SMB400) was designed to have dual wing-mounted ADVs located
0.5 m to the port and starboard of the buoy’s nose. The Stablemoors
were moored to 10 m mooring lines and anchored to the seafloor with
1130 kg of wet weight. Two acoustic releases served to recover the
mooring: one for the Stablemoor and one for the anchor. Both mooring
configurations are shown in Fig. 2.

2.1.1. Bellingham channel

Bellingham Channel, located between Guemes and Cypress Islands,
WA (Fig. 1b), is around 1.5 km wide at its narrowest and sees maximum
tidal flows around 2.5 m/s. The SMB500 was deployed in BC from July
24-27, 2017 at 48.5601 N, 122.6597 W in 86 m of water. This location
was approximately 240 m from NOAA station PUG1740 (48.5585 N,
122.6618 W) and is located near a sill between two deeper regions
of water to the north and southwest. It was configured with a nose-
mounted ADV as well as a down-looking Nortek Signature500 (Sig500)
and an up-looking Nortek Signaturel000 configured to characterize
surface waves. The down-looking ADCP in this case did not have
bottom-track.

2.1.2. Rosario strait

Rosario Strait, a deep passage between Cypress Island and the San
Jaun Islands, WA (Fig. 1b), to the west, is 2.6 km wide at its narrowest
and sees current speeds up to 2.8 m/s. The SMB400 was deployed in RS
also from July 24-27, 2017 at 48.5800 N, 122.7501 W in 50 m of water.
The closest NOAA station was 2.13 km away, PUG1732 (48.5610 N,
122.7543 W). The chosen deployment site has faster currents than the
NOAA station, according to the numerical model (Yang et al., 2021).
The SMB400 carried dual wing-mounted ADVs and a down-looking
Teledyne RDI Workhorse 1200 (WH1200) with bottom track.

2.1.3. Tacoma Narrows

The SMB500 and SMB400 were redeployed later that year from Nov
14-17, 2017 at a site in the Tacoma Narrows (Fig. 1c). The Tacoma
Narrows constricts the Puget Sound tidal prism through a passage that
is consistently 1.4 km wide and about 6 km long, and can see maximum
tidal flows around 3.5 m/s based on numerical model results (Yang
et al., 2021). The moorings were deployed at 47.2769 N, 122.5471 W

and 47.2766 N, 122.5466 W in 32 m of water. The NOAA current
station PUG1527 (47.2743 N, 122.5453 W) was located 320 m away.
The SMB500 again held a nose-mounted ADV, but this time utilized
a down-looking WH1200 with bottom track and an up-looking Sig500
configured for surface wave characterization. The SMB400 utilized the
same configuration as in RS, with dual wing-mounted ADVs and a
down-looking WH1200 with bottom track. These Stablemoors were
deployed within 100 m of each other for instrument redundancy.

2.2. Instrument configurations

The site information and instrument configurations for each Sta-
blemoor are given in Table 1. ADVs were set to sample at 16 Hz,
following Harding et al. (2017), and the ADCPs were set to sample as
fast as possible, with the bottom track instruments recording at 2 Hz.
All instruments were internally recording and syncronized with Net-
work Time Protocol (NTP) servers prior to deployment. ADCP bottom
track, as well as the IMUs integrated with the ADVs, were used for
direct motion correction in post-processing (Kilcher et al., 2017b). A
dedicated GPS antenna located above the deployment vessel A-frame’s
line block was used to maximize the accuracy of the mooring positions.

The following analysis focuses on turbulence measurements from
one of the ADVs from each deployment (the nose BC ADV, the RS
starboard-wing ADV, and the TN port-wing ADV) and the down-looking
ADCP measurements. Bottom track (BT) measurements from the down-
looking ADCPs are utilized for motion correction of the velocity mea-
surements.

3. Data processing

Raw data were imported and processed using the Doppler Oceanog-
raphy Library for pYthoN (DOLfYN), now located in the Marine Hy-
drokinetic Toolkit (MHKiT) (Klise et al., 2024). Velocity data were
quality controlled by removing points with an acoustic signal corre-
lation below 15%, a change in velocity greater than 0.5 m/s in one
timestep, and beyond a maximum velocity range of +3 m/s. Resulting
gaps in the ADV signal were replaced with a 10 min average to not
affect turbulence statistics (Elgar et al., 2005). The ADV quality con-
trolled data were then motion corrected following the process of Kilcher
et al. (2017b).

To apply motion correction, the instrument clocks on each ADV
were synchronized to the corresponding down-looking ADCP. To do
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so, the down-looking ADCP and the target instrument were rotated
from their local coordinate system to one artificially defined for the
Stablemoor buoy (X = forward, Y = port, Z = up). With both instru-
ments’ data in the same coordinate system, the orientation matrices -
tensors defining the instruments’ positions in space - were split into
5-min windows and cross-correlated to return a series of time lags
representing instrument clock drift at a 5 min interval. The resulting
clock drift was then linearly fit and discretized to a resolution of 2 Hz,
the BT sampling rate. The ADCP’s BT data were rotated into the ADV’s
coordinate system, mapped onto the ADV’s timegrid, subdivided into
5-min windows, and corrected for clock drift.

After time synchronization, the next step was to combine the IMU
and BT motion measurements, as the motions measured by the ADV-
IMU and BT overlap across a range of frequency bands (Harding
et al., 2017). The IMU’s accelerometer measures high frequency motion
well, but suffers from drift at low frequencies. On the other hand, BT
measures low frequency motion well but suffers from noise at high
frequencies. Low-frequency drift greatly increases spectral energy at
lower frequencies if left unresolved, and BT noise can alter spectral
energy at higher frequencies. As such, the IMU velocity measurements
are high-pass filtered and the BT velocity measurements are low-pass
filtered using a subjectively chosen cutoff frequency and then summed
together (Kilcher et al., 2017b).

For the nose-mounted ADVs, high-pass filtering accelerometer data
and low-pass filtering BT at 0.1 Hz, rather than the 0.0333 Hz value
recommended in Kilcher et al. (2017b), produced the best results in
terms of retaining the isotropic turbulence cascade slope in the ve-
locity spectra and minimizing the turbulence parameters that quantify
anisotropic turbulence (e.g., Reynolds stresses). For the wing-mounted
ADVs, the accelerometer was high-pass filtered at the recommended
0.0333 Hz and BT was low-pass filtered at 0.1 Hz, leaving overlap in
the 0.0333 to 0.1 Hz frequency range, in order to properly resolve the
velocity spectra. The BC ADV’s accelerometer measurements, which did
not have available BT, were still low-pass filtered at 0.1 Hz to remove
the effects of low-frequency drift.

Velocity data from the down-looking WH1200s were corrected via
bottom track measurements and depth bins were mapped based on
buoy blowdown, measured by onboard pressure sensors. Velocity data
affected by seafloor interference were also removed. Because of the lack
of bottom track measurements, the Sig500 data from the BC site were
not used in this study.

After motion correction was completed, data were rotated into the
principal reference frame (streamwise, cross-stream, up) and divided
into subsets (ensembles) of 10 min, based on the IEC TS 62600-201
recommendation (IEC/TS 62600-201, 2015), for further analysis.

4. Measurements
4.1. Water velocity

Water currents in the Salish Sea are predominantly generated by
tidal forcing, which varies as one moves inland from the Pacific: they
transition from diurnally dominant in the Strait of Juan de Fuca to
semidiurnal dominant at Tacoma Narrows (Yang and Wang, 2013).
Water velocities measured by the ADVs were compared against NOAA
tidal constituent predictions (Parker, 2007) from each location gener-
ated by the XTide program (Flater, 2024) and are shown in Fig. 3. Peak
water velocities reach 2 m/s at all three sites for the four tidal cycles
measured. The BC and RS measurements were taken on the tail end
of spring tidal cycles, while TN measurements were recorded mid-tidal
cycle in neither spring nor neap tidal exchanges.

Mean ensemble velocity was found to be 38% weaker, based on the
percent difference, than the tidal predictions at the BC site, even though
the locations were only 240 m apart. This is possibly due to the differ-
ence in measurement depth. The NOAA Station PUG1740 was located
on the shallowest part of the sill, where the deepest measurements
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Fig. 3. Forecast vs. observed data in (a.) Bellingham Channel, (b.) Rosario Strait, and
(c.) Tacoma Narrows, showing the part of the tidal cycle that measurements were made.

provided are from 36 m (119 ft), while the BC ADV was located slightly
off of the sill and recording at 76 m depth. Measurements at Rosario
Strait were 11% faster than predictions from Station PUG1732, located
over 2 km away. This difference was expected based on the numerical
model results (Yang et al., 2021). In this case, the RS ADV was located
at 42 m depth, and predictions were taken from 50 m (164 ft). At TN,
water velocities were 4% slower as compared to the predictions. The
TN ADVs were at a depth of 26 m versus the 21 m (69 ft) prediction
from Station PUG1527, 320 m away.

Water velocity and direction from the three ADVs are shown in
the form of joint probability plots in Fig. 4. At BC, tidal currents over
the measurement interval peak at 1.8 m/s and flow due south on ebb
tide and due northeast on flood tide. This change in direction is likely
because of channel geometry. The ADV-measured flow was stronger
at the RS location, where ebb tide peaks at 2.0 m/s and flood peaks
at 2.8 m/s. At RS, flood flows to the north-northwest and ebb to the
south-southeast. At TN, the measured tidal currents reach 2.2 m/s.
Water current flows parallel to the channel, where ebb tide flows to
the north-northeast and flood tide to the south-southwest.

Depth-averaged water velocity and velocity profiles from the down-
looking ADCPs at the RS and TN sites are shown in Fig. 5. These
profiles show the streamwise water velocity between the Stablemoor
buoy and the seafloor. The depth-averaged velocity in the lower 10 m
of the water column peaks at 1.5 m/s in both RS and TN for the tidal
exchanges measured.

4.2. Velocity spectra

The velocity power spectral densities (spectra) provide valuable
information on the structure and distribution of fluid energy. After
motion-correcting the velocity vector, spectra were calculated using
Welch’s method, with a fast Fourier transform (FFT) length equal to
one-third of the ensemble window length and using Hanning win-
dowing with 50% overlap (Welch, 1967). Streamwise, transverse and
vertical spectra were then binned by their time-averaged flow speed
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Table 1

Mooring and instrument configurations.
Mooring BC SMB500 RS SMB400 TN SMB500 TN SMB400
Latitude 48.5601 48.5800 47.2769 47.2766
Longitude -122.6597 -122.7501 -122.5471 —122.5466
Water depth [m, MLLW] 86 52 36 36

Deployment (PST)
Recovery (PST)

2017/07/24 13:58
2017/07/27 05:35

2017/07/24 14:54
2017/07/27 06:20

2017/11/14 13:50
2017/11/17 10:00

2017/11/14 14:04
2017/11/17 10:10

Instrument ADV Sig500 Sig1000 ADV ADV WH1200 ADV WH1200 Sig500 ADV ADV WH1200
Profile direction - Down Up - - Down - Down Up - - Down
Altitude [m] 10 9.75 10.25 10 10 9.75 10 9.75 10.25 10 10 9.75
Fs [Hz] 16 8 8 16 16 2 16 2 8 16 16 2
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Fig. 4. Joint probability distributions for an ADV located in (a.) Bellingham Channel, (b.) Rosario Strait, and (c.) Tacoma Narrows. Directions are in the “to” convention.

in 0.5 m/s intervals, and spectra from the fastest velocity bin at each
site were averaged together and plotted in Fig. 6. The means from the
fastest 0.5 m/s-bins at BC, RS, and TN are 1.62, 2.20, and 1.74 m/s,
respectively.

The start of the isotropic turbulence cascade, depicted by the char-
acteristic f~>/3 slope, can be seen in all three directional spectra at
frequencies greater than 0.1-0.2 Hz and up to the instrument noise
floors (not shown). Anisotropic turbulence exists at frequencies lower
than 0.1 Hz, where energy in the vertical direction falls off relative to
the same time-scales in the horizontal directions. Large-scale horizontal
turbulent structures are apparent down to frequencies of 0.03 Hz in
the RS and TN spectra. These results are consistent with other tidal
energy sites (Thiébaut et al., 2020). Below 0.03 Hz, the peak in energy
in the streamwise direction occurs at a larger time-scale than both
the transverse and vertical directions, suggesting further anisotropy.
The vertical motions at low frequencies are likely suppressed by water
depth, which provides a strong limit on the vertical extent of turbulence
eddies. Notably, similar energy levels can be seen between all three
sites, even given the slower flow velocities at BC.

In the BC spectra, the apparent drop in streamwise energy between
0.02 Hz and 0.15 Hz, shaded gray in Fig. 6a, is likely caused by the
lack of bottom track measurements necessary for the motion-correction
process. Bottom track captures low-frequency motion well, which the
onboard IMU cannot do. The lack of motion correction at these fre-
quencies might serve to overestimate transverse turbulent energy and
underestimate streamwise turbulent energy in the spectra.

Instrument noise was found from the white noise level in the spectra
following Richard et al. (2013) and is around 5 x 10~% m?/s2/Hz in the
horizontal directions for all three ADVs. Each instrument’s noise level
is used to correct turbulence intensity, Reynolds stresses, and turbulent
kinetic energy (TKE) dissipation rates.

Wave energy, which can significantly affect turbulence that CECs
deployed near the surface or in shallow waters will experience (Perez
et al., 2021), was not observed in the velocity spectra. Wave orbital
motion can increase the amplitude of velocity spectra, seen as a sharp
increase in energy at the respective wave energy periods (Cossu et al.,
2021).

4.3. Turbulence intensity

Turbulence intensity is a basic measure of turbulence that quantifies
the variance of fluid velocity and is linked to unsteady loading on

CECs (Milne et al., 2016). It is computed here as the ratio of the noise-
corrected itandard deviation of water velocity (U) to the mean water
velocity (U) (Thomson et al., 2012):

VU -T2 -c2
T[:M, €D

U

where instrument Doppler noise (c,) was found from the spectral white
noise level. Intensities are shown in Fig. 7, with values below 1.0 m/s
grayed out, as these are generally below the cut-in speeds for CECs.
Flood tide intensities are greater than ebb at the BC and RS sites, likely
related to channel geometry and upstream-generated turbulence. At
flow speeds above 1 m/s, turbulence intensity averages to 9% during
ebb and 14% at flood. During flood and ebb exchanges at RS, intensities
average to 10% and 7%, respectively, while at TN, flood and ebb
intensities average to 10% for both tides. Turbulence intensity during
peak flows in Admiralty Inlet was found to be around 10%, though
turbulence intensity during ebb tide was stronger than flood there,
which is attributed to a local headland Thomson et al. (2012).

Turbulence intensities at the RS and TN sites show an inverse
relationship between turbulence intensity and mean water velocity
(TI ~ I/U) (Thomson et al., 2012; McCaffrey et al., 2015), though
this relationship typically breaks down close to the seafloor. At BC,
this inverse relationship holds until a mean water velocity of 0.5 m/s.
Beyond 0.5 m/s, the scatter in turbulence intensity suggests there is no
correlation between it and mean velocity. The BC ADV is measuring
10 m above the seafloor depth of 86 m (88% depth), so it is reasonable
to suspect that bottom effects are more pronounced here.

4.4. Integral length scales

The integral length scales were found from the autocorrelation of
the ADV-measured velocity fluctuations, where the integral time scale
is estimated by the autocorrelation function integrated from zero to
the first zero-crossing lag-time (e.g., McCaffrey et al., 2015; Milne
et al.,, 2013). The integral length scale is then the integral time scale
multiplied by the mean ensemble flow speed. The integral time scale is
seen as an estimate of the “memory” in the flow, or how long the flow
is influenced by (stays correlated with) a perturbation from the mean.
The integral length scale is then a corollary estimate of the distance
the affected flow travels, and it is often interpreted as the scale of
anisotropic turbulence structures.
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The integral length scales for the three sites are shown in Fig.
8. The streamwise length scale is largest in RS and smallest in TN,
averaging 8.5, 9.3, and 6.9 m, respectively, for BC, RS and TN. The
measurement height of 10 m, relative to water depth (z/h), is 12%,
19%, and 28% at BC, RS, and TN, respectively, so these averages are not
directly comparable from a hydrodynamic perspective. Nonetheless, at
all three sites, the averages are far smaller than the maximums seen.
The maximum streamwise integral length scales (75, 121, and 47 m
for BC, RS, and TN, respectively) were roughly on the scale of the
channels’” maximum depths (120, 130, and 50 m, for BC, RS, and RN,
respectively), not the depth at the measurement location. Streamwise
length scales may be underrepresented at BC, based on the drop in
streamwise energy seen in Fig. 6a. In general, compared to the other
principal directions, the streamwise length scale is greater than the
transverse, which is greater than the vertical.

4.5. Reynolds stresses

The Reynolds stresses (wu;) parameterize the normal and shear
stresses acting on the mean flow, and are calculated from the variance
and co-variance of the ADV streamwise (u), transverse (v), and vertical
(w) velocity components.

The Reynolds shear stresses u/'w’ and v/w’ are plotted in Fig. 9,
with ebb tide shaded gray. They peak at 1 x 102, 1.5 x 10~2, and
1.3 x 1072 m?/s? (equivalent to 10, 15, and 13 N/m?) at BC, RS, and
TN, respectively. Again, given the drop in spectral energy seen in Fig.
6a due to the lack of bottom track, Reynolds stress estimations are
likely underrepresented at the BC site. Still, it appears streamwise and
transverse shear stresses are generally equivalent at the BC location,
but differ based on the tide at RS and TN. Streamwise shear stress is
nearly 10 times stronger than transverse shear stress during flood tide
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at RS, and it is 5 times stronger during ebb tide at TN, suggesting that
these shear flows can be considered wall-bounded only during flood or
ebb at each site, respectively. During the opposite tide, these two shear
stresses are equivalent and no longer wall-bounded.

The RS deployment location is close to the western shore of Cy-
press Island, suggesting transverse shear is limited during flood, but
current during ebb, coming from open fetch to the NNW, does not yet
“feel” this boundary. At TN, it is possible the north-flowing current
has conformed to channel width, limiting transverse shear, while the
120 degree channel bend to the north generates transverse shear during
the south-flowing flood tide. Turbulence shed from the Tacoma Nar-
rows Bridge during the north-flowing ebb tide is not readily apparent
in these measurements, either having dissipated by the time it reached
the site or misses the ADV’s location.

4.6. Turbulent kinetic energy balance

TKE production and dissipation represent how much turbulent en-
ergy is being produced from the mean flow and subsequently dissipated
into heat or sound, and are useful in knowing how much energy is being
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drawn from the theoretical tidal resource; this is energy not available
to energy harvesting technologies.

4.6.1. Dissipation rate
TKE dissipation rates were calculated from the f=>/° slope of the
velocity spectra (Fig. 6) following Lumley and Terray (1983):

5/3

2/3
S(f) = ae/3 =503 (%) +N, @

where S(f) is the measured spectra, « = 0.5, ¢ is the TKE dissipation
rate, f is frequency, U is current speed, and N is the Doppler noise
level, or white noise floor, of the spectra. Dissipation rates were quality
controlled by checking the slope of the spectra found solving for Eq. (2)
and comparing it to the expected f~5/3 value, +15%, following the QC
process of McMillan et al. (2016), McMillan and Hay (2017).

According to Kolmogorov’s “self-similarity” theory, TKE dissipa-
tion rate is proportional to U>/L, where L is the outer length scale,
typically equivalent to either water depth or the size of a boundary
layer (Kolmogorov, 1941). Within the boundary layer, TKE dissipation
and production are expected to be in balance. Outside of the boundary
layer, the balance between production and dissipation can be affected
by stratification and/or momentum transported past the measurement
site.

Dissipation rates at the three sites are shown in Fig. 10. They
are roughly similar in magnitude, which is not surprising given the
similarity in the energy levels of the isotropic turbulence cascade seen
in Fig. 10. Dissipation rates can be seen to follow the U?/L relationship
at RS and TN, while this is not the case at BC, suggesting that dynamics
other than bottom boundary layer physics (i.e., lateral processes) are
occurring here.

The BC site dissipation rates are stronger at similar flow speeds
compared to the RS and TN estimations, consistent with its relatively
closer distance to the seafloor. For instance, at 1.5 m/s, the dissipation
rate from the BC ADV is estimated to be approximately 3 x 10~4 m2/s>
(equivalent to 0.3 W/m?), while it is around half that, 1.5 x 10~* m?/s3
(equivalent to 0.15 W/m?), at the RS and TN ADVs.

There are some differences between ebb and flood tide at both BC
and TN, where dissipation rates are slightly weaker (approximately
0.1 decades, or 26%) during ebb than flood. This is possibly due to
variability in the local bathymetry and bottom roughness surrounding
the sites.

4.6.2. Production rate

TKE shear production rates (P) were estimated using the Reynolds
shear stresses from the ADV and the velocity shear gradients from the
down-looking ADCP:

_ —— 06 | —— 06D
P——(uw5+vw£). 3)

Shear production was found for the RS and TN sites, but it was
not estimated at the BC site given the inability to motion-correct its
ADCP’s velocity measurements. Buoyancy production is assumed to be
negligible at the RS and TN locations, as these sites are generally well
mixed, and density stratification in the Salish Sea does not typically
vary by tidal cycle (Sutherland et al., 2011; Broatch and MacCready,
2022).

The balance between TKE shear production and dissipation is shown
in Fig. 11. At the RS site, production and dissipation are well balanced
during both tides, with limited scatter about the 1:1 line, suggest-
ing production is also proportional to U3/L and that boundary layer
physics dominate here. At TN, production and dissipation are roughly
balanced during ebb tide, but dissipation is 25%-50% greater than
production during flood tide. This suggests that during flood, turbulent
energy produced upstream is being transported downstream and dissi-
pated in this part of the channel. It is possible TKE is being generated
by the 120 degree channel bend north of the measurement site and is
dissipated as the current carries it south.
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Fig. 10. Dissipation Rate for an ADV located in (a.) Bellingham Channel, (b.) Rosario Strait, and (c.) Tacoma Narrows. Flood tide is shown in blue, and ebb tide is shown in red.

The dashed line is the slope of a U?/L line.

|
w

—_
o

|
N

Production Rate [m?/s®]
=)

10

Production Rate [m?/s®]
S
H 3

10~ 10 10"

Dissipation Rate [m?/s®]

Fig. 11. Balance between TKE shear production rate and dissipation rate in (a.) Rosario
Strait and (b.) Tacoma Narrows. Bellingham Channel is not included due to the inability
to conduct motion correction. Flood tide is shown in blue, and ebb tide is shown in
red. The black line is the 1:1 ratio.

5. Discussion

In this study, turbulence measurements were conducted over the
course of 4 tidal exchanges at 3 sites of interest for the marine en-
ergy industry. All three site locations had peak currents at or above
2 m/s. Motion correction of the velocity was successful and resulted
in velocity spectra comparable to other tidal channels dominated by
boundary layer dynamics, where anisotropic turbulence dominates be-
fore breaking down into an isotropic turbulence cascade (Thomson
et al., 2012; Milne et al., 2013; Gunawan et al., 2014; Thiébaut et al.,
2020). Because of these boundary layer dynamics, all three sites show
similar turbulence statistics, beneficial for informing structural design
decisions for CECs (Milne et al., 2016).

Turbulence intensity describes velocity fluctuation and has a direct
effect on CEC power performance and fatigue (Milne et al., 2016;
Mycek et al., 2014; Blackmore et al., 2016). In RS and TN they are
similar to that seen in Admiralty Inlet (8%-10%) (Thomson et al.,
2012), though turbulence intensities in BC are higher because of the
buoy’s low relative position in the water column (z/h = 0.12).

Integral length scales describe the distance over which turbulence
fluctuations are carried by the mean flow. Length scales are attributed

to the magnitude of instantaneous loading on a turbine rotor, even
when smaller than the rotor radius (Harrold and Ouro, 2019; Ouro
and Stoesser, 2019; Sentchev et al., 2020). A CEC at 10 m above the
seafloor can see streamwise integral length scales of at least 10 to 40 m
at all three sites. The maximum integral length scales are on the order
of the maximum depth of each channel, which is consistent with the
results other tidal channels (Thomson et al., 2012; Milne et al., 2017).
At the 10 m measurement height, average length scales are similar in
magnitude between BC and RS and smaller in the shallower TN.

The Reynolds stresses describe the average transfer rate of momen-
tum via turbulence fluctuations and are useful for the validation of
turbulence in numerical models (e.g., Deb et al., 2023). The studied
channels do not always exhibit wall-bounded flow, as transverse shear
stress (v/w’) is on same order as streamwise shear stress (u'w’) during
ebb tide in RS and flood tide in TN, respectively, and during both tidal
exchanges in BC. While narrow channels are typically assumed to be
wall-bounded, TN, which is half the width of RS, shows wall-bounded
flow during one tidal exchange but not the other, suggesting that other
bathymetric features (i.e., headlands) are involved.

TKE shear production and dissipation describe the energy lost to
the creation of turbulence fluctuations and the subsequent energy
dissipation to viscosity. They increase with both the installation and
operation of a turbine in the flow (Guerra and Thomson, 2019). Both
are fairly balanced in Rosario Strait, but there is some momentum
transport affecting this balance in Tacoma Narrows due to the channel
geomorphology or local bathymetric effects.

The Salish Sea, except for the Strait of Juan de Fuca, is protected
from swell generated in the Pacific Ocean and lacks a strong wave
resource, with wave heights typically below 1.5 m and wave periods
below 5 s (Yang et al., 2019). While wave energy was not observed by
the ADVs in this study, there is a potential for CECs deployed near the
surface at these sites to experience wave orbital fluctuations from wind
waves. For example, the theoretical wavelength of a linear, deep-water
wave with a 5 s period is 39 m. Assuming wave orbital velocity decays
to 0 m/s at a depth of half the wavelength, a 5 s wave’s energy can be
detected down to a depth of 19.5 m. That being said, while they can
create CEC structural loads (Draycott et al., 2019), waves may not have
a strong effect on turbulence statistics (Perez et al., 2021).

These results show the successful implementation of the Stablemoor-
ADV method to make high quality measurements of turbulence in the
mid-water column. While more deployment intensive than a simple
bottom lander, the efficacy of this engineering solution overcomes
previous limitations of ADV measurements relevant to the marine en-
ergy industry. However, the lack of bottom track measurements on the
Bellingham Channel deployment limited the resolution of anisotropic
turbulence and likely contributed to the increased variability seen
in the results (Kilcher et al., 2017b). Future deployments using the
Stablemoor-ADV method should ensure that an ADCP with bottom
track is available. It should also be noted that no significant difference
in quality was observed between corrected measurements from the
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nose- and wing-mounted ADVs in this study, though Harding et al.
(2017) observed significant motion in the wing-mounted configuration.

Raw measurements and analyzed data from this study are publicly
available on the Marine and Hydrokinetic Data Repository (McVey
and Kilcher, 2017). These data will be used to improve the Stage 1
Salish Sea resource characterization model (Yang et al., 2021) to sup-
port Stage 2 modeling according to IEC standards (IEC/TS 62600-201,
2015).

6. Conclusions

Measurements, particularly those of turbulence, continue to be im-
portant to understanding unsteady load effects on CECs and the rele-
vant fluid-structure interactions. The engineering of utility-scale CECs
deployed at these locations will need to take into account turbulence in-
tensities of 7%-14% at peak flow and integral length scales on the order
of 10 m. Peak hydrodynamic shear stresses between 10-15 N/m? and
energy loss to turbulence from 0.15 to 0.3 W/m? were also observed at
these sites.

All three sites have similar levels of turbulence intensity.
Anisotropic turbulence and integral length scales are similar between
Bellingham Channel and Rosario Strait, but are smaller in magnitude
at Tacoma Narrows, mostly driven by the difference in vertical length
scales (i.e. maximum water depth). There are slight differences between
Rosario Strait and Tacoma Narrows in terms of in momentum transport
and the TKE balance, likely due to lateral processes and differences in
local bathymetry.

While the Stablemoor-ADV solution is more engineering-intensive in
high-velocity flows than that of simple bottom landers, the benefit of
collecting simultaneous ADV and ADCP measurements in the mid-water
column include fully characterizing the TKE balance and observing
smaller turbulence length scales at a height relevant for CECs.
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