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Abstract

This study explores the typical characteristics of the mean and turbulent profiles at a mixed low tidal energy site
(40m mean water depth) where the waves have limited effects on the currents. The turbulence profiles were
derived from secondary current data using a 5-beam ADCP which was optimised for wave measurements. The
tidal currents have peak flows of ~1 m/s during spring. The turbulence intensity is no less than 10% at peak
flows and compare well with values at other tidal channels (at ~5m from seabed). The Reynolds stresses show
symmetry at the neap tide but less so for the spring tide. Although the qualitative profiles of TKE are similar
between the neap and spring tides, the values of TKE for flood flow are the largest throughout the deployment.
The integral length scales are in good agreement with theory, and with estimates based on the mixing length
concept. The measured turbulence parameters are sensitive to flow inhomogeneity, Doppler noise, and ADCP
tilt. The findings demonstrate the practical benefits of exploiting secondary current data at a mixed low tidal
energy site for estimating typical turbulence characteristics; such information can be used to define design
standards and protocols for marine energy devices.
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1. Introduction

Knowledge of field turbulence is important for wave and tidal energy converters since turbulence can
affect the dynamic response of components (e.g. transient and fatigue loadings [1], resonance) as well
as the quality of extracted power. Marine structures are sometimes unnecessarily over designed due to
a lack of understanding of turbulence effects at sea [2]. Turbulence has also an impact on dynamic
processes such as mixing, sediment transport and energy dissipation, all vital for fluid structure
interactions and marine ecology. However, characterising turbulence from field measurements is not
trivial: skilled scientists and operators are often needed to set up, deploy and recover sensors [3], the
deployment costs are high, and there is the difficulty of interpreting non-filtered, random raw
measurement data. No adequate procedure or equipment yet exists for measuring the full range of
temporal and spatial scales of field turbulence. There are sensors that exploit current velocity
measurements to derive turbulence data. One of these is the Acoustic Doppler Velocimeter (ADV)
which estimates the three-dimensional current velocity field over very small water volumes, at high
sampling frequencies e.g. 10-20 Hz. However, the use of ADV is limited to a point measurement and
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cannot offer estimates over a water column. In addition, devices such as hot-film current meters and
shear profilers require repeated challenging measurements, leading to expensive deployments before
one is able to obtain useful time series. In contrast, the use of self-contained, moored Acoustic
Doppler Current Profilers (ADCPs) offers non-intrusive, combined measurements of waves and
currents throughout a full water column for long periods of time with relatively straightforward
deployment operations. With ADCPs, if one is interested in turbulence along a water column the
instrument itself does not generate any extra turbulence as a result of its setup (which only requires a
frame), compared with other ocean setups in which the instruments can cause extra turbulence. Few
recent studies have looked into the measurement of field turbulence using ADCPs, ADVs or a
combination of both. Particularly at tidal sites, field turbulence has been characterised at the
European Marine Energy Centre (EMEC) at Orkney Islands ([3], [4]), the Sound of Islay, UK [5], the
Puget Sound off the west coast of Washington [6], the East River in New York [7], and more recently
a 2-month turbulence measurement campaign using ADVs at Roosevelt Island Tidal Energy site, NY,
USA [8]. In comparison, however, field studies that report turbulence measurements at mixed energy
sites remain scarce. This paper is a contribution towards providing field turbulence data at a wave
energy site, with tidal currents, based on the use of ADCP.

To resolve the range of scales of turbulence at a marine energy site using ADCP’s current velocity
measurements, optimum settings are required in terms of instrument frequency, power consumption,
bin size, minimum disturbance to the flow, and ADCP sampling frequency. However, optimum
settings are not always at the disposal of researchers. To our knowledge, it is not yet possible to have
the ADCP set up for accurate measurement of both waves and currents; it can only achieve high
accuracy for one measurement type. Common practice indicates that ADCP deployments at wave
energy sites are optimised for wave measurements only, rarely considering the practical benefits of
estimating some turbulence parameters from the combined current data. This fact acts as a motivation
for writing this paper: since high resolution ADCP velocity data from field measurements are difficult
to obtain, even a limited characterisation of turbulence from non-optimum ADCP setups could
provide valuable data to support the development of marine energy devices. In general, because of
the advantages of using ADCPs, it is important to steer users’ interest towards maximising the amount
of useful information derived from combined wave and current measurements. This can be achieved
via developing advanced post-processing techniques as in [9], or deriving turbulence metrics from the
measured currents as in the present investigation. Studies of currents (at wave sites) are useful for
guantifying wave-current interactions as shown in the studies of Hashemi et al. [10] and Lewis et al.
[11]. It is worth noting that the Wave Hub site has very little in terms of interactions between the
waves and the currents such that the measured turbulence profiles may be considered to experience
limited effects from the waves. The reported measurements present a contribution to the growing
number of field studies characterising flow and turbulence at marine energy sites and as such add to
the knowledge from other, similar studies. The paper seeks to demonstrate the capabilities of a 5-
beam ADCP for characterising field turbulence when the unit is optimised for waves. The key
question addressed in the paper is: Can acoustic Doppler profilers be used to derive typical turbulence
characteristics in a mixed site with limited wave current interactions using a hon-optimum setup?

2. Field measurements, data collection and processing

The data investigated in this study come from field deployments near the UK’s marine energy Wave
Hub site, situated in the Bristol Channel, approximately 16 km off the north coast of Cornwall (UK),
for the period of 12-23 October 2010 (the ADCP location is at 50°18°38”N, 5°40°32”W). A map of
the deployment location is shown in Fig. 1 where the ADCP was co-located with four directional
wave buoys. The deployment encompassed the period of one full neap tide and the majority of one
spring tide. Two other deployments were performed during August-October 2011 but they are not
discussed here. The UK’s Wave Hub has been commissioned to provide a shared testing facility to
assist with the commercial demonstration of wave energy converters by means of a subsea, grid
connected electrical hub (www.wavehub.co.uk). It is expected the site will provide an electrical
capacity of 20 MW, with a possible upgrade to 50 MW over a 25 year period. The deployment site

2



has considerable wave energy potential; an annual mean power density in the range of 16.9 kW/m
(over 2001-2005) and 29.9 kW/m (over 1989-1998) has been reported in the study of Smith et al. [12].
Research reported in this paper supports the commercial development of the Wave Hub through field
assessments of the wave and tidal resources, as well as the effect of their mutual interactions on
marine energy components (e.g. wave energy devices, offshore wind turbines). Because of the
potential for developing wave energy at the site, the ADCP was optimised for measuring surface
gravity waves, not currents. As illustrated in Fig. 1, the original scope involved the deployment of an
RDI Teledyne ADCP in the proximity of an array of four directional wave buoys, for the purpose of
comparing the wave measurements from the two sensors; some aspects of this work are discussed in
the field investigation of Strong et al. [13]. It turned out that the wave climate at the deployment site
is also affected by tidal currents [14] with 4-5m tidal level variations and ~1 m/s maximum current
velocity. However, as demonstrated in Colucci et al. [15, 16] there is very little in the way of
interaction between waves and currents at this particular site and so the turbulence metrics can be
assumed to experience limited effects from the waves. Although this paper focuses mainly on current
measurements, time series of significant wave height Hs, peak period Tp, peak wave direction Dy and
water level variations during the deployment period are shown in Fig. 2 for reference. More details
about the wave aspects are found in the studies by Strong et al. [13] and Saulnier et al. [14].

ADCPs rely on the principle of “Doppler shift” of the acoustic signals reflected off tiny particles to
get an estimate of the water velocity. With an ADCP, the water column is discretised into a number
of bins at the centres of which current velocities are estimated, resulting in a vertical velocity profile.
The 300 kHz ADCP was deployed on the sea floor in a purpose-built mooring frame, looking upwards
in a mean water depth of 40m. Single ping measurements were used in order to reduce bias in the
turbulence measurements (i.e. reduced temporal resolution) as opposed to averaged sub-pings, e.g.
mode 12 used with RDI ADCPs. The main deployment parameters for waves and currents are
summarised in Table 1. An illustration of the 5-beam ADCP, including a definition of the axis system
and geometrical angles, is shown in Fig. 3.

Compared with the standard 4-beam “Janus” configuration, the present 5-beam ADCP has an
additional vertical 5" beam, used for high resolution direct surface tracking of the waves. The four
inclined beams perform two functions: 1) estimation of directional wave spectra from the wave-
induced orbital velocities, and 2) measurement of the along-beam current velocity throughout the
water column. The uniform bin size used by the inclined beams was 4m, which is large but this was
set to force low variance orbital velocities for accurate estimates of directional wave spectra [17].
Unfortunately, this also fixed the bin size for current measurements to 4m, from which turbulence
metrics were derived. In comparison, it is customary to use small bins of 0.5 to 1.0 m for current
measurements but at the time of the field study the ADCP could not be set up with different bin sizes
for waves and currents. In terms of the focus of the paper, this setup is likely to limit the turbulent
spatial scales that can be resolved from current measurements. It can be argued, however, that
guantities such as Reynolds stresses and turbulent kinetic energy (TKE) mainly depend on the large
scales of the flow [18] and as such may not require the smallest scales to be resolved. Available
ADCP types cannot accurately measure turbulence quantities that depend on the smallest scales of the
flow. To fully resolve such scales, it is required that the sensing volume is smaller than the smallest
scales of the flow [19, 20]. In addition to the spatial scales, the 2 Hz sampling frequency used by the
ADCP means that the time scales that can be resolved are limited to 1 Hz.

After recovery, raw ADCP current velocity data was processed using Teledyne RDI’s BBList utility
to obtain time series of velocities along the axis of each inclined beam. The initial processing
followed provides a good degree of data quality through the recorded ADCP correlation. This is a
measure of echo autocorrelation at the lag period used in calculating the phase shift. Low values
indicate that there is less correlation and a reduced signal-to-noise ratio. Teledyne RDI ADCPs
output this quantity on a linear scale from O (no correlation) to 255 (perfect correlation) and it is
recommended that data records with correlation values lower than 70% are rejected [17]. Within
BBList, a standard test screens out data points with four standard deviations or more. Further quality



control procedures (performed in Matlab) were applied to the time series of current velocity in order
to remove outliers such as bad data and erroneous spikes. Spline interpolation was used to replace
missing data (typically < 1%). The aim of these quality control measures was to reduce bias in the
computation of turbulence metrics. The instantaneous along-beam current velocities can be
transformed into the Cartesian (Earth) system of velocities (u, v, w) where the directions of horizontal
velocities u and v and vertical component w are positive to the East, North, and upwards, respectively
(see Fig. 3). These velocities represent the dominant modes of motion. To avoid transducer ringing
effects [17], the first measureable height for current velocities was at 6.2 m from seabed. Clearly, this
was done at the cost of not sampling the part of the flow closer to the bottom boundary layer where
shear stress and sediment transport processes are particularly important.

Each pair of opposing inclined beams resolves a horizontal velocity and the vertical component w. By
reference to Fig. 3, the pair of beams 1 and 2 resolve for u and w while beams 3 and 4 resolve for v
and w.  The pitch, roll, and yaw angles ¢;, ¢, and @3 are important when considering the errors
introduced due to ADCP tilt, as discussed in Section 6.

3. Mean flow and turbulence parameters

3.1 Mean flow
Due to the random nature of turbulence, statistical descriptors are usually based on velocity time
series similar to what is collected here by the ADCP. Each instantaneous velocity component is
decomposed into a mean and a fluctuating part such that for the u velocity

U=u-+u' (1)

the bar indicates a time- averaged quantity (or mean) while the prime is the fluctuating velocity with
zero mean. The fluctuating velocity components u', v', and W' as measured by the inclined ADCP
beams may in practice include contributions from tangential wind stress, internal wave breaking,
currents and other surface wave-related events e.g. orbital velocities, wave breaking and Langmuir
circulation. The largest influences on the velocity current perturbations usually come from the orbital
velocities. However, the data set collected during the study period shows no discernible interaction of
the waves with the tidal currents (see Colucci et al. [14, 15]) meaning that the turbulence metrics
presented can be considered to experience limited wave effects.  The range of motions that are
excited in the ocean due to large Reynolds number flows contributes to the patchiness (in space) and
intermittency (in time) of turbulence, making it extremely difficult to separate the sources of
turbulence in field measurements [21]. For instance, the distinction between velocities due to the
background current and those due to the waves are important in situations where one is interested in
the dynamic effects of wave current interactions. In such a case, it is possible to use linear wave
theory to estimate the Stokes drift due to the waves. Fig. 4 illustrates the variation of the Stokes drift
along the water column during a high water condition (low current speeds), showing that the effects of
waves on the mean current velocity are minimal, diminishing quite rapidly with depth. Despite being
small, the Stokes drift is removed from the mean current speeds. It is noted that measurements of the
orbital velocities by the ADCP are taken at three bin heights only, few meters below the upper surface
for the purposes of estimating directional wave spectra.

Soulsby et al. [22] suggested that a suitable averaging time is in the range of 8-12 minutes for tidal
flows. In this study, 10 minute time-averaged velocities were used to investigate the nature of the
mean flow. The averaging period is sufficiently long to provide a good sample of the largest turbulent
eddies, but not so long that the turbulent processes cannot be considered as quasi stationary [23]. It is
noted that depending on the quantity being investigated, either along-beam velocities (b; in Fig. 3) or
fixed-Earth velocities (u, v, w) may be used.



3.2 Turbulence intensity

Turbulence intensity is a measure of the size of the turbulent fluctuations and is therefore crucial in
field investigations. The level of turbulence intensity can influence the loadings experienced by the
blades of tidal stream turbines [1]. Turbulence intensity is a widely used parameter in the wind
industry [6], but may also be used to characterise tidal energy sites. It is defined as the standard
deviation of velocity fluctuations to the mean. For the u component, a turbulent intensity I, may be
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where in the usual notation, the bar indicates a time average, and o, is the standard deviation of the
velocity fluctuations of u (here taken as the RMS value). Turbulent intensities for v and w, i.e. I, and
I, are defined in a similar way to equation (2). Turbulence intensity is often reported in field studies
focused on marine energy (e.g. Milne et al. [5], Thompson et al. [6]). Many commercial codes such as
Fluent and hydrostatic models that are used to model tidal turbines require, as input, measured values
for turbulence intensity.

3.3 Reynolds stresses and TKE

Field measurements of Reynolds stresses in ocean flows can be used to assess the turbulence closure
models since implementation of a closure model is a major source of uncertainty in oceanographic
and hydrodynamic modelling [24]. Because the Reynolds stresses express the transport of momentum
by turbulence, they control the vertical structure of turbulent flows. One of the practical uses of
measuring Reynolds stresses is for estimating the eddy viscosity that is often used to describe vertical
mixing due to turbulence [3]. Estimates of the Reynolds stresses are obtained using the along-beam
velocities within the framework of the variance method, as originally proposed by Lohrmann et al.
[25] and further extended by Stacey et al. [26], Lu and Lueck [27], and Williams and Simpson [28].
The variance technique has been used to estimate values of Reynolds stresses and turbulent kinetic
energy (TKE) at tidal energy sites, e.g. Osalusi et al. [3], Togneri and Masters [29]. The variance
method is popular in use because it gives reliable estimates in sites with strong currents as
demonstrated in the literature (e.g. [3], [20], [24]). Although this means that the technique may be
less accurate in wave dominated environments, the Wave Hub site has moderately strong currents and
so the variance method is applicable. The basis of the variance method is as follows. First, each
inclined beam (labelled i = 1, 2, 3, 4) returns time series of the current velocity along its axis, i.e.
velocity b;. The pairs of opposing beams (1 & 2) and (3 & 4) lie in two perpendicular planes x-z and
y-z, respectively. The total current velocity is then assumed to be homogeneous across the horizontal
distance of each opposing beam pair, so that the statistics of turbulence are the same for the four
beams [27]. This means that the second order moments of fluctuating velocities are also horizontally
homogeneous, i.e.u;? =u,?, u;w; =u,w,, etc. In addition to the horizontal homogeneity assumption,
flow stationarity is satisfied when an appropriate averaging time period, here 10 minutes, is used [23].
Of course, ocean turbulence is unlikely to be stationary, homogeneous or isotropic because of the
effects of shear, stratification, presence of boundaries and high Reynolds numbers [21]. Assuming the
ADCP sits flat on the seabed with zero tilt, geometrical considerations result in two components of the
Reynolds stresses that relate the velocity variances of the along-beam velocities with those in the
Cartesian coordinate, as in equation (3)

T _ == _b b 7, _ o= _b b

o 2sin(20) 5" T 2sin(20) G

where b,_2 is the variance of the velocity along beam i (i = 1, ..., 4) obtained from a 10-minute
averaging window, U', V', and w' are the velocity fluctuations, & = 20° is the beam inclination from



the vertical (Fig. 3), and p is the water density. From the definitions of the Reynolds stresses in
equation (3), these increase with increases in fluctuations, i.e. with turbulence intensity. Our sampling
strategy which uses individual velocity pings to calculate turbulent parameters ensures that the
Reynolds stresses are not underestimated, in contrast to other approaches where significant loss of
variance may occur due to the along-beam velocities being obtained from averaging a number of
pings (e.g. a 23% underestimation of Reynolds stresses was reported in [23]); this was done primarily
to achieve extended periods of data recording. Equation (3) also means that when using the variance
method with ADCPs it is not possible to get the Reynolds stresses directly. In contrast, when using
ADVs with high frequency sampling over a small water volume, one is able to get direct

measurements of quantities e.g. u'w from the covariance of u and w [30].

The profiles of TKE cannot be computed from ADCP data without a further assumption to that of
horizontal homogeneous flow between opposing beams. Lu and Lueck [27] defined a quantity S
which is related to the TKE density via a turbulence anisotropy ratio o, such that
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The anisotropy ratio « is defined as
a=w?] (u_2+\7j (5)
while the profiles of TKE density are defined in the usual way as
q2/2=(u'_2+\ﬁ+ﬁ)/2 (6)

In this study, a value of « = 0.17 was assumed based on measurements from an unstratified open tidal
channel [26], and based on the argument that

P<(u'_2+\ﬁj/2 )

as originally postulated by Lohrmann [25]. In fact, this value of a has been used by other researchers
(e.g. Osalusi et al. [3], Williams et al. [28] and Togneri and Masters [29]) and is considered a
reasonable approximation for a wide range of turbulent flows in open channels and in the ocean. With
a = 0.17, equation (4) gives S = 3.05 g%/2. Within the context of the distribution of TKE in a water
column, field investigations of turbulence enable the use of TKE data to understand the mechanism of
wave energy dissipation when wave or tidal energy converters are deployed on site.

3.4 Integral scales

The integral time scale defines the time period during which the largest eddies of the flow are
correlated and represents the largest scales in the energy spectrum. The turbulent eddies are generated
as a result of instabilities induced by the shearing of the mean flow, which are then dissipated through
viscous effects [31]. The eddy size specifies the typical flow structures marine energy devices interact
with at sea. The integral time scale T; for a sample of measurements can be expressed as
%o
T = J‘ Rij (T)dz' , Ruu (T)= R(u'(t),u'(t +T)) (8)
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where R, (z) is the autocorrelation function for velocity fluctuations u' and 1, is the instance when
R.. becomes zero.  Estimation of autocorrelation requires a continuous time series of velocity
samples that are evenly spaced in time. In practice, the integral time scales are computed by summing
the auto-correlation function over a sufficiently long time (e.g. here 200 seconds), or by using the
upper time limit where R;; = 0. To calculate the integral length scale L;, Taylor’s hypothesis of frozen
turbulence is invoked such that L; = T, U; where U; is the mean of the along-beam velocity. Thus,
integral length scales from the along-beam velocities of each inclined beam can be defined. Another
way of estimating length scales was defined by Dillon [32] who proposed a mixing length scale I,
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When estimating the integral length scales, these should be sufficiently large compared with the
vertical height of the bins. Since the mixing length scale depends on the vertical velocity shear %U, it
Z
clearly requires sufficiently small bins for accurate estimations. In open channel flows, Stacey et al.
[26] commented that the length scales of turbulence would be expected to vary parabolically in
relation to the water depth. Although flows in the open sea are not directly comparable to open
channel flows, the theoretical parabola profile provides a useful reference for comparison. Thus, it is
plotted along with the other profiles as discussed in Section 4.

4. Results

The turbulence parameters estimated in this paper are those likely to affect the operational
performance of wave and tidal energy converters. As mentioned in Section 3.1, the metrics have
limited wave effects since there is very little interaction between the waves and currents at the site as
demonstrated in Colucci et al. [15, 16]. Part of the analysis will consider flow states near the spring
and neap tides, to allow for some cross comparisons. Also for presentation purposes, the mean and
turbulent flow characteristics are considered separately.

4.1 Mean flow characteristics

Fig. 5 shows the variation of the magnitude of the mean current velocity vector during the deployment
period, illustrating a degree of bi-directionality between ebb and flood. There is, however, slightly
more directional scatter for flood velocity compared with ebb velocity. For both ebb and flood, there
is slightly more directional spread at slower velocities. The mean directions from North are 248° and
66° for flood and ebb, respectively. In practice, knowledge of the magnitude and direction of ebb and
flood helps device developers to understand the possible impact of ocean currents on the
hydrodynamics of wave energy devices, especially when the currents interact with strong waves. For
instance, some aspects of wave-current interactions and their influence on the quantification of the
tidal energy resource have been discussed by Lewis et al. [11].

Time-histories of the mean u, v and w velocities during the deployment period are illustrated in Fig. 6
at three locations above sea floor: at 6.2m (bin 1), at 17.48m (bin 4) and at 32.51m (bin 8). It is seen
from Fig. 6 that at all bin heights the vertical component is consistently negligible compared with the
horizontal u and v components, with the value of v roughly half that of u. The velocity magnitudes
also show the expected increase and decrease during the spring and neap tides, respectively.
Compared with the situation in a tidal channel, a similar observation by Milne et al. [5] was made on
the relative magnitudes of the tidal current velocities measured at 5m above seabed, where the u



velocity component was the largest followed by v, although both the v and w components were
comparatively of much smaller magnitudes compared with u. A close up of a sample of current
velocities is shown in Fig. 7 (with error bars) for successive tidal cycles near the spring tide: the flood
velocities appear to be only slightly greater than the ebb. The results in Figs. 6 and 7 reiterate the
advantage of using ADCPs to obtain profiles of current velocities with water depth in a relatively
deep site.

Time series of the contours of mean velocity profiles during the full deployment are shown in Fig. 8,
illustrating how the magnitude of the total current speed increases, as expected, with height above
seabed. Selected profiles of mean current over a tidal cycle are illustrated in Fig. 9 comparing one
case near the neap tide with another during the spring tide. From Fig. 9, it is evident that while the
qualitative shapes of the profiles remain nearly the same during all phases of the tide (whether neap or
spring), the flood and ebb current magnitudes near the spring tide are larger than their values during
the neap tide. For instance, the peak flood velocities at spring tide are three times larger than the
corresponding values at neap tide (0.92 m/s and 0.29 m/s, respectively), while the peak ebb velocities
during spring are as twice as large the ebb velocities at neap tide (0.83 m/s and 0.41 m/s, respectively).
However, the current magnitudes during high and low waters are similar for both tidal regimes. It is
worth noting that for all profiles shown in this study, only nine bins are plotted. As recommended by
ADCP manufacturers, the measurements should not be performed within the region of a few meters
from the top surface to avoid contaminations due to the ADCP’s side lobe interference [17]. This
choice is justified since beyond the ninth bin sudden increases in the magnitude of parameters were
observed, indicating unrealistic behaviour.

Throughout the profiles, the current magnitude for flood is greater than that during ebb by
approximately 0.1 m/s. There is also a greater reduction in velocity with depth during ebb compared
with the flood tide. A similar observation was reported by Sutherland et al. [4] at a tidal channel
which was attributed to local bathymetric variations. It is fairly common for tidal currents to be
asymmetrical; for physical explanations see the studies by Neill et al. [33, 34]. The profiles of mean
velocity during low and high waters are quite similar, but with slightly higher velocities during low
water (a difference of about 0.03 m/s), especially nearer the top surface. At times when the peak tidal
currents reach ~ 1m/s the water column is expected to be well mixed in the vertical direction. In
general, there is some shear in the velocity profiles, which is not unusual for turbulent flows in
oceanic environments.

4.2 Turbulent flow characteristics

In this part, the parameters of turbulence intensity, Reynolds stresses, turbulent kinetic energy, and the
integral scales are estimated. Unlike the situation with the mean flow, the computation of these
turbulence metrics requires the along-beam velocity fluctuations. Since the ADCP samples at 2Hz,
velocity power spectra are not reported due to the limitation on the highest frequency resolved by the
ADCP (1 Hz in our case): only a small part of the velocity spectra can be seen at low frequencies
before measurements are quickly smeared by Doppler noise, making the measurements impractical.

4.2.1 Turbulence intensity

The time histories of turbulence intensities over the deployment period are shown in Fig. 10 (a), while
the variation of turbulence intensity against mean current speed is illustrated in Fig. 10 (b). Typical
values during ebb and flood flows are between 10% and 30% when the current speed is above
0.3 m/s. During periods of slack water, however, the turbulence intensity becomes much greater, with
some values as high as 90%. One noticeable trend is that for the bin closest to the top surface (at
36 m above seabed), significant scatter occurs in the turbulence intensity across most of the velocities.
Also in general, turbulence intensity nearer the top surface is higher than that in the lower part of the
water column, possibly because of greater wave action such as entrainment and breaking which
generate increased fluctuations. The turbulence intensity measured near the top of the water column
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is much more erratic, with values of 70% being estimated at all current speeds. For the bin closest to
the bottom (6.2 m above seabed), however, the turbulence intensity reduces to around 12-13 % at a
mean velocity of 0.8 m/s.

Table 2 compares turbulence intensities (T1) obtained at a number of tidal energy sites with values
computed at the mixed Wave Hub site. The mean velocity at which the turbulence intensity was
estimated is shown in brackets. Comparisons between various tidal energy sites and between tidal
and wave dominated sites such as the one shown in Table 2 are scarce. For the mixed Wave Hub site
the turbulence intensity of the u component is the largest, the turbulence intensity of v has values of
approximately 0.6-0.7 of u, while that of the vertical w component is approximately 0.2 times the u
component. Taking into account the effect of noise factor due to the angle of the beams from the
vertical, the turbulence ratio is 1: 0.7: 0.55 between u, v and w respectively.

4.2.2 Reynolds stresses

Fig. 11 shows the profiles of Reynolds stresses —u'w' and —v'w' as they vary over a tidal cycle for
neap and spring tides. The first observation is the increase in shear during the spring tide compared
with the neap tide. The profiles in Fig. 11 show generally that the magnitude of Reynolds stress may
increase or decrease away from the seabed depending on the phase of the tide. For the —u'w'
component, the general trend for all phases of the tide a decrease in the stress over the bottom half of

the water column and an increase thereafter. The opposite is true for the —v'w' component. From Fig.
11, the two components of Reynolds stress are thus opposite and symmetrical about each other over a
tidal cycle especially within a neap tide. But such symmetry is less pronounced for the tidal cycle
near the spring tide. The phases of the tide seem therefore to have less of an effect on the Reynolds
stress values than where within the spring/neap cycle the tide is. In the study of Osalusi et al. [3], the
authors reported that asymmetric profiles were observed in the Reynolds stresses between ebb and
flood for a fast flowing flow in a tidal channel, for all tidal phases. This may turn out to be one of the
key differences between flows at tidal channels and those at mixed wave sites. Despite the similarity
in asymmetric profiles that are consistent with the observations of Osalusi et al. [3], it is not yet clear
why the Reynolds stress profiles during the spring tide are different from those during the neap tide.
Possible reasons may include errors in velocity measurements or that during the spring tide there
could have been some strong wave breaking from the top surface as well as internal wave breaking,
resulting in increased momentum diffusion that breaks the symmetry of the profiles.

4.2.3 Turbulent kinetic energy (TKE)

From Fig. 12, the TKE values increase with height above the seabed (qualitatively the same for both
neap and spring tides) in accordance with increases in the current speed magnitudes. With reference
to Fig. 6, the vertical velocity w is much smaller than the horizontal u and v components, so one
would expect the horizontal velocity fluctuations to be much larger as suggested by equation (7). For
both spring and neap tides, the largest increase in TKE with height seems to occur during the ebb flow.
In Fig. 12 (a) for instance (neap tide case), at 23m above seabed the value of the TKE for ebb flow
(~0.01 m%™) is three times its value during the flood flow (~0.0032 m®s®).  There is clearly more
TKE during spring tide compared with the neap tide for all phases of the tide and at every bin height.
While for the neap tide the TKE values during the flood flow are the smallest, these become almost
comparable to the values of the ebb flow during the spring tide. In Fig. 12 (b) for instance (spring tide
case), at 23m above seabed the value of TKE for ebb flood is ~ 0.0175 m?s while it is ~ 0.014 m?s™
for the flood flow. For all TKE profiles presented there are noticeable jumps in the values nearer the
top surface. The main source of TKE in the top few meters of the ocean may be attributed to wave
breaking, but could also be the result of additional energy from e.g. internal waves.



4.2.4 Integral scales

In Fig. 13, samples of auto-correlation functions computed from the along-beam velocities are plotted,
showing some oscillations at lower time lags. Some degree of periodicity in the flow may therefore
exist. The integral time scales were studied for tidal cycles at both neap and spring tides. For a period
of 8.5 hours, the largest time scales were found in the region of 20-25 seconds during spring tides and
10-15 seconds during neaps. Thus, over the sampling period in the region of 1000-1500 large scale
turbulent flow structures were sampled. The larger time scales also mean larger length scales during
the spring tide compared with the neap tide. It is suggested that this discrepancy may be the result of
the flow during the spring tide being more turbulent, thereby creating larger turbulent eddies. A
similar observation was reported by Togneri and Masters [35] for a tidal channel. In Fig. 14, the
length scales from the four inclined beams generally produce qualitatively similar shapes. Also, for
each pair of opposing beams (pair 1 & 2 or pair 3 & 4) similar qualitative shapes of the length scales
are observed.

Despite the large bin size of 4m, the integral length scales show a good level of correlation with the
shape and magnitude of the mixing length scale. The integral length scales calculated for beams 3
and 4 match the estimated mixing length scales especially well. Another observation is that the length
scales calculated for beams 1 and 2 are significantly larger than for beams 3 and 4. Particularly
during spring tides, the length scales appear to be nearly twice as large as those along beams 3 and 4.
One possible explanation for this discrepancy is that the flow in the x-z plane of beams 1 and 2 (with
the largest u component) produces larger turbulent structures and thus results in larger time and length
scales. However, further measurements are needed to explain such discrepancy.

5. Error Analysis
Some discussion of the errors involved in the estimation of turbulence metrics is presented next.
5.1 Errors due to the homogeneity assumption

In a turbulent flow, the instantaneous velocities measured in one beam will be different from those in
another beam [20]. The horizontal distance d between opposite beams (see Fig. 3) as given by
d = 2zsin0, where z is the vertical distance above the ADCP, shows that the further from the ADCP
that the measurements are taken the greater the beam spread will be. What this means in practice is
that flow dynamics changing on a length scale smaller than twice the beam spread are not likely to be
resolved [36]. Applying this to the case of ADCP field measurements for current marine turbines
(e.g. at 20 m from seabed), the resolved eddies are of most practical use when their size is comparable
to the length of the turbine blades. Beam spread itself is constrained by ADCP configuration (i.e.
beam angle), bin size, system frequency, and water depth. With large beam spread, there is always
less confidence in the resolved (u, v, w) velocities away from the seabed. Thus, one must appreciate
that the homogeneity assumption for instantaneous currents becomes increasingly less applicable as d
increases. However, for this study it is difficult to estimate the size of such error because no direct
measurements of vertical velocity are made with the vertical beam which could only be set up to
measure non-directional waves. This will be done, however, in future deployments. Gargett [37] was
able to quantify how the vertical velocity measured with a vertical beam became less correlated with
the one resolved from the diverging beams as the beam spread increased.
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5.2 Errors due to equipment tilt

The accuracy of the variance method is affected by the amount of pitch and roll that may occur during
deployment. In our case, the pitch and roll angles were 3.5° and 5°, respectively. Because the ADCP
was rigidly mounted, the angles of pitch and roll were constant throughout the deployment, meaning
the ADCP did not undergo any appreciable dynamic motions. If zero tilt can be achieved (i.e. the
ADCP completely flat on the sea floor), it turns out that the Reynolds stresses can be calculated
without further approximations [38]. If there is a non-zero tilt, however, extra terms are introduced
into the estimates of Reynolds stresses and TKE, thus introducing some bias. Because the tilt and roll
angles are small (< 5°), small angle approximation leads to sin ¢ ~ ¢ and cos ¢ ~ 1. Then, the
equations for calculating the Reynolds stresses with non-zero tilt can be estimated as [38]:

—— b’-b’ ( 2 .2)_ —
N25in(2¢9)+¢3 oW P2muV (10)
—— b%-hby’ (.2_ .zj_ —
V' W ~23in(29)+¢2 V'E—WE = pg—u'v (11)

Dewey and Stringer [38] showed that equations (10) and (11) can be re-arranged to yield

—— b2-b’ o H-—z '—2)_—.2}_ __

u'w ~25in(26‘)+sin20 > b,” +b;° |- w UV (12)

—v‘w‘zM+ 92 F[b_%@j—ﬁ}ﬂ%ﬁ (13)
2sin(20) " sin?gl 2\

But there are still two unknowns, w2 and u'v' that cannot be derived from the measured ADCP data.

However, it was shown in [38] that these terms are small and may be ignored for initial estimates.
This leaves the second term in equations (12) and (13) which contributes to bias. Summaries of the
effect of the tilt angles on the statistics of the Reynolds stresses are shown in Tables 3 and 4. It is
clear that the estimates are quite sensitive to even small values of roll and pitch angles. The main
thing, nonetheless, is the ability to correct for these uncertainties as long as the angles remain small.
In this case, users of this data should use the values of Reynolds stresses obtained after the tilt
corrections. In the study by Lu and Lueck [27], it was shown that a 2° tilt resulted in about 17% bias
in the estimates of the Reynolds stresses. This illustrates the sensitivity of Reynolds stress
measurements to ADCP tilt.  One solution to minimise ADCP tilt is to use a gimbal on the
deployment frame to adjust for uneven surfaces; a similar approach was used by Osalusi et al. [3]
during field measurements at a tidal energy site.

5.3 Doppler noise

Measurements of beam velocities with ADCPs are contaminated with Doppler noise. The latter has
the characteristics of white noise with a Gaussian distribution [39], in addition to a flat power
spectrum [40]. Nidzieko et al. [41] indicated that the signal-to-noise ratio must be large enough to
distinguish Reynolds stress estimates from the background noise. Thomson et al. [6] were able to
obtain good agreements between ADV and ADCP turbulence intensities only when Doppler noise
was accounted for. Power spectral density estimates, based on the along-beam ADCP velocity
fluctuations, showed that if Doppler noise was not accounted for it was not possible to identify the
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high frequency inertial subrange of turbulence in a tidal channel [9]. For the ADCP, each beam
measurement contains an error such that b« = b; + N, where b+ is the measured velocity, b; is the
actual current velocity, and N is a random variable associated with Doppler noise. ADCP Doppler
noise originates from errors associated with the Doppler shift of the reflected acoustic signal [20].
Such errors may themselves be caused by variations of sound scattering off particles in the water flow
[42]. Nystrom et al. [20] provide a good discussion on the factors that may contribute to Doppler
noise. Two types of uncertainty result from Doppler noise: bias and spread. Bias shifts the measured
data away from the true values and will not be reduced by data averaging, whereas spread causes a
widening of the distribution of the data points and can be reduced by averaging. Stacey et al. [26]
showed that the Reynolds stress calculations do not suffer from bias, the estimation of the TKE does,
however. By a histogram of the values of S (not shown), it was found that there are no values of S
that are < 3.16 x 10 m?s™. This value is removed from the estimates of S before calculating a final
value for the TKE. The value of the noise variance corresponds to an error of 5.62 x 102 ms™ per
ping. The amount of Doppler noise removed from the estimates of Reynolds stresses in this paper was
chosen according to the recommendations of RDI’s PlanADCP software [17]. The turbulence
intensity is also corrected for Doppler noise such that a corrected version of equation (2) is used [6]

| U @Ef-n? (14)
u

u,corrected —

where n here is the estimated Doppler noise as specified by RDI during the configuration setup of the
ADCP. Although Williams and Simpson [28] reported that RDI’s PlanADCP values may be biased
low, not accounting for Doppler noise at all means unnecessarily high factors of safety for marine
component designs, because the resulting turbulence intensities would be biased high [6]. One
possible approach to reduce noise in future measurements would be to utilise fast pinging modes, with
averaged sub-pings. This approach was previously reported to offer lower measurement uncertainty
in contrast to a mode based on single pings [41]. However, averaging via sub-pings must not lead to
filtering out the significant energy containing scales from the velocity measurements [41].

6. Discussion

Clearly, with higher bin resolution (typically 0.5m or 1m) it would be possible to define more
accurately the vertical shear variation du/dz of the velocity profiles. In practice, sheared velocity
profiles can affect the performance of marine energy systems including the amount of power extracted,
as discussed by Mason-Jones et al. [43]. With a single ADCP it was only possible to optimise it for
one measurement: waves in this case. While the results obtained are limited due to using 4m bins,
large bin size should not stop researchers from maximising the use of their data knowing that field
measurements are quite expensive and challenging to undertake, and with high levels of risk. With
higher bin resolution, one would have more information regarding the type of mathematical profiles
that can be used to describe the velocity profiles e.g. a log-law or power law profile. For the jumps
observed closer to the top surface, it is likely that the ADCP is not able to produce accurate
measurements of current data due to side lobe interference effects [17].

The inverse relationship observed between turbulence intensity and mean current velocity was also
reported in the tidal field measurements of Sutherland et al. [4] and Milne et al. [5], being a
consequence of variations in the mean velocity. In fact, Milne et al. [5] put an upper limit on the
reported values of turbulence intensity because these were excessive at slack water. Practically
speaking, despite higher turbulence intensities one has to consider carefully the effect of turbulence on
tidal installations during periods of slack water because these are likely to be of little consequence: at
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these times there would not be sufficient flow to operate current turbines. It is indicated from Fig. 10
that closer to the surface there seems to be a different turbulence level, possibly driven by near surface
effects such as wave breaking and wind stress. Results of turbulence intensity from the first bin are
the closest data to use for comparison. At a height of 5m in the tidal energy site at the Sound of Islay,
UK [5] the authors reported turbulence intensities of 13% at flood tide and 12% during ebb, over a
tidal cycle that excluded periods of slack water. Similar levels of turbulence intensity were reported
by Thomson et al. [6] at 4.6m from seabed. In comparison with this study, the differences seen at the
tidal sites may be due to the mean current velocity in those locations being slightly higher than at the
Wave Hub site. This may also indicate that turbulence intensity is site specific as suggested by Milne
et al. [5] and Okorie & Owen [44]. The turbulence intensity ratio of 1: 0.7: 0.55 reported here
compares with the ratio of 1: 0.75: 0.56 obtained by Milne et al. [5] for a tidal site, and with that of
1:0.71:0.55 as computed by Nezu and Nakagawa [45] for an open channel (all these ratios were
obtained at approximately 5m above seabed). Although no observation of turbulence in the ocean can
be considered typical [21], the comparison of the turbulence ratios between independent sites and the
good agreement observed may indicate that there are some typical characteristics of tidal currents that
are consistent even in active wave sites. Normally, one would expect the ratio of v:u as discussed
here to be a function of the flow direction which is site specific. Fair comparisons between
independent sites could be used to define general guidelines on the properties of marine energy sites.

The difference in the Reynolds stresses observed between the neap and spring tides (Fig. 10) may be
associated with higher velocities during spring tide which induce higher momentum exchange over

the water column, leading to higher shear. The increase in activity for the —u'w' component during the
deceleration phase of the tide as in Fig. 10 (a) was also reported in the study by Stacey et al. [26] in an
energetic tidal channel. The sudden changes seen in the Reynolds stresses near the free surface may
be attributed, in part, to the wave-induced orbital velocities. The straining by the wave orbital
velocities on the shear stresses near the top surface was demonstrated by Teixeira and Belcher [46]
who studied the dynamics of upper ocean turbulence interacting with surface waves. The reduced
symmetry of Reynolds stresses for the spring tide might be the consequence of increased shear in the
stress profiles because of higher flow velocities; the increased shear makes it difficult to sustain flow
symmetry. The Reynolds stresses obtained from single ping measurements as in the present study
may be overestimated, though this effect is less significant compared with the case of more energetic
tidal flows [41].

Regarding the periodicity of autocorrelations seen at low frequency flow oscillations, this was also
reported in the field measurements of Milne et al. [5] in a tidal channel. The difference in beam
length scales is most significant towards the bottom of the water column. Near the free surface,
however, the beams exhibit similar profiles despite the beam spreading becoming greater. Although
causes of these trends remain unclear, they seem to be a consistent behaviour of integral length scales
along a full water column. For beams 1 and 2 at 6.2 m above seabed, their length scales are
respectively 156m and 9.8m at neap tides and 25m and 19.5m during spring tides. In the study of
Milne et al. [5], length scales of 11.3m were reported during the ebb phase of the tide for
measurements at 5m above seabed in a tidal channel of 55 m mean water depth. Thus, there is a
relatively close agreement with the present field measurements. Despite the fact that similar length
scales (of the mixing type) were reported by Togneri and Masters [35] at tidal sites with comparable
water depths to the Wave Hub, the same authors also reported much lower length scales for shallower
locations (length scales of approximately 3m maximum in water depths of less than 20m). This
means that such trends in length scales may be dependent on the mean water depth.

7. Conclusions and future work
Combined measurements of waves and currents have been performed at the UK’s marine energy

Wave Hub site using a 5-beam ADCP. The mixed, low tidal energy site is characterised by minimal
interactions of the waves with currents such that the turbulence metrics can be considered to have
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limited effects from the waves. Constrained by an optimised setup for wave measurements, this paper
has investigated typical turbulence characteristics at the site using secondary current velocity data as
measured by the ADCP’s inclined beams. Results presented in this paper suggest that it is possible to
use a non-optimum ADCP setup to derive typical characteristics of field turbulence in a mixed, low
tidal energy site. It is found that the currents at the site are tidally driven, the ebb and flood are nearly
bi-directional, and the maximum current speed is approximately 1 m/s with 4-5m tidal level variation.
For the mean flow, the horizontal u and v velocity components are much larger than the vertical
velocity w, with the v component being almost half of the u component. The mean velocity profiles
have some shear and increase, as expected, with water height above the sea floor. The turbulence
intensity varies between flood and ebb, but is no less than 10% at peak speeds. Although some of the
reported turbulence intensities are comparable to those estimated at tidal energy sites (at ~ 5m above
seabed), the study also shows that turbulence intensity might be site specific. The turbulence ratio is
typically 1: 0.7: 0.55 between u, v and w respectively, which is similar to turbulence ratios estimated
elsewhere at similar heights above the seabed. While symmetry between the Reynolds stress

components —u'w' and —v'w' is clearly observed over consecutive tidal cycles of the neap tide, such
symmetry is less apparent for tidal cycles near the spring tide. The phases of the tide seem to have less
of an effect on the Reynolds stress values than where within the spring/neap cycle the tide is.
Assuming an anisotropy ratio based on channel flows, the profiles of TKE are shown to follow
expected trends, increasing with height above the seabed. However, the values of TKE are larger
during the spring tide compared with a neap tide. Throughout the deployment, it is also found that the
TKE values of the ebb flow are the largest. The along-beam integral length scales have been
estimated and compare favourably to integral scales from other tidal sites at about 5m above sea floor.
Qualitatively, they also compare favourably to theoretical profiles and the mixing length scale. An
error analysis reveals that users of the data should be aware of the bias in the estimated parameters
especially that due to ADCP tilt, Doppler noise, and flow inhomogeneity. The Reynolds stress
estimates are particularly sensitive to tilt angles, and can be corrected for small roll and yaw
deviations. Despite the limitations of the ADCP setup, estimation of some turbulence metrics is
useful and has revealed interesting trends for the currents at the mixed site and in comparison with
estimates at other tidal energy sites. Because sea deployments are very expensive and data on field
turbulence is difficult to obtain, this paper contributes to the growing number of field studies at
marine energy sites and demonstrates the practical benefit of secondary data even when the ADCP is
not optimised for turbulence measurement. Through further analysis of currents, it is clear that tidal
currents in mixed sites exhibit characteristics that are sometimes similar to those at tidal channels but
may have their own characteristics. Developers of wave and tidal energy converters can use such
turbulence data to assess the impact of the flow on the unsteady loading experienced by offshore
devices, at least in terms of the largest scales.

While it is possible to use an ADCP to measure both waves and currents, it remains difficult to
optimise the unit to measure both flows accurately in a single deployment. For the 5-beam ADCP
with a sampling rate of 2 Hz, if one is interested in waves then the vertical beam should be used for
direct surface tracking to estimate the non-directional waves, while the inclined beams estimate the
directional wave information using large, low velocity variance bins. The result is a compromise on
the spatial resolution available to characterise the turbulence from the current data, as demonstrated in
this paper. If, however, the setup is optimised for measuring currents, the vertical beam could be used
to provide direct estimates of the vertical velocity, while the inclined beams provide measurements for
the u and v velocity components, in addition to directional wave information. The downside of the
latter setup is that existing ADCPs cannot offer direct surface tracking capability to characterise the
waves, while the use of smaller ADCP bins for current measurements would return noisier signals.
However, in either case above, users can benefit from the secondary data, whether waves or currents,
to maximise the benefit of expensive and challenging field measurements.

It is clear there is a need to use an optimised setup for currents with a vertical bin resolution of 0.5m
to 1m if more accurate turbulence metrics are to be measured. For instance, one can explore the
possibility of using a 1m bin size for which the orbital velocity variance is reduced through vertical
bin averaging during post-processing. Then, a sensitivity analysis of the effects of bin size on
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turbulence metrics (or even on wave information) can be undertaken. It is also desirable to test the
ability of the vertical beam to measure the vertical velocity w directly. This would partly relax the
assumption of flow inhomogeneity, improve estimates of higher moment statistics, and generally
provide more accurate estimates of Reynolds stresses and TKE. In the future, researchers would want
to use smart combinations of wave and current measurement sensors, so that in addition to wave data,
high frequency, high quality current data can return reliable turbulence estimates. This can be
achieved using high frequency ADVs co-located with wave buoys, or with ADCPs equipped with
vertical beams. Sensors with high frequency sampling (e.g. 10-20 Hz) would allow users to obtain
velocity power spectra which contain detailed information about the range of turbulent eddies. Other
options include developing low power, low cost Autonomous Underwater Vehicles (AUV) that can
provide higher sampling frequencies and extended periods of measurements.
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Tables

Parameter Details

System Frequency 300 kHz

Burst strategy Continuous measurements
Sampling frequency for waves and current 2 Hz

Low cut-off frequency for waves 0.04 Hz

High cut-off frequency for waves 0.5 Hz

Height of first bin measurement for current

Number of bins for current measurements

Bin size for current measurements

6.2 m from seabed

15, only 9 used for analysis

4m

Table 1: Deployment details for the 5-beam ADCP.

Site name and location Type Height from  Water depth (m) TI (%)
seabed (m)
Sound of Islay, UK [5] Tidal 5 55 12-13 (2.5 m/s)
Fall of Warness, UK [3] Tidal 5 42 10-11 (1.5m/s)
Puget Sound, USA [6] Tidal 4.7 22, 56, 65 10-11 (> 0.8m/s)
East River, New York [7] Tidal 5 ~7-9 25-30 (2m/s)
Orkney Islands, UK [4] Tidal 25 43 10-11 (Imis)
Roosevelt Island, NY [8] Tidal 4.25 8.8-10.7 12-18 (2m/s)
Current study, Wave Hub, UK Wave 6.2 40 10-20 (0.8 m/s)

Table 2: Comparison of turbulence intensity from tidal energy sites with that computed at the Wave Hub site.

Statistical parameter No corrections With tilt corrections Difference
Mean -0.11 -1.51 1.40
Max -3.34 -10.81 7.47
Min -0.016 0.32 0.33
SD 0.67 1.28 0.93

Table 3: The effects of pitch and roll angle corrections when calculating the Reynolds stress 7,

Statistical parameter No corrections With tilt corrections Difference
Mean -0.028 0.87 -0.89
Max 0.021 4.83 -3.43
Min -0.28 0.86 -0.23
SD 0.38 0.58 0.54

Table 4: The effects of pitch and roll angle corrections when calculating the Reynolds stress zw,
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Figures
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Fig. 1. (a) Map showing deployment site at the Wave Hub, and (b) site bathymetry and position of the ADCP relative to directional buoys.
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Fig. 2: Time histories of (a) significant wave height, (b) peak period, (c) peak wave direction, (d) mean water level at the Wave Hub.
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Fig. 3: The Teledyne RDI 5-beam ADCP with a vertical beam, and a definition of axes: x-axis is East (u velocity), y-axis is North (v
velocity) and z-axis is Vertical (w velocity), € = 20° from vertical, b; is beam velocity along beam i, ¢ is pitch angle, ¢, is roll and g3 is yaw.
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Fig. 4: Orbital velocity’s induced Stokes drift compared with total current speed during slack water tide.

Fig. 5: 10 minute time-averaged current velocity magnitude and direction: flood (grey) and ebb (black).

Fig. 6: 10-minute averaged time histories of the u, v and w components during the deployment period.
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Fig. 7: 10-minute averaged time histories of the u, v and w components during four tidal cycles.
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Fig. 9: 10 minute time-averaged current velocity profiles over a tidal cycle: (a) near neap tide, (b) near spring tide.

20



Intensity (%)

100 T
90r
80

70+

Intensity (%)

40+

30+

20

( L I L I I I I
13—8&10 14-Oct-10 15-Oct-10 16-Oct-10 17-Oct-10 18-Oct-10 19-Oct-10 20-Oct-10 21-Oct-10 22-Oct-10

@)

03 0.4 0.5
Velocity (ms™1)

(b)

L
0.6

Fig. 10: (a) Time histories of turbulent intensities at three bin heights during the deployment. (b) Turbulence intensities against mean current
speed. Key: at 6.2 m (blue +), 21m (black) and 36 m (red 0).
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Fig. 11: Reynolds Stresses throughout the deployment. The 1, stresses are in black and the 1y Stresses are in grey. The different profiles

indicate the stresses at high tide (+), during the ebb (o), low tide (o) and during the flood (-).
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Autocorrelation function
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Fig. 12: TKE profiles over a tidal cycle: (a) during neap tide, (b) during spring tide.
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Fig. 13: An example of the auto-correlation function of beam velocities.
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