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Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed ) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

(3)

where the brackets indicated a time average of 5 min and
. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected , even in the
case of a unique mean [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.
Fig. 3 demonstrates the importance of noise correction by

comparing the standard deviation of velocity
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [ as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.
Here, we define an empirical Doppler noise as

, using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack 0.8 m/s). The mean nonslack value is

0.174 m/s, compared with the PlanADCP value of
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.
Wake turbulence from the tripod is another possible source

of differences between ADV and ADCP variances. While the
ADV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.
Turbulence intensities are calculated for both data sets using

the profile bin at hub height , and the resulting average
values are shown in Table II Mean noise-corrected turbu-

lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is

. For the distributions obtained here, the difference
is negligible.
Histograms and cumulative distributions of are shown

in Fig. 5. Cumulative distributions for without the Doppler
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Fig. 1. Regional map, bathymetry, and locations of two tidal energy sites in Puget Sound. At Admiralty Head, a Sea Spider was deployed on the seafloor to collect
AWAC data. At Nodule Point, the Tidal Turbulence Tripod was deployed on the seafloor to collect ADV and ADCP data. The Sea Spider was ballasted with 800
lb of lead (ingots), and the Tidal Turbulence Tripod was ballasted with 1800 lb of steel (railroad wheels).

the balance of tidal advection, bottom friction, and local accel-
eration due to the headland geometry [25], [26]. Such eddies
have been shown to account for much of the form drag in a tidal
channel [27], [28]. Here, these eddies are shown to dominate the
turbulent inflow conditions for tidal current turbines.

III. ANALYSIS
Data from both sites are quality controlled to remove spikes

and points with low pulse correlations [29]. Data preparation is
described fully in [30]. Both sites are sufficiently deep that wave
orbital velocities are negligible at hub height [20], however data
preparation for other sites may require isolation of wave orbital
velocities using methods such as the “Z-test” [31].
The continuous time series are parsed into 5-min (300-s) win-

dows for turbulence analysis. Five minutes was empirically de-
termined to be the longest duration with a stable mean and vari-
ance (i.e., stationary statistics) that did not require detrending
to remove the tidal signal. Longer windows can be used by re-
moving a linear or quadratic trend, however results are sensitive
to the detrending scheme and the underlying hydrodynamics
may not be stationary. Windows shorter than 5 min tend to un-
derestimate the variance because the large-scale eddies are not
well captured. Data were processed using 1-, 3-, 5-, 10-, 15-,
and 20-min windows before settling on the 5-min windows pre-
sented here.
For turbulence analysis, each 5-min window uses a sepa-

rate principal axes decomposition to determine a mean direc-

tion . This is in contrast to the single principal axes decompo-
sition used for site characterization [15], [14] and is intended
to avoid contamination of the turbulence estimates by progres-
sion through the tidal ellipse. If, instead, the tidal mean direction
was used, the turbulence metrics would be biased by the offset
between the tidal mean and the 5-min mean. The subsequent
velocity relative to this axis is analyzed for the magnitude and
direction of fluctuations and , respectively.
Example time series of the hub-height speed measurements

from the February deployments are shown in Fig. 2. Both the
raw data horizontal and the 5-min averages are shown, as
well as the expected Doppler noise deviation of raw data .
Of course, the Doppler noise error in the 5-min averages is much
less, because an ensemble of pings, corresponding to 5 min,
is used to determine . Both sites show mixed semidi-
urnal tides with flows exceeding 2 m/s, as previously described
by [15]. Both sites also exhibit a full range of time scales, from
short turbulent fluctuations to the aharmonic components that
disrupt the otherwise sinusoidal shape in the tidal flow .
Throughout the following analysis, horizontal speeds are

used and decomposed according to (1). Periods of “slack” flow,
where 0.8 m/s, are excluded as they are not operationally
relevant for tidal turbines (i.e., below “cut-in” speed).

A. Turbulence Intensity
The turbulence intensity of a flow is defined as the ratio (or

percentage) of the turbulent fluctuations (typically the standard
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Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed ) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

(3)

where the brackets indicated a time average of 5 min and
. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected , even in the
case of a unique mean [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.
Fig. 3 demonstrates the importance of noise correction by

comparing the standard deviation of velocity
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [ as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.
Here, we define an empirical Doppler noise as

, using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack 0.8 m/s). The mean nonslack value is

0.174 m/s, compared with the PlanADCP value of
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.
Wake turbulence from the tripod is another possible source

of differences between ADV and ADCP variances. While the
ADV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.
Turbulence intensities are calculated for both data sets using

the profile bin at hub height , and the resulting average
values are shown in Table II Mean noise-corrected turbu-

lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is

. For the distributions obtained here, the difference
is negligible.
Histograms and cumulative distributions of are shown

in Fig. 5. Cumulative distributions for without the Doppler
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Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed ) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

(3)

where the brackets indicated a time average of 5 min and
. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected , even in the
case of a unique mean [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.
Fig. 3 demonstrates the importance of noise correction by

comparing the standard deviation of velocity
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [ as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.
Here, we define an empirical Doppler noise as

, using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack 0.8 m/s). The mean nonslack value is

0.174 m/s, compared with the PlanADCP value of
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.
Wake turbulence from the tripod is another possible source

of differences between ADV and ADCP variances. While the
ADV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.
Turbulence intensities are calculated for both data sets using

the profile bin at hub height , and the resulting average
values are shown in Table II Mean noise-corrected turbu-

lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is

. For the distributions obtained here, the difference
is negligible.
Histograms and cumulative distributions of are shown

in Fig. 5. Cumulative distributions for without the Doppler
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Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed ) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

(3)

where the brackets indicated a time average of 5 min and
. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected , even in the
case of a unique mean [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.
Fig. 3 demonstrates the importance of noise correction by

comparing the standard deviation of velocity
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [ as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.
Here, we define an empirical Doppler noise as

, using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack 0.8 m/s). The mean nonslack value is

0.174 m/s, compared with the PlanADCP value of
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.
Wake turbulence from the tripod is another possible source

of differences between ADV and ADCP variances. While the
ADV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.
Turbulence intensities are calculated for both data sets using

the profile bin at hub height , and the resulting average
values are shown in Table II Mean noise-corrected turbu-

lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is

. For the distributions obtained here, the difference
is negligible.
Histograms and cumulative distributions of are shown

in Fig. 5. Cumulative distributions for without the Doppler
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Fig. 6. Turbulence intensity versus mean speed at (top) Nodule Point and

(bottom) Admiralty Head. Individual 5-min values are shown as points, and

the averages at mean speed bins of 0.25 m/s are shown as solid lines. The gray

area indicates slack conditions ( 0.8 m/s).

Fig. 7. Characteristic turbulent velocity fluctuation versus tidal velocity at (top)
Nodule Point and (bottom) Admiralty Head. The gray area indicates slack con-

ditions ( 0.8 m/s).

broadens the distribution of values [32]. However, the re-

sulting values shown in Fig. 7 are largely consistent between

the ADV and the ADCP at Nodule Point and between the dif-

ferent AWAC deployments at Admiralty Head. In contrast to the

intensities , the values are not normalized and continue to

increase with increasing mean speed . Further work is needed

to assess the utility of the metric for tidal turbines and the

appropriate model for the distribution of values.

C. Time Scales: Frequency Spectra
Frequency autospectra of horizontal velocities and vertical

velocities are calculated from the ADV data at Nodule

Point using four overlapping subwindows of 128 s each and

shown in Fig. 8. The spectra show the TKE components as

a function of frequency , such that

and . (Horizontal velocity is along

the principal axis determined for each 5-min ensemble, as

Fig. 8. Horizontal and vertical TKE versus frequency from the Nodule Point

ADV. Individual spectra (5-min windows divided into four subwindows and en-

semble averaged for eight degrees of freedom with frequency bandwidth

0.0078 Hz) are shown as fine lines, and the means of all spectra are shown as a
thick lines. Slack periods ( 0.8 m/s) are excluded.

discussed in Section I-A.) The frequency spectra in Fig. 8 have

three distinct regions: large-scale eddies at low frequencies, an

isotropic eddy cascade at midfrequencies, and Doppler noise at

high frequencies.

At low frequencies ( 0.1 Hz), horizontal motions are far

more energetic than vertical motions, consistent with large-scale

anisotropic (2-D) eddies. The vertical motions likely are sup-

pressed at these frequencies by the available water depth (see

Section III-D). The low-frequency spectra are less steep than

within the inertial subrange, which suggests that the large eddies

may be advecting through the site without participating directly

in the energy cascade (see next paragraph). Although the loga-

rithmic axes do emphasize the low frequencies, these frequen-

cies dominate the total TKE even when integrated over linear

frequency bands. If the subwindows are extended to longer du-

rations to observe even lower frequencies, the lowest frequen-

cies rise toward the M4 andM6 shallow-water tidal constituents

(not shown), which are known to be significant at this site [18].
Unfortunately, the low-frequency TKE, which is by far the most

energetic, does not have a simple dependence that can be ex-

ploited to derive a standard input for tidal turbines. Likely, the

spectra of these large, energy-containing eddies are site-specific
consequences of nearby topographic features (e.g., headlands,

sills), which generate nonequilibrium upstream turbulence. Re-

cent work suggests that general boundary layer power laws for

spectra (i.e., Kaimal or Ogive curves) are commonly observed

in tidal flows, however the power laws are not constrained well
enough for universal application [11].

At midfrequencies (0.2 2 Hz), there is an inertial

subrange with a classic cascade [21]. As expected for

isotropic (3-D) homogenous turbulence, the horizontal and ver-

tical TKE levels are similar. This cascade transfers energy from

large scales (i.e., lower frequencies) to small scales (i.e., higher

frequencies), where it can be dissipated by viscosity. This cas-

cade is used to estimate the TKE dissipation rate in Section III-F.

Turbulence)intensity)
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Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed ) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

(3)

where the brackets indicated a time average of 5 min and
. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected , even in the
case of a unique mean [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.
Fig. 3 demonstrates the importance of noise correction by

comparing the standard deviation of velocity
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [ as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.
Here, we define an empirical Doppler noise as

, using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack 0.8 m/s). The mean nonslack value is

0.174 m/s, compared with the PlanADCP value of
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.
Wake turbulence from the tripod is another possible source

of differences between ADV and ADCP variances. While the
ADV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.
Turbulence intensities are calculated for both data sets using

the profile bin at hub height , and the resulting average
values are shown in Table II Mean noise-corrected turbu-

lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is

. For the distributions obtained here, the difference
is negligible.
Histograms and cumulative distributions of are shown

in Fig. 5. Cumulative distributions for without the Doppler
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a gradient of unity. The two plots both compare these two
functions, but in differing ways, such that one may appear
to demonstrate an acceptable fit while the other does not.
Firstly, the probability plot provides a direct comparison of
the probability of occurrence of a perturbation of a specific
magnitude. However, the quantile plot compares the perturba-
tion magnitudes predicted by the two models over the range
of probabilities of 0 to 1. In other words, the Probability
plot compares the probabilities predicted by the models for
the range of perturbation magnitudes, and the Quantile plot
compares the perturbation magnitudes predicted by the models
for the range of probabilities. In this way, these two plots
present the same information on a different scale [6].

The density plot depicts a histogram of occurrences above
discrete bands of perturbation magnitudes, normalized by the
total number of threshold exceedances. In this way the GPD
can be overlaid to observe how closely the model fits the
distribution of the threshold excesses.

The return level plot shows the N -year return level as
a function of return period, N , with associated 95% delta-
method confidence intervals. An example is shown in Figure 7.
Overlaid on this plot are the magnitudes of the velocity data
points plotted against their expected return period. Because the
data set being used is 17 days in duration, the greatest return
period that can be plotted is 17/365 = 0.047 years.
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Fig. 7. Sample Return Level plot for ADV perturbations; ut=0.20, T =2.0s

C. Results Summary

The resulting estimations of 50-year horizontal stream-wise
velocity perturbations and associated confidence intervals are
shown in Figure 8 and Figure 9. The confidence intervals
shown in these plots are based on the variation of the profile
log-likelihood with respect to the return level. The delta-
method confidence interval shown in the return level plot is
a symmetrical and un-conservative method of calculating the
variance. The profile log-likelihood confidence interval, on the
other hand, incorporates the skew in variance which has the
effect of excluding the possibility of including a perturbation
magnitude less than the maximum observed fluctuation. In this
way the profile log-likelihood confidence interval offers a more
realistic approximation of the expected errors [6].
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Fig. 8. Effects of perturbation time-scale on the 50-year velocity perturbation
magnitude
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Fig. 9. Effects of perturbation length-scale on the 50-year velocity pertur-
bation magnitude

VI. DISCUSSION AND LIMITATIONS

A. Discrepancies between ADV and ADCP results

The results of the extreme value analysis show obvious
discrepancies between the two data sets. This is primarily
due to the more significant Doppler noise in the ADCP

Harding)et)al,)EWTEC)2011)

[36]. Turbulence intensity, shown in Fig. 3a, is the ratio of the
standard deviation of the velocity to the mean with a noise-
corrected term subtracted for acoustic Doppler measurements,
and is defined as

Iu ¼
su

u
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u02 " n2

p

u
; (2)

where the overline indicates a 10-min average
(Iuz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3TKE" n2

p
=u for isotropic turbulence) [15]. Although in

much of the wind literature turbulence intensity is calculated from
wind speeds (often measured by cup anemometers) [37], turbu-
lence intensity can be calculated in all three directions (Iu, Iv, Iw), but
the along-stream intensity, Iu, is used here. Fig. 4 shows turbulence
intensity plotted versus mean flow speed for the entire sampling
period at Nodule Point. The highest turbulence intensities occur
below 0.8 m s"1, which are considered slack conditions when the
turbine would be motionless. The fastest mean velocities at Nodule
Point (~2 m s"1) see turbulence intensities around 10%, while
slower mean velocities see turbulence intensities that reach up to
20%. This behavior is consistent with the Iu # 1=u relationship,
which has been regressed in the inset of Fig. 4 where u02 versus u is
shown. Similarly, MacEnri et al. [38] saw the same behavior, but
with lower overall turbulence intensity levels in the Strangford
Lough, Ireland. This variation in Iu encourages further analysis into
what causes the turbulence intensity to peak, since the large spread
suggests that local values of u are not a good predictor of su.

Iu only accounts for one direction of velocity fluctuations, so
turbulent kinetic energy, TKE, is also used for a more complete
characterization of tidal turbulence intensity. TKE is defined as one-
half the sum of the normal stresses,

TKE ¼ uiui
2

¼ 1
2

"
u02 þ v02 þw02

#
; (3)

and has also been shown have a negative impact on power pro-
duction [39]. Although turbulence intensity and TKE are a helpful
metrics for determining loads on a turbine [40] and expected

energy production, a more detailed characterization of the type of
turbulence will show individual turbulent events like a large,
anisotropic eddy passing through the region (peaks in Fig. 3b).
Coherent turbulent kinetic energy (CTKE; the magnitude of the
instantaneous Reynolds shear stresses) is another common metric
in the wind literature used to identify coherent turbulent events
[10,41], and is defined as

CTKE ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu0v0Þ2 þ ðu0w0Þ2 þ ðv0w0Þ2

q
: (4)

CTKE identifies the instances when the Reynolds shear stresses
peak, while the turbulence intensity identifies only one component
of the kinetic energy. The use of the cross terms identifies the
moments when there are peaks in multiple velocity components,
identified as spatially coherent features in the flow (though CTKE is
an instantaneous quantity, so the temporal coherence remains
unknown). The reader is referred to Kelley et al. [35], where CTKE is
introduced, for more information on this metric.

The method employed by Kelley et al. [35] & [42] to describe
coherent turbulent structures uses wavelet analysis to decompose
the Reynolds stresses and coherent turbulent kinetic energy
alongside observed loads onwind turbines to characterize the time
and frequency behavior of the coherent structures and their effect
on the turbines. These results have shown that bursts of CTKE
induce higher structural loads at scales 6%e23% of the rotor
diameter on both stiff and flexible-blade wind turbines. Although
observations of loads are not available for a tidal turbine (loads have
been measured in a flume tank [43,44] but not in the field), Rey-
nolds stresses, TKE, and CTKE from ADVmeasurements can be used
to infer expected loading events.

CTKE is shown in Fig. 3c, andwill be used as an additional metric
for parameterization of turbulence at this location. An alternative to
CTKE, the anisotropy magnitude A (Eq. (12)), that is more firmly
grounded in turbulence theory is shown in Fig. 3d and presented in
Section 2.6. From Fig. 3, it is possible to identify more “events”,
appearing as peaks in the bottom three panels that do not appear in
the turbulence intensity. Three illustrative intervals in the largest
99th percentile of Iu; TKE;CTKE, and A when u>0:8 m s"1 were
chosen to highlight the meaning of these diagnostics to draw
attention to where the peaks in each metric lies. These intervals are
also indicated in Figs. 1, 3, 4, 8e10.

2.3. Correlation and length scales

Turbulence intensity does not directly address the spatial and
temporal structure of turbulence in the tidal channel, so quanti-
fying the scales of motion leading to large Iu is a natural next step in
the characterization. Spatial and temporal correlation scales can
also give a much better physical description of the turbulence than
is possible with turbulence intensity. Thus, velocity autocorrela-
tions were calculated to infer the time (and, using Taylor's hy-
pothesis, length) scales of the turbulence. The temporal
autocorrelation is defined as

rðtÞ ¼ u0ðtÞu0ðt þ tÞ
u02

(5)

where the overbar is the 10-min mean, and results are shown in
Fig. 5.

The Taylor, l, and integral, L, scales are used to quantify the
longest time over which the turbulence stays correlated, and the
time until the flow is uncorrelated, respectively [45]. These scales
are defined as

Fig. 4. Turbulence intensity versus mean speed for each 10-min interval at Nodule
Point, colored by A, discussed in Section 2.6. The gray area indicates slack conditions.
Three 99th percentile values of Iu, TKE, CTKE, and A values when u>0:8 m s"1 are
shown in the squares, triangles, diamonds, and circles, respectively on each plot. Inset
is the joint pdf of u versus u02, with the best-fit line. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

K. McCaffrey et al. / Renewable Energy 76 (2015) 441e453444

McCaffery)et)al,)Renew.)Energy,)2015)
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At high frequencies ( 2 Hz), horizontal spectra become
flat as a result of Doppler noise [34]. The Doppler noise is not
observed for the vertical component because of the ADV beam
geometry, which has a smaller projection coefficient in the coor-
dinate transform. At slack tidal conditions ( 0.8 m/s), how-
ever, even the vertical spectra exhibit noise flattening at high
frequencies (not shown). The Doppler noise can be reduced in
postprocessing by assuming the noise is normally distributed
and uncorrelated from the true turbulence, and then an exten-
sion of the inertial subrange is observed [35]. This noise
correction improves the subsequent estimation of the TKE dis-
sipation rate (see Section III-F).
The associated ADCP and AWAC frequency spectra (not

shown) have substantial Doppler noise at frequencies above
0.3 Hz, but are similar to the ADV frequency spectra at low
frequencies. The large sampling volumes of the ADCP and the
AWAC prohibit analysis of small scale turbulence, and thus
disagreement at high frequencies is expected. In all cases, the
noise level of the spectra (i.e., that flat tail at high frequencies)
is consistent with a predicted , which is the
spectral density of the noise variance. [ is the number
of points in the fast Fourier transform (FFP) and is the
frequency bandwidth.]

D. Length Scales: Fractional Turbulence Intensity

The frequency spectra of horizontal TKE can be converted
to horizontal length scales using Taylor’s “frozen field” as-
sumption with an advection speed of such that

(5)

This assumption is only valid for the frequency range of co-
herent motions (i.e., if the turbulence evolves faster than it is
advected, the length scales will be aliased). This range could
be empirically evaluated using a horizontal array of velocity
measurements. However, this would be cost prohibitive for
most tidal energy sites. Here, instead, we apply an a priori limit
of horizontal length scale analysis as the distance to the shore
(largest scale) and beam spread of the acoustic Doppler
measurement (smallest scale). The shore distances are 550 and
650 m, respectively, for Nodule Point and Admiralty Head, and
the beam spreads are 2.6 and 6.8 m (see Table I). [Per (2), these
beam spreads at hub height correspond to 1.4 Hz and

0.5 Hz at Nodule Point and Admiralty Head, respectively,
which are within the actual 2.0 Hz and 1.0 Hz used.]
An important detail in this change of variables is the Jacobian

of the transform, which gives the nonuniform length bandwidth
, such that variance is preserved in either repre-

sentation

(6)

The resulting spectra partition the turbulence into length scales,
which can then be restricted to the scales relevant to tidal tur-
bines.
Since the spectra represent the velocity variance at a par-

ticular scale, the velocity standard deviation at a particular scale

Fig. 9. Fractional turbulence intensity of horizontal motion as a function of
length scale at (top) Nodule Point and (bottom) Admiralty Head. Thin lines are
individual 5-min records, and thick lines are nonslack averages.

is given by . Thus, we can define a “fractional” turbulence
intensity at each length scale as

(7)

where the integral over a range of lengths converts the spectral
density (normalized by convention) to units of variance, and the

term corrects for the portion of Doppler noise
contained in that variance (assuming uniform noise distribution,
or “white” noise). Here, is the number of points in the
FFT, is the Doppler noise, and a summation over all length
scales regains the total turbulence intensity .
Thus, is the fractional turbulent contribution at each scale
of motion.
The fractional turbulence intensity from both sites and all in-

struments is shown in Fig. 9. As expected from the ADV fre-
quency spectra (Fig. 8), the length dependence shows distinct
regions, including a cascade of decreasing turbulence at small
scales and broad region of high turbulence at large scales. The
smallest scales, where Doppler noise is known to severely con-
taminate the observations and the sample volume is limiting, are
excluded from this analysis. The dominant length scales
for Nodule Point and Admiralty Head are approximately 75 and
150 m, respectively, and each about three times the local water
depth. This is consistent with a transition from highly energetic
anisotropic eddies at larger scales to an isotropic cascade at
smaller scales, which are limited by either water depth or strat-
ification. However, the peaks in are broad and only mar-
ginally significant at the 95% confidence level, restricting any
further inference on length scales dynamics.
The broad distribution of length scales is in contrast to most

wind energy siting studies, which typically show a strong
maxima of TKE at mesoscales and a decrease at very large
scales [36]. However, the lack of a preferential turbulence
scale at these sites is consistent with wind studies in areas of

Tripod)makes)this)“easy”)
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The velocity induced by the head motion is minus the sum of the components
of the head motion,

~um = �(~ua + ~u!) . (3)

In other words, as the ADV head moves one way, it measures a velocity in the
opposite direction. This motion-induced velocity can then be removed from the
raw ADV velocity signal, ~uADV = M�1

~

ũADV , to obtain an estimate of the
inertial-frame velocity,

~u = ~uADV � ~um . (4)

1.1 Terminology and definitions

Throughout this work the term ‘spectrum’, is used to refer to the power spec-
tral density of a quantity (e.g. u), which is the absolute value of the Fourier
transform squared,

S{u} = F{u}F{u}⇤ . (5)

Where the Fourier transform of u is defined as,

F{u(t)}(f) = 1p
T

Z T

t=0
u(t) exp (�i2⇡ft) dt . (6)

2 Results

The dominant variability in the ADV-derived velocity is found to be along a
line at 312� East of True North (principal-axis of the tidal velocity). A similar
analysis of the AWAC velocity gives a much di↵erent value, and one that is not
consistent with the local bathymetry/coastline. Presumably this is caused by
erroneous compass data due to the presence of the strong magnetic signal of the
railroad-wheel anchor on which the AWAC was mounted.

When the AWAC horizontal velocity is aligned with its own principal-axis,
comparison of AWAC and ADV-derived velocity estimates agree quite well (Fig-
ure 1). In particular, the u component of the motion-compensated ADV mea-
surements (upper panel, blue) produce a reliable estimate of the mean velocity.
The largest di↵erences between the AWAC and ADV velocity measurements oc-
cur where the AWAC estimate of vertical velocity is less than �0.1ms�1 (Figure
1c, grey regions). Closer inspection of these data indicate error in the AWAC
velocity estimates, most likely due to the ADV being in one of the AWAC’s
beams.

Comparison of the v component of the ADV and AWAC data shows similar
discrepancies at these times. The v component signals show similar variability
but the amplitudes are sometimes dissimilar. This may be due to error in the
compass calibration, or the principal-axis analysis being contaminated by bad
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Spa+al)Coherence)
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Line Tube w/100m 5/16 
Amsteel, Float, 875TD 

Acoustic Releas

 3 Nortek ADV w/IMU on 
oval spreader

ORE 8242 Acoustic Release
s/n 34110,  Release code: 

235420

3 RR Wheel Anchor Stack ~ 2500lbs Wet
Wide base w/spikes for stability/holding

½” Galv Chain, 1m

½” Amsteel Line w/
Fairwrap, 5m

Water Depth: 55M

University of Washington
Applied Physics Laboratory

1013 NE 40th St.
Seattle, WA 98105

Joe Talbert

Stablemoor Turbulence Mooring

Admiralty Inlet, WA

Deploy: Date: Feb 2015

3 Ton Esmet Swivel, 
with 5/8"SAS

 ORE Drop Link,5/8" SAS

5/8" SAS, Pear Link, 5/8" SAS

10m off 
seafloor 
at 2.5m/s  5/8" SAS, Pear Link, 5/8" SAS

 5/8" SAS, Pear Link, 5/8" SAS, 
3Tswivel, 5/8"SAS

Note:  Not To Scale

45m

½”SAS

RDI Workhorse Sentinel, 1200, 
Downlooking

Deepwater Buoyancy StableMoor 
400:

Weight: 650lbs
Buoyancay: 408 lbs

Length: 140"
Width of spreader: 60"

Dia. At Tail: 30"

The)next)[big])thing:)“stablemoor”)

Just)tested)on)Tuesday)
Deploying)in))

Admiralty)Inlet)next)week)
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Waves&make&turbulence&too!&

Hull  Anodized aluminum 
Power 14 VDC, Alkaline or Lithium D cell packs 
Weight 30 kg in air 
Dimensions 1.25 m draft, 1.0 m mast, 0.35 m diameter 
Shipping crate 1.65 m length, 0.5 m width, 0.5 m depth 
Endurance 30 days (Alkaline), 90 days (Lithium) 
Tracking (RF) Garmin Astro DC40 collars (10 km range) 
Tracking (Iridium) Geoforce GT1 (global) 
Telemetry Iridium SBD 
Processor Sutron Xpert 
Profiler 2 MHz Nortek Aquadopp HR 
Met Airmar PB200 
IMU Microstrain 3DM-GX3-35 
CT Aanderraa 4319 
Camera serial uCAM 
Light Yellow 1s flasher 

!

Thomson,)J.)Journal'of'Atmospheric'and'Oceanic'Technology,'29,'2012.)
www.apl.uw.edu/swik)

SWIFT:)Surface)Wave)Instrument)Float)with)Tracking)
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Wave)breaking)at)the))
Newport)test)site)(winter)2016))

measurements)at)the)surface)(wave)breaking))
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Beyond)ambient)turbulence:)Wakes))

ADV& ADV&

0.7&m&

UW&microturbine&(Polagye&et&al)&

x)[m])
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More)wake)measurements)
Doppcat)

Turbulence)Torpedo)

ORPC)“RivGen”)
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•  Engineers:))

–  Joe)Talbert)

–  Alex)deKlerk)

•  Students:)

–  Mariacarmen)Guerra)

–  Michael)Schwendeman)

–  Seth)Zippel)

–  Maddie)Smith)

–  Cur+s)Rusch)

–  Chris)BasseN)(now)at)WHOI))

•  Collaborators:))

–  Johannes)Gemmrich)(U)Victoria))

–  Levi)Kilcher)(NREL))

–  Brian)Polagye)(UW))

•  Ships)&)crew:)

–  R/V)Jack)Robertson,)R/V)Oceanus,)R/V)New)Horizon,)R/V)Norseman)II,)R/V)Ukpik,)R/V)T.)G.)
Thompson,)F/V)Westwind,))

Thanks)


