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1. Introduction
Turbulent processes are crucial in controlling the flow dynamics and the vertical exchange of
momentum and scalars (temperature, salinity) throughout the water column. Over the three
last decades, shelf sea circulation models such as TELEMAC, MARS or ROMS have been
developed in order to simulate flows in various coastal areas from the regional scale down to
the inshore scale (e.g. [1–7]). It is widely acknowledged that the parametrization of turbulence
often represents a crucial weakness in the tidal flow generation of these numerical models. For
computational efficiency, the models do not resolve turbulent fluctuations but parametrize their
effect through turbulence closure schemes where quantity such as momentum is split into a mean
and a fluctuating part. Testing the turbulence closure schemes with reliable field measurements
is critical in order to better understand turbulent processes and thus improve the ability of
numerical models to reconstruct the flow dynamics.

Information on the transport of momentum by turbulence is contained within the Reynolds
stresses. Their knowledge, along with mean velocity profiles, is of prime importance since
Reynolds stresses allow for the eddy viscosity, the most common parametrization of vertical
mixing due to turbulence, to be computed. Reynolds stresses combined with measurements of
velocity shear allow for the evaluation of another turbulence metric: the turbulent kinetic energy
(TKE) production rate P . Evaluation of the latter, together with the TKE dissipation rate ε, is
useful to examine the TKE budget in order to understand the dynamics of the turbulence.

Reynolds stresses, as well as the TKE dissipation and production rates, vary both in space
and time (e.g. [8–12]). This variability is usually estimated from velocity time series recorded
by means of acoustic Doppler current profiler (ADCP), acoustic Doppler velocimeter (ADV) or
vertical microstucture profiler (VMP). The last one is specifically used for the estimation of the
TKE dissipation rate. Such instruments have been extensively used over the last 40 years (e.g.
[11,13]). VMP employs shear probes to directly measure small-scale turbulence in lengthscales
ranging from the millimetre to the metre. A VMP can be deployed sequentially at multiple
locations within a study area of several square kilometres allowing for the assessment of the
spatial distribution of the TKE dissipation rate. This is the main advantage of a VMP over ADCP
and ADV. However, VMP measurements are limited in temporal resolution; thus, they do not
allow capturing the spatial variation of the TKE dissipation rate throughout a tidal cycle.

ADVs are usually the preferred choice for turbulence measurements (e.g. [14–18]). In
particular, they are used for turbulence characterization at small lengthscales. They are more
accurate than ADCPs and VMPs as velocity recording is performed at higher sampling rate (up
to 64 Hz) by converging beams at a fixed depth. However, ADVs only measure at one single
point, and their deployment at a specifically chosen height requires complicated moorings and
subsequent motion corrections to the raw data [19]. In addition, local measurement does not
allow the identification of turbulence at all scales and deployment of multiple ADVs could affect
the flow and is in any case relatively complicated.

ADCPs appear as a more practical alternative to ADVs and VMPs. ADCPs, using four
diverging beams, are commonly used for the measurement of turbulent velocity fluctuations
(e.g. [10,11,15,18,20]). They provide estimates of flow variability at different depth levels, often
sampling the whole water column, and in the large frequency band covering timescales from one
second to sub-tidal period. In addition, they can be deployed for long intervals of time (several
months), allowing for an assessment of the flow variability over a wide range of timescales.
However, due to relatively high noise level and diverging beams, reliable estimates of turbulence
metrics can be done at a distance not exceeding several metres from the transducers.

The most commonly used method to estimate Reynolds stresses with ADCPs is the so-called
variance method. With this technique, Reynolds stress profiles are estimated from along-beam
velocity measurements, using the difference between the velocity variances along opposing
beams, often with an explicit removal of the variance contributed by the Doppler noise. This
method has been successfully used in a large number of shelf and estuarine studies of the
evolution of the structure of turbulence (e.g. [8–10,21–25]). However, because of the spread
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Figure 1. Left-hand side panel: map of the central part of the English Channel. Right-hand side panel: the eastern part of the
Alderney Race with bathymetry (m) given in grey. Red cross denotes the location of the master and slave bottom-mounted
ADCPs deployment site. (Online version in colour.)

between the beams of the ADCP, instantaneous estimates of velocity components from different
beams cannot be combined directly. The spatial spreading can span several times the scale of the
turbulent structures. Thus, the estimation of turbulence metrics requires that the second order
moments of fluctuating velocities to be horizontally homogeneous so that the statistics of the
turbulence are the same for each of the four beams [8]. Such assumption is required when using a
single four-beam ADCP since it provides only two components (out of six) of the Reynolds stress
tensor.

Vermeulen et al. [26] proposed a new methodology allowing for the full estimation of the
Reynolds stress tensor. In their study, the authors employed two four-beam ADCPs operating
in master–slave configuration. With the beam combination of the two coupled sensors, eight
beams are available allowing one to resolve the six components of the Reynolds stress tensor.
The coupled ADCPs set-up eliminates the potential bias in Reynolds stress estimates due to an
inclination of the instrument. Recently, this method has been implemented to coupled ADCPs
measurements performed within the Goulet de Brest, France [27]. In their study, Pieterse et al. [27]
tested the effectiveness of a coupled ADCPs system mounted on a specific frame. The promising
results encouraged us to go further in the exploitation of the coupled ADCPs methodology by
deploying the system at a highly energetic site in the Alderney Race.

Measurements collected by the master ADCP (the slave ADCP was not considered) have been
used by Thiébaut et al. [20] to provide the first estimation of ambient turbulence in the Alderney
Race. The authors focused on assessing the turbulence lengthscales and timescales at mid-depth.
The TKE dissipation rate ε and the integral lengthscale L were quantified using two independent
methods: the spectral method and the structure function method. The spectral method was found
to be more robust since it has provided ε and L estimates with standard deviations twice lower
than that obtained from the structure function method.
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The present study is an extension of the previous work of Thiébaut et al. [20]. The coupled
ADCPs (eight-beam) arrangement is fully exploited since both the master and slave ADCPs
are used to provide depth-time series of the six components of the Reynolds stress. Moreover,
particular attention was paid to the TKE dissipation and production rate at different depths.

2. Data analysis and methods

(a) Experimental settings
Two upward-looking RDI Workhorse 600 kHz four-beam ADCPs were deployed on the seafloor
(31 m mean water depth) approximately 4 km offshore, west of the port of Goury, in the eastern
part of the Alderney Race (figure 1). The instruments were mounted on a specifically designed
frame having the following features: 3.3 m long, 2.5 m wide and 2 100 kg weight (figure 2).
The ADCPs collected data over a 38-day period, from 27 September to 3 November 2017. The
instruments were coupled in a master–slave set-up and were set to record alternately the along-
beam velocities at the pinging rate of 2 Hz. This measurement scheme was chosen in order to
avoid any interference between the beams of the two sensors. Velocities were recorded with
1.3 m vertical resolution (bin size), starting 2.2 m from the seafloor (the first bin). The average
standard deviation of the attitude parameters (heading θh, pitch θp and roll θr) of the master
ADCP were found to be lower than 0.3◦, indicating that the frame remained stable throughout
the deployment.

A Cartesian coordinates system (O, ex, ey, ez) was defined relative to the master ADCP, with
the origin O located at the centre of the four transducers (figure 2). The average heading of the
master ADCP was such that the opposite beam 1 and 2 were oriented in the streamwise direction,
defining the ex-axis, whereas beams 3 and 4 pointed in the spanwise direction, defining the
ey-axis. The slave ADCP was rotated relative to the master and they were located 0.5 m apart
horizontally, following the set-up proposed by Vermeulen et al. [26]. The slave ADCP was rotated
45 degrees around the ez-axis, and 20 degrees around the ex-axis, resulting in a tilted ADCP with
one beam pointed vertically upward (figure 2). This orientation is the best compromise between
reasonable errors in the Reynolds stress estimates and the surface reflection which generate
unusable velocity measurements [26].

(b) Wave conditions
Wave parameters such as the significant height Hs and the peak period Tp were extracted from the
master ADCP measurements using WavesMon RDI software. Sea states were globally moderate
with a mean and maximum Hs of 1.2 m and 4.5 m respectively (figure 3). Peak period ranged
from 3.7 s to 14.5 s with a mean value of 7.8 s. The most dominant waves propagate from the
southwestern direction [20] (result not shown). The mean angle between the wave propagation
direction and the direction of the dominant tidal current was found to be 50◦ during ebb tide and
220◦ during flood tide.

Wave orbital motions generate coherent structures that appear in the variance of the along-
beam velocity time series. Moreover, in marine environment, wave and turbulence spectral
signature often occupy the same frequency band making any attempt of wave–turbulence
separation challenging. Over the past two decades, numerous methods for reducing wave
impact on turbulence measurements have been proposed (e.g. [20,24,28–31]). Advantages and
disadvantages of these methods will not be exposed here as this is out of the scope of this paper.
An appropriate way to avoid any wave contamination in turbulence measurements is to focus
the analysis on a non-wavy period, i.e. on a period where wave orbital motions are negligible.
Such a period was identified between 1 November 2017—01.45 UTC and 2 November 2017—
13.45 UTC (grey region in figure 3). During this 36 h long period the depth averaged flow speed
reached 3.5 m s−1. The mean Hs and Tp were found to be 0.6 m and 6 s respectively. For such peak
period, the increased variance associated with the wave motion does not penetrate to depths
greater than 10 m.
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Figure 2. Three-dimensional view of the experimental set-up (left-hand side) with the top view enclosed on the right-hand
side. The letters ‘S’ and ‘M’ stand for slave andmaster ADCP respectively. The Cartesian coordinates system is defined relative to
the master with the origin located at the centre of the four transducers (red circles). The beam numbering is shown in the ex-
ey plane in the upper right-hand side panel. A photograph of the experimental set-up before the deployment is also enclosed.
(Online version in colour.)
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Figure 3. Time series (30 min averaged) of the depth-averaged flow speed (a), significant wave height (b) and peak period
(c) computed from the master ADCP measurements. The grey region shows the 36 h long period chosen for turbulence
characterization.

Figure 4 confirms this point. The total energy spectrum ST of the along-beam velocities
(equation (2.10)) were computed at different height above bottom within 10 min temporal
windows during the 36 h period. Figure 4 shows the mean spectrum at five different depths. At
z = 25 metre above bottom (m.a.b.), during both flood and ebb tide, the spectrum exhibits a hump
extended from 0.09 Hz to 0.14 Hz and centred on 0.12 Hz which corresponds to the mean peak
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Figure 4. Spectrum resulting from the averaging of the total energy spectra ST of the along-beam velocities recording during
the 36 h long period at different height above bottom on flood (a) and ebb (b) tide. (Online version in colour.)

wave frequency (Tp) estimated during the 36 h period. This effect remains within the 10 m thick
uppermost surface layer. Thus, a clear wave-induced contamination is expected when estimating
turbulence within this water layer. Spectra computed at height above bottom lower than 20 m
did not exhibit any wave contamination. Further information regarding the spectra can be found
in [20].

The 10 m thick uppermost surface layer was not considered in this study. Note that, within
the selected period, the wave parameters Hs and Tp are modulated by the semi-diurnal variation
of the tide (figure 3b,c). This effect is explained by the refraction of waves over the tidal currents
(e.g. [32]).

(c) Wind conditions
The velocity magnitude, UW , and the direction, θW , of the wind were extracted from the wind-
wave model WAVEWATCH III NORGAS-UG (Nord-Gascogne-Unstructured Grid) [32]. The
NORGAS-UG configuration is built on a unstructured grid whose meshes range from 10 km
spatial resolution up to 200 m off the coast with a time step of 1 h. In the present study, UW and
θW time series were extracted at a grid point closest to the location of the ADCPs system (approx.
500 m).

Figure 5 shows the wind rose derived from UW and θW time series recorded during the
36 h long period as well as the direction of the tidal current during flood and ebb tide. During
flood tide, the dominant tidal current propagates northeastward whereas during ebb tide the
dominant tidal current propagates southwestward. The mean velocity magnitude and direction
of the wind were found to be 4.9 m s−1 and 227◦ from north respectively. Two distinct patterns of
wind direction were identified. The first pattern exhibits wind propagating from the southeastern
direction with θW values ranging from 150◦ and 180◦ from north. This pattern is associated with
the highest velocity magnitudes and occurred during the first 20 h of the 36 h long period. On
average, the angle between the wind propagation direction associated with the first pattern and
the direction of the dominant tidal current was found to be 135◦ during flood tide and 45◦ during
ebb tide. The second pattern reveals an opposite propagation direction of wind. Wind propagated
from the northwestern direction with θW values ranging from 270◦ and 320◦ from north. The angle
between the wind associated with the second pattern and tidal current direction was found to be
around 90◦ during both flood and ebb phases of the tide.

(d) Analysis techniques
The selected 36 h long period was divided into 226 subsets of 10 min each. Hereafter, an overbar
is used to represent a temporal average over each subset. The 10 min duration is of sufficient
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length to provide a good sample of the largest turbulent eddies, but not so long that the
turbulent processes cannot be regarded as quasi-stationary. Moreover, since velocity time series
are dominated by variability at the semidiurnal frequency (figure 3a), a sample length of 10 min is
a reasonable compromise between statistical reliability and stationarity. The Reynolds stresses,
the TKE dissipation rate and the TKE production rate associated with their uncertainty of
measurements were quantified. The analysis techniques used to estimate these turbulence metrics
are presented below.

(i) Doppler noise

The fluctuating velocity recorded by an ADCP along each beam is the sum of a true turbulent
velocity and an uncertainty associated with Doppler noise. This uncertainty is regularly
approximated as Gaussian white noise (e.g. [12,15,20,33,34]) with variance σ 2

NI
given by

σ 2
NI

= fN × NI, (2.1)

where fN is the Nyquist frequency and NI is a constant spectral density associated with the energy
spectrum SI of the velocity recorded along the Ith beam.

In our study, σ 2
NI

was estimated from the velocity measurements of the four-beam master
ADCP. Using Taylor’s assumption of frozen turbulence, the total variance σ 2

N is given by

σ 2
N = U

2π

4∑
I=1

σ 2
NI

, (2.2)

where U is the mean flow speed.
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(ii) Vertical shear

The vertical gradients of the streamwise, spanwise and vertical velocity, ∂u/∂z, ∂v/∂z and ∂w/∂z
respectively, were estimated from the master ADCP measurements. The uncertainty σS in the
shear estimates was calculated such that [12,35]

σ 2
S = σ 2

N

M�z2sin22θ
, (2.3)

where M is the number of samples contained within each 10 min subset (1200 measurement points
in this study), �z = 1.3 m is the bin size and θ = 20◦ is the beam inclination angle.

(iii) Variance Method for coupled ADCPs

The coupled ADCPs method developed by Vermeulen et al. [26] combines (i) the traditional
transformation method, where two opposite beams of the ADCP are used to transform velocities
in beam coordinates to velocities in Cartesian coordinates system, with (ii) the rotation of the slave
relative to the master ADCP. The velocities in beam coordinates equates to the velocities (u, v, w)
in Cartesian coordinates as

b = Tu, (2.4)

where b is an eight-component vector containing all the radial velocity components from the two
coupled ADCPs, u is the velocity vector in the Cartesian coordinates system (u = uex + vey +
wez) and T is the transformation matrix given in appendix A. The velocities in the Cartesian
coordinates system are obtained by inverting the transformation matrix T. Note that T depends
on the instruments used and the relative rotation of the slave ADCP.

In order to obtain the components of the Reynolds stress tensor from the velocity variances
in beam coordinates, a new eight by six matrix Q is computed. Q results from the product of the
terms in T such that

Q = Tp,qTp,m, (2.5)

where p = [1; 8] and q,m = [1; 3]. Q allows relating the vector vb, containing the velocity variances
in beam coordinates to the vector r containing the six terms of the Reynolds stress tensor as

vb = Qr. (2.6)

The six-element vector r can be rearranged to form the Reynolds stress tensor according to

R =

⎛
⎜⎝

r1 r4 r5
r4 r2 r6
r5 r6 r3

⎞
⎟⎠ =

⎛
⎜⎝

u′2 u′v′ u′w′

u′v′ v′2 v′w′

u′w′ v′w′ w′2

⎞
⎟⎠ . (2.7)

The prime denotes a fluctuation from the mean.
The uncertainty σRp,n in the Reynolds stress estimates is given by [26]

σ 2
Rp,n

= 2
M

8∑
p=1

(
Q+

p,nvbp

)2
(n = 1, . . . , 6), (2.8)

where Q+ = (QTQ)−1QT with QT being the transpose of Q and vbp is the magnitude of the velocity
vector vb, recorded along the pth beam.

(iv) TKE dissipation and production rate

The TKE dissipation rate ε is estimated from the spectral method [11,12,20]. This method requires
the observation of an inertial subrange in which the energy spectra SI of the velocity recorded
along the Ith beam follow the classic −5/3 slope as a manifestation of the energy cascade [36,37].
In our analysis, only the energy spectra of the along-beam velocities recorded by the four-beam
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master ADCP are considered. Using Taylor’s assumption of frozen turbulence, the total energy
spectrum ST of the velocity can be given by

ST = U
2π

4∑
I=1

SI. (2.9)

Under negligible wave motions, the total energy spectrum ST(k) can be related to the TKE
dissipation rate ε and the radian wavenumber k such that

ST(k) = Cε2/3k−5/3 + NT, (2.10)

where C ≈ 1.5 is the universal Kolmogorov constant and NT is the summed Doppler noise level
such that

NT = U
2π

4∑
I=1

NI. (2.11)

The TKE dissipation rate ε can then be expressed as

ε = C−3/2〈X〉3/2, (2.12)

where X = (ST − NT)k5/3 and the brackets denote an average over the inertial subrange.
The uncertainty σε in the TKE dissipation rate estimates is calculated by propagating the

uncertainty in X calculation such that

σε = 3
2

C−3/2〈X〉1/2σX, (2.13)

where σX is the variance of X in the range of frequencies covering the inertial subrange.
Evaluation of the TKE budget is useful to understand the dynamics of the turbulence of a tidal

flow. The full TKE budget can be written as [37]

1
2

d(TKE)
dt

= Tp + Td + P − ε, (2.14)

where the rate of change of TKE is equal to the sum of a pressure transport term Tp, a diffusive
transport term Td, the TKE production rate P and the TKE dissipation rate ε. All terms in
equation (2.14) are obtained from our measurements, with the exception of the pressure transport
term

Tp = − 1
ρ0

∂

∂z
p′w′, (2.15)

where p is the pressure and ρ0 is the seawater density. Tp cannot be estimated from our
measurements.

The diffusive transport term Td is estimated from the vertical gradient of the TKE vertical flux
F such that

Td = −∂F
∂z

with F = 1
2

w′q2. (2.16)

At highly energetic and well-mixed sites, such that of the present study, the time derivative as
well as the pressure transport and diffusive terms are usually negligible; thus, an assumption of
local equilibrium is commonly made such that ε ≈P (e.g. [12,15,38,39]). This assumption will be
tested in this study.

The TKE production rate P indicates the amount of energy that is transferred from the mean
flow to the TKE. P is estimated from the product of the Reynolds stresses and the vertical gradient
of the streamwise, spanwise and vertical velocity as

P = −
(

u′w′ ∂u
∂z

+ v′w′ ∂v

∂z
+ w′2 ∂w

∂z

)
. (2.17)

The uncertainty σPi,j associated with the TKE production rate generated by the Reynolds stress

u′
iu

′
j and the gradient ∂ui/∂xj can be determined using the formula for the variance of a product
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such that [35]

σ 2
Pi,j

= u′
iu

′
j
2
σ 2

S + ∂ui

∂xj
σ 2

R + σ 2
S σ 2

R. (2.18)

Equations (2.17) and (2.18) are combined to provide the total uncertainty σP of the TKE
production rate

σP =
√

σ 2
Puw

+ σ 2
Pvw

+ σ 2
Pww

. (2.19)

3. Results

(a) Reynolds stresses
Time series of the six components of the Reynolds stress tensor were computed at z = 5 m.a.b. and
z = 18 m.a.b.. Figure 6 shows that the magnitude of the normal and shear stresses are modulated
by tidal currents with maximum values reached at peak flood and ebb tide velocity. Globally,
the magnitude of the Reynolds stresses decreases with the increasing height above bottom.
The component u′2 has the highest magnitude of the Reynolds stress tensor. The mean value
〈u′2〉 averaged over the flood and ebb stage of the tide was found to be 7.7 × 10−2 m2 s−2 and
7.05 × 10−2 m2 s−2 at z = 5 m.a.b. (table 1). Upper in the water column, at z = 18 m.a.b., 〈u′2〉
decreases significantly and reaches 5.0 × 10−2 m2 s−2 and 2.8 × 10−2 m2 s−2 during flood and ebb
tide respectively. The component 〈v′w′〉 is the lowest magnitude of the Reynolds stresses. The
ratio 〈u′2〉/〈v′w′〉 was found to be up to 22 during flood tide and up to 35 during ebb tide.

During flood tide, both normal stresses, 〈v′2〉 and 〈w′2〉, and both shear stresses 〈u′v′〉 and 〈u′w′〉
were found to be of the same order of magnitude, typically 2–3 × 10−2 m2 s−2 at z = 5 m.a.b. and
1–2 × 10−2 m2 s−2 at z = 18 m.a.b. (table 1). During ebb tide, 〈v′2〉 and 〈w′2〉 values vary little in
comparison to that obtained during the flooding stage of the tide and their values are similar at
z = 5 m.a.b. and z = 18 m.a.b.. The shear stresses exhibit different features. Significant difference
was found when comparing their magnitude during flood and ebb tide. On ebb tide, 〈u′v′〉 is up
to four times lower than during flood tide.

The ratios σRuiuj
/〈uiuj〉 were investigated. Globally, the ratios increase with height above

bottom (table 2). The only exception is σRww/〈w′2〉, which is higher at z = 5 m.a.b. than at z =
18 m.a.b.. The ratios associated with the normal stresses are higher during flood tide than during
ebb tide whereas the opposite is exhibited for the shear stresses. Another remarkable feature is
that the highest ratios are associated with the velocity fluctuation v′ of the spanwise velocity v

(table 2).

(b) TKE budget
(i) Estimates of the TKE dissipation and production rates

Time series of the TKE dissipation rate ε and production rate P are shown in figure 7. Both
turbulence metrics track each other and exhibit a clear tidal variation. Maximum values of ε and
P are observed during peak flood tide velocity, falling off around slack water and increasing
to a second maximum during peak ebb tide velocity. At z = 5 m.a.b., the TKE dissipation rates
averaged over flood and ebb tide are close to each other: 3.2 × 10−3 m2 s−3 and 3.0 × 10−3 m2 s−3

respectively. The TKE production rate exhibits a slight asymmetry with a mean value of
2.4 × 10−3 m2 s−3 during flood tide and 1.8 × 10−3 m2 s−3 during ebb tide. The gap between the
mean of ε and P is due to very low values of the TKE production rates during periods of low
tidal velocity (less than 1 m s−1), during which P is up to four times lower than ε whereas both
turbulence metrics are of the same order of magnitude during peak tidal velocity. At z = 18 m.a.b.,
significant asymmetries between values of ε as well as P observed during flood and ebb tide
are exhibited. During flood tide, ε = 1.6 × 10−3 m2 s−3 and P = 0.6 × 10−3 m2 s−3 on average,
whereas during ebb tide those values are respectively two and three times lower. Moreover, the
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Figure6. Time series of the normal stresses (b,c) and the shear stresses (d,e) computed at z = 5 m.a.b. (b,d) and z = 18 m.a.b.
(c,e) during the 36 h long period used for turbulence characterization. Time series of the sea surface height (SSH) and depth-
averaged tidal velocity are shown in (a) by black and blue colour respectively. (Online version in colour.)

TKE dissipation rate is constantly higher than the TKE production rate. Minimum gaps between
ε and P values are reached during peak velocity whereas maximum gaps are exhibited during
periods of low tidal velocity.

Speed bin-averaged vertical profiles of ε and P were computed using the depth-averaged flow
speed to sort the data (figure 8). Globally, both parameters decrease with height above the seabed.
However, a slight increase of the TKE production rate is observed at height above bottom higher
than 18 m, particularly for the vertical profile associated with the depth-averaged flow speed
of 1.5 m s−1 (figure 8b). This observation is a result of the corruption of the Reynolds stresses
estimates by noise, which has been identified to be associated with the wave orbital velocities
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Table 2. Mean ratiosσRui uj /〈uiuj〉 in percentage (%) obtainedonfloodandebb tide during the 36 h longperiod at z = 5 m.a.b.
and z = 18 m.a.b..

σRuu/〈u′2〉 σRvv
/〈v′2〉 σRww/〈w′2〉 σRuv /〈u′v′〉 σRuw/〈u′w′〉 σRvw/〈v′w′〉

flood tide z = 5 m.a.b. 8 33 4 33 5 29
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

z = 18 m.a.b. 10 44 5 29 8 40
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ebb tide z = 5 m.a.b. 7 19 4 70 11 50
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

z = 18 m.a.b. 7 29 9 40 14 50
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

resulting from the slightly stronger surface wave activity during events on the ebbing stage of the
tide where the peak wave periods were higher than 8 s.

The ratio of the rates of dissipation to production of turbulent kinetic energy has been
calculated. The quantitative comparison between ε and P was made by calculating the
individual ratios of ε with the corresponding values of P . Vertical profiles of ε/P are
shown in figure 8c. Globally, ε/P > 1 throughout the water column, indicating that TKE
dissipation exceeds TKE production. The ratios increase with height above bottom reaching
a maximum at mid-depth (15–18 m) and then decreasing slightly because of increasing TKE
production rates. The ratios were found to be increasing with decreasing flow speed. Ratios
associated with the depth-averaged flow speed of 1.5 m s−1 and 3.5 m s−1 exhibit a maximum
of 3.8 and 2.4 respectively at z = 18 m.a.b.. Minimum ratios were found near the seabed
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Figure 8. TKE dissipation rateε (a), TKE production rateP (b) and ratioε/P (c) as a function of height above bottom. Profiles
have been averaged into 0.5 m s−1 speed bins based on the depth-averaged flow speed. (Online version in colour.)

(z = 3.5 m.a.b.), where the frictional forces are the strongest. There, ε/P ranges between 0.9
and 1.8.

(ii) Uncertainties in TKE dissipation and production rates estimates

Uncertainties σε and σP when estimating respectively the TKE dissipation and production
rate were evaluated (equations (2.13) and (2.19)). Figure 9 shows the variation of ε ± σε and
P ± σP throughout the water column during flood and ebb tide. On flood tide, the depth-
averaged TKE dissipation and production rate were found to be (2.2 ± 0.35) × 10−3 m2 s−3 and
(1.2 ± 0.3) × 10−3 m2 s−3 respectively. On ebb tide, the TKE dissipation and production rate are
30% lower: (1.6 ± 0.2) × 10−3 m2 s−3 and (0.8 ± 0.25) × 10−3 m2 s−3 respectively.

In figure 9, the uncertainties in ε and P estimates are identified by the spread (shading
colour) from the mean profiles (solid lines) of the TKE dissipation and production rates. Higher
uncertainties are associated with higher spreading. During flood tide, the uncertainty in ε and P
estimates slightly increases with height above bottom. During ebb tide, the uncertainty associated
with P estimates exhibits similar feature but with significant spreading from the mean profile
whereas the uncertainty associated with ε estimates increases until a maximum at z = 10 m.a.b.
and then slightly decreases until a minimum at z = 20.4 m.a.b..

The ratios σε/ε and σP/P were investigated. Both ratios exhibited opposite trend regarding
the stage of the tide. The depth-averaged value of σε/ε was found to be higher during flood tide
than during ebb tide with respective values of 17% and 10% whereas the depth-averaged value
of σP/P was found to be lower during flood tide than during ebb tide with respective values of
29% and 44%. Very high values of σP/P were found during the ebbing stage of the tide, specially
in the uppermost part of the water column where σP/P reaches its maximum value of 86% at
z = 20.4 m.a.b..
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(c) Estimates of the diffusive transport of TKE
The estimation of the diffusive transport of TKE, Td, together with the TKE dissipation and
production rate allows for the comparison of the relative importance of different terms in the
TKE budget. The local imbalance between ε and P implies that other terms in the TKE equation,
such as Td, must be significant. Vertical variation of Td averaged over both flood and ebb tide are
given in figure 9. The depth-averaged value of Td was found to be slightly higher during ebb tide
than during flood tide: 0.8 × 10−3 m2 s−3 and 0.7 × 10−3 m2 s−3 respectively. On average, P , ε and
Td were found such that (i) P = 1.5Td and ε = 3Td during flood tide, and (ii) P ∼ Td and ε = 2Td
during ebb tide.

Above z ∼ 10 m.a.b., Td is almost constant for both flood and ebb tide whereas below
z ∼ 10 m.a.b.., Td variation with depth exhibits opposite behaviour depending on the tidal stage.
During flood tide, Td decreases with height above bottom with a negative slope indicating
that TKE is exported. However, during ebb tide, Td increases with height above bottom with
a positive slope indicating that TKE is imported. During flood tide, Td is constantly lower
than the production rate P and the dissipation rate ε with the tendency that Td <P < ε.
During ebb tide, the water column can be split into three depth ranges: (i) z < 10 m.a.b.,
where Td <P < ε, (ii) 10 m.a.b. < z < 18 m.a.b., where P < Td < ε, and (iii) z > 18 m.a.b., where
P < ε < Td.

4. Discussion
Knowledge of both the water column structure and momentum is critical for shelf sea circulation
models to have an accurate representation of the vertical transfers due to turbulent diffusion.
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These models treat turbulence explicitly for parametrization of sub-grid scale vertical mixing
processes with turbulence closure schemes. These schemes involve explicit representations of the
evolution of TKE including its production due to shear stress and buoyancy and its dissipation
through which energy is converted to heat. Testing these turbulence closure schemes through the
use of reliable turbulence measurements is a necessity. It will allow for properly adjusting the
numerical models and, thus, improve their ability to reproduce the flow dynamics.

In this paper, we present what we believe to be the first series of simultaneous and independent
measurements of the TKE dissipation rate ε and the TKE production rate P , covering a large
proportion of the water column at a highly energetic site in the Alderney Race. Both turbulence
metrics were found to closely track each other and follow a quarter-diurnal pattern. Similarly to
numerous previous studies (e.g. [9,10,12,15,22,38,39]), the ratio ε/P exhibited significant deviation
from the expected value of unity. The ratio was found to be higher than 1 throughout the water
column suggesting that TKE dissipation exceeds TKE production. The mean depth-averaged
value of ε/P during flood and ebb tide were found to be 2.2 and 2.8 respectively. These different
values suggest that both TKE dissipation and production are governed by bathymetry features.
The minimum ratio was found near the seabed, during the most energetic periods (U > 2 m s−1)
where an equilibrium state (ε ≈P) was achieved. During less energetic conditions (U < 1.5 m s−1),
ε/P reaches a maximum at mid-depth suggesting that the transport of TKE is of importance
during such conditions.

The transport of TKE involves two quantities: the pressure transport Tp and the diffusive
transport Td. The latter has been estimated during both flood and ebb tide. Significant values of
Td were found for both tidal stages. In particular, Td calculated within the uppermost part of the
water column during ebb tide was found to be the dominant term of the TKE budget. This result
shows that the diffusive transport is important to the TKE budget and the common assumption of
a local balance (i.e. a balance between production and dissipation) is not valid at our measurement
site. Moreover, we expect that the pressure transport term Tp is required to close the TKE budget,
particularly near the surface.

The transport of TKE is not the only reason that might explain such gap from the local P − ε

balance. We suspect that either the TKE production rate estimated using the variance method is
underestimated, or that the TKE dissipation rate computed from the spectra of the along-beam
velocities is too large. In order to evaluate the source of error when estimating the TKE dissipation
and production rate, their respective uncertainty σε and σP have been computed.

The source of error in ε estimates originates, only, in the calculation of the variance
of (ST − NT)k5/3 calculated within the range of frequencies covering the inertial subrange
(equation (2.13)). Since NT is a constant, the only contribution in the variance calculation derives
from the total energy spectrum ST of the along-beam velocity recorded by the master ADCP. On
average the variance of ST was found to be only 3%. This explains the low depth-averaged value
of σε/ε of 10% during ebb tide and 17% during flood tide. As a result, we feel relatively confident
in our estimates of the TKE dissipation rate.

The likely error increasing the deviation from the expected unity is a bias in P estimates. The
ratio σP/P was found to be three times higher than σε/ε. The source of error in the estimation
of the TKE production rate is twofold. It depends on both σR and σS, the uncertainty in the
Reynolds stresses and the shear estimates respectively (equation (2.18)). The calculation of the
TKE production rate involves three components of the Reynolds stress tensor: u′w′, v′w′ and w′2.
The uncertainties, σRuw , σRvw and σRww , in their estimation, are of similar magnitude and relatively
constant throughout the water column, typically 1.0 × 10−3 m2 s−2 on average (table 1). The
depth-averaged value of σS was found to be twice higher: 2.0 × 10−3 m2 s−2. Moreover, similarly
to the uncertainty in P estimates, σS increases with height above bottom. This result suggests that
σP variation throughout the water column is governed by σS.

It is readily seen from the expression of σS (equation (2.3)) that the uncertainty in the shear
and, thus, the uncertainty in P estimates can be reduced by increasing the number M of points
to be averaged. In our study, this number was set to 1200 points which corresponds to a time
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interval of 10 min. The duration of this averaging period is commonly used for turbulence
characterization since it allows retaining the longest timescales of coherent turbulence structures
in the velocity fluctuation, while capturing the tidal and semi-diurnal variations in the mean
flow speed [16,20,38]. σS might also be reduced by increasing the bin size �z, at the expense
of the vertical resolution. However, because of the finite ADCP pulse length, eddies smaller
than twice the range bin size cannot be resolved. As a consequence, the main disadvantage of
increasing the bin size is that it will severely limit the lengthscales of turbulent motions that can be
captured.

The 36 h long period selected for the turbulence analysis was specifically chosen so as to avoid
the turbulence measurements to be contaminated by wave-induced effects. However, surface
wave occurrences were identified by the presence of a peak in the along-beam velocity spectra
in a wave band interval of frequency ∈ [0.09, 0.14] Hz. High variances over this frequency interval
were observed during most strong ebb tides when the southward tidal current direction opposed
the propagation of the most dominant waves [10,20]. During such events, high values of σR

were exhibited, specifically in the upper layer of the water column (z > 15 m.a.b.). As a result,
significant uncertainties in the calculation of the TKE production rate were found with a value of
σP/P reaching 83% at z = 20.4 m.a.b. (figure 9b).

In our study, two four-beam ADCPs were coupled in a master–slave configuration following
the method proposed by Vermeulen et al. [26]. The eight-beam set-up allows resolving the six
components of the Reynolds stress tensor. Our study showed that the two lowest magnitudes
of the Reynolds stresses are u′w′ and v′w′. These two terms are the only components that can
be estimated from four-beam ADCP measurements. Although such sensors are widely used for
turbulence characterization, this result demonstrates that, used alone, four-beam ADCPs do not
enable to carry out comprehensive study of turbulence characterization. A better alternative
is the use of five-beam ADCP. Such sensors are similar to the conventional four-beam Janus
configuration [40] but with the addition of a vertical beam which allows for a true measurement of
vertical velocities and the estimation of five components of the Reynolds stress tensor. Five-beam
ADCPs have recently become widely available as off-the-shelf instruments. They have been, for
instance, successfully used to measure turbulence at two energetic tidal channels within Puget
Sound, USA [12]. However, with such an instrument, the horizontal shear stress, u′v′, remains
unknown. Our study shows that the magnitude of this component is significant, in particular
during flood tide, its knowledge is thus essential.

Although the eight-beam arrangement enables the full Reynolds stress tensor to be resolved,
it has some disadvantages. In upward-looking deployment, ADCPs have a potential for sidelobe
contamination which strictly depends on the angle θ between the transducers and the vertical. In
the present experiment, ADCPs with angle θ = 20◦ were used. With such sensors, the last 6% are
contaminated by sidelobes. Thus, measurements performed within only the first 94% of the water
column are considered to be valid. When configuring such instruments in a master–slave set-up,
the slave ADCP is oriented relative to the master ADCP so that one beam is pointed vertically
upward. The typical configuration devised by Vermeulen et al. [26] and used in the present study
corresponds to yaw = 45◦ and pitch = 20◦. Therefore, one of the beams of the slave ADCP is
slanted by 40◦ which reduces the valid range of measurements to the first 77% of the water
column. Moreover, Vermeulen et al. [26] showed that the yaw and the pitch strongly impact the
calculation of the Reynolds stresses. Thus, any uncertainties in the mechanical mount of the two
ADCPs induce uncertainties in Reynolds stresses estimates. Another disadvantage is associated
with the difficulty of synchronizing the two ADCPs so as to interleave the pings and minimize
ping-to-ping interferences. Sending and receiving the synchronizing trigger adds to the signal
processing overheads and it is challenging to reach constant sampling of 1–2 Hz within water
depths higher than 30–35 m. A valuable alternative to the eight-beam arrangement is the use of
seven-beam or eight-beam ADCPs. Similarly to the eight-beam arrangement, such sensors allow
resolving the full Reynolds stress tensor but with an easier and cheaper set-up. Such instruments
are now available off-the-shelf and might overtake the classic four-beam ADCP and become the
preferred choice for conducting turbulence characterization within the next decade.
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5. Conclusion
Measurements of two coupled ADCPs were used to quantify the TKE dissipation rate ε and TKE
production rate P throughout a large proportion of the water column at a given location in the
Alderney Race. The eight-beam arrangement enabled the evaluation of the six components of
the Reynolds stress tensor which allows for an improved estimation of the TKE production rate.
Since the Alderney Race is a highly energetic and well-mixed site, it was expected that the TKE
dissipation and production would have balanced. However, our results showed that the TKE
dissipation strongly exceeds TKE production. The diffusive transport Td of TKE was found to be
significant, in particular during ebb tide where Td was found to be the most important term of the
TKE budget.

Our measurements allow determining all the terms in the TKE budget with the exception of
the pressure transport term Tp. It is is expected that this term could be important within the
uppermost part of the water column and that its knowledge will close the TKE budget.

It was shown that the significant gap from the expected P − ε balance also originated from
a likely underestimation of P estimates. Our results exhibited significant uncertainties when
calculating P , in particular during ebb tide. It was strongly suspected that such uncertainties
derived from wave-induced effects.

In stratified environmental flows, the interaction between turbulent mixing and the ambient
shear and stratification is critical to both predicting the evolution of the flows and the transport of
scalars within those flows. Laboratory and numerical studies are effective at isolating processes
and provide complete datasets for certain idealized sets of conditions when studying stratified
turbulence. However field observations, such as those proposed in this study, are the only way to
capture the true complexity of the flows within dynamic environments. We believe that our results
will provide the modellers with better information for developing and validating turbulence
closure of shelf sea circulation developed to simulate flow dynamics in the Alderney Race.
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Appendix A. Transformation matrix
The transformation matrix T is given by

T =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

sin ϕ 0 cos ϕ

− sin ϕ 0 cos ϕ

0 − sin ϕ cos ϕ

0 sin ϕ cos ϕ

0 0 0
0 0 0
0 0 0
0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0
0 0 0
0 0 0
0 0 0

sin ϕ 0 cos ϕ

− sin ϕ 0 cos ϕ

0 − sin ϕ cos ϕ

0 sin ϕ cos ϕ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
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×

⎛
⎜⎝

1 0 0
0 cos φp − sin φp

0 sin φp cos φp

⎞
⎟⎠

⎛
⎜⎝

cos φr 0 sin φr

0 1 0
− sin φr 0 cos φr

⎞
⎟⎠

⎛
⎜⎝

cos φh sin φh 0
− sin φh cos φh 0

0 0 1

⎞
⎟⎠ , (A 1)

where ϕ is the angle of the beams relative to the vertical. The first and second right-hand-side
matrices accounts for the transformation from radial velocity components to velocity in Cartesian
coordinates system for the master and slave ADCP respectively. The third, fourth and fifth right-
hand-side matrices accounts for the rotation to match with the Cartesian coordinates system of
the master ADCP. φp, φr and φh are the pitch, roll and heading respectively of the slave ADCP
relative to the master ADCP.
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