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ABSTRACT
A novel noise reduction method and corresponding technique are presented for improving turbulence
measurements with acoustic Doppler velocimeters (ADVs) commonly used in field studies of coastal and
nearshore regions, rivers, lakes, and estuaries. This bifrequency method is based on the decorrelation of the
random and statistically independent Doppler noise terms contained in the Doppler signals at two frequencies. It is shown through experiments in an oscillating grid turbulence (OGT) tank producing diffusive
isotropic turbulence that a shift in carrier frequency of less than 10% is sufficient to increase the resolved
frequency range by a decade in the turbulent velocity spectra. Over this spectral range, the slope of the
velocity spectra agrees well with the universal inertial range value of ⫺5/3. The limit due to spatial averaging
effects over the sample volume can be determined from the abrupt deviation of the spectral slope from the
⫺5/3 value. As a result, the relative error of the turbulent intensity estimate and the turbulent kinetic energy
(TKE) dissipation rate, measured by two different methods, does not exceed 10% in the case of isotropic
turbulence. Furthermore, the bifrequency method allows accurate estimates of the turbulent microscales as
shown by the good agreement of the ratio between the Taylor and Kolmogorov microscales and an Re1/4
t
power law. Compared to previous Doppler noise reduction methods (Garbini et al.), an increase in time
resolution by a factor of 4 is achieved. The proposed method also avoids the loss of TKE energy contained
in isotropic flow structures of size equal to and smaller than the sample volume. Different from Doppler
noise methods proposed by Hurther and Lemmin and Blanckaert and Lemmin, this method does not
require additional hardware components, electronic circuitry, or sensors because the redundant instantaneous velocity field information is captured with the same transducer. The required shift in carrier frequency is small enough for the bifrequency method to be easily implemented in commercial ADVs.

1. Introduction
Over the past two decades, field studies of smallscale processes involving turbulence have benefited
from the development of high-resolution acoustic
Doppler velocimeters (ADVs) and ADV profilers
(ADVPs) working in pulse-to-pulse coherent mode
(Hay and Sheng 1992; Lhermitte and Lemmin 1994;
Zedel et al. 1996; Voulgaris and Trowbridge 1998; López and Garcia 1999; Hurther and Lemmin 2000, 2003;
Nikora and Goring 2000; Trowbridge and Elgar 2001;
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Hoefel and Elgar 2003; Zappa et al. 2003; Blanckaert
and De Vriend 2004; Davies and Thorne 2005; Elgar et
al. 2005; Betteridge et al. 2006). Examples include hydrodynamic, biogeochemical, morphodynamic, and
sediment transport studies in estuaries, rivers, lakes,
and nearshore and coastal regions. They successfully
explain small-scale coupling phenomena between the
flow and a reacting phase, since they are able to investigate finescale dynamics well into the turbulent production range and a fraction of the inertial subrange.
ADVs are well designed for direct shear Reynolds
stress measurements in bed-shear-dominated turbulence as is found in rivers or macrotidal estuaries (Lane
et al. 1998; Kim et al. 2000; Nikora and Goring 2000;
Zappa et al. 2003). They are less accurate in estimating
the normal Reynolds stress components, the turbulent
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kinetic energy (TKE) dissipation range, and the turbulent microscales in diffusive isotropic turbulence as is
observed in nearshore zones affected by wave breaking–induced turbulence (Hurther et al. 2007; Sénéchal
et al. 2002; Elgar et al. 2005) because they can only
resolve a limited fraction of the inertial subrange. This
is due to the inherent contribution of random Doppler
phase noise, which cannot be suppressed when calculating normal Reynolds quantities. As a result, the
TKE, the TKE dissipation rate, and the turbulent microscales are also affected by important noise levels,
which can lead to wrong data interpretations.
Two types of physical noise in acoustic backscattering system (ABS) signals can be distinguished. The first
one results from the lack of acoustic targets in the
sample volume as is found in the calm waters of dead
zones or lakes. Furthermore, the temporary presence of
air bubbles between the emitter and receiver can reflect
most of the incident acoustic pressure contained in the
pulse train. This can occur in breaking waves at the
air/water interface or in hydraulic jumps. As a consequence, certain receivers may capture an acoustic echo,
but others may not. This type of noise is characterized
by the presence of intermittent peaks in the velocity
time series. Since this noise occurs in poor measurement environments, it is not inherent to the measuring
principle of ADVs. The method proposed here does
not deal with this problem.
This study addresses the second type of noise, which
is the Doppler noise effect inherent to the measuring
principle (Garbini et al. 1982; Loupas and Gill 1994). It
occurs in the presence of a sufficiently large number of
acoustic targets homogeneously distributed in the
sample volume (micro-air bubbles or suspended matter). The random target distribution in the sample volume induces an instantaneous Lagrangian deviation of
the target’s position from the mean position determined by the spatially averaged velocity. This creates
an instantaneous random Doppler noise phase that is
added to the spatially averaged Doppler phase. This
random process is inherent to the measuring principle
and occurs even under “excellent” working conditions.
The advantages of a new Doppler noise reduction
method applied to velocity profile measurements in an
isotropic turbulent flow field will be demonstrated. The
experiments are conducted in an oscillating grid tank.
Well-established semitheoretical expressions will be applied to calculate accurate reference values. The choice
of oscillating grid turbulence (OGT) is deliberate in
order to generate a shear-free turbulent flow field, because, as mentioned earlier, it is difficult to precisely
investigate this type of turbulence using pulse-coherent
ADVs.

2. Oscillating grid experiment
This investigation is conducted in an oscillating grid
tank for two reasons. First, by using well-established
semiempirical and/or analytical models of the literature
as reference, it provides for a rigorous validation of the
measurements with and without the proposed correction method. The following sections will briefly discuss
the experimental setup, the associated flow regimes,
and the literature results on OGT.
Second, pulsed ADVs have a limited ability to measure normal Reynolds stresses in a fully isotropic turbulent flow (Voulgaris and Trowbridge 1998; Hurther
and Lemmin 2001). The high degree of isotropy and
stationarity provided by OGT is therefore ideal for testing the efficiency of the proposed Doppler noise correction method.

a. Oscillating grid turbulence
Experiments in an oscillating grid tank allow generating a stationary, isotropic, and turbulent flow field
outside the near field of the vertically oscillating grid.
The far field is the region above the near field with a
high degree of flow isotropy in which the grid signature
can no longer be distinguished. Hopfinger and Toly
(1976) estimated a degree of isotropy between the three
components of turbulent intensities above 95%. The
strong inhomogeneity of the turbulence quantities in
the vertical direction is due to the high decay of transport by turbulent diffusion, which is balanced locally by
the TKE dissipation rate. Since the flow regime is well
controlled, no mechanism other than TKE dissipation
is at the origin of that decay.
To quantify the effects of the proposed correction
method on the estimate of the turbulent quantities, the
present analysis requires reference values for these
quantities. Several semitheoretical expressions for the
TKE profiles and TKE dissipation rate exist in the literature (Hopfinger and Toly 1976; Ura et al. 1987; De
Silva and Fernando 1992). Matsunaga et al. (1999) have
derived analytical solutions from a k ⫺  model that
showed very good agreement with all of the previously
proposed semitheoretical formulas. The parameterized
form of the solutions for the TKE and TKE dissipation
rate are
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and M are the oscillation frequency of the grid, the
stroke, and the mesh size parameter. For Re ⱕ 5500
k0
F 2S2
0
F 3S2

⫽ 8.1 ⫻ 10⫺3共S ⲐM兲1Ⲑ4 Re1Ⲑ2,

⫽ 8.2 ⫻ 10⫺5共S ⲐM兲 Re,

共3兲

and for Re ⱖ 5500
k0
F 2S2
0
F 3S2

⫽ 6 ⫻ 10⫺1共S ⲐM兲1Ⲑ4,

⫽ 4.5 ⫻ 10⫺1共S ⲐM兲.

共4兲

The analytical solution for k showed good agreement
with all semiempirical expressions in a z/z0 range restricted to the experimental conditions of Hopfinger
and Toly (1976), Ura et al. (1987), and De Silva and
Fernando (1992). Gratiot et al. (2005) have demonstrated the validity of the parameterized model solution
by Matsunaga et al. (1999) over a much wider range in
z/z0 than the range covered in the earlier experiments.
Therefore, Eqs. (3) or (4) will be used as reference for
our measurements.

b. Experimental setup and flow regime
The tank and grid are designed to the specifications
defined in Thompson and Turner (1975) and Hopfinger
and Toly (1976), which are based on earlier tests with
different grid geometries and tank dimensions (Rouse
and Dodu 1955; Bouvard and Dumas 1967; Turner
1968). The tank is a square Plexiglas box, 53 cm wide
and 90 cm high (Fig. 1). The grid is made of seven
square bars in both horizontal directions. The thickness
of the square bars is m ⫽ 1.5 cm with a mesh size of
M ⫽ 7.5 cm. The ratio M/m ⫽ 5 corresponds to the
standard ratio value, resulting in a grid porosity close to
65%. This geometrical configuration is found to minimize secondary circulation.
During the experiment, the water depth is H ⫽ 70 cm
and the grid is fixed horizontally on a vertical steel bar
guiding the vertical oscillation movement of the grid.
The mean grid position is located 25 cm above the bottom of the tank. It oscillates at a controlled frequency
of F ⫽ 4.65 Hz with a stroke (twice the amplitude) of
S ⫽ 4 cm. The Reynolds number for the experiment is
Re ⫽ 7400 and Eqs. (3) and (4) will be used for the
calculation of the reference profiles for k and .

FIG. 1. The OGT tank. The transducer of the ADVP is placed
below the free surface at half distance between the center and the
sidewall.

3. A bifrequency ADV profiler
This ADVP can profile up to four different radial
velocity components when it is configured in multistatic
mode (Hurther and Lemmin 1998; Blanckaert and De
Vriend 2004; Blanckaert and Lemmin 2006). However,
the system here is configured as a monostatic device as
sketched in Fig. 1, because the Doppler noise process is
independent of the configuration. The bifrequency
method can therefore also be applied to commercial
ADVs with or without the profiling ability, in mono- or
multistatic configuration. This is a major difference
from previous Doppler noise reduction methods, which
were based on a profiling ability (Garbini et al. 1982) or
additional receivers (Hurther and Lemmin 2001; Blanckaert and Lemmin 2006). In existing commercial systems these Doppler noise reduction methods require
important internal modifications in terms of hardware,
hardware performance (much higher sampling rates),
and software.

a. Modus operandi
A single emitter (piezzoelectrical transducer) is supplied with a signal composed of pairs of pulse trains
with alternating carrier frequency, thus avoiding additional analog filters and associated channels in the
hardware. The output signal with alternating carrier
frequency can be demodulated in one single channel
with exactly the same electrical characteristics as a stan-
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dard single frequency signal. Furthermore, pairs of
pulse trains are generated in order to maintain the same
velocity range. The time lag between the pulses is constant and equal to 1.5 ms. This solution is appropriate as
long as the time lag 4/PRF (pulse repetition frequency)
is much shorter than the smallest turbulent time scale
that needs to be resolved. In our case this time lag is
equal to 6 ms, which is at least 5 times smaller than the
highest resolved turbulence time scale.
This mode of operation allows the quasi-simultaneous reception of two echo pairs at two different
carrier frequencies, k1 and k2, coming from the same
sample volume. Two different bifrequency settings will
be tested. The frequency shifts are df1 ⫽ 180 and df2 ⫽
240 kHz for the frequency pairs 1.25/1.43 and 1.43/1.67
MHz, respectively. The shifts should not exceed the
⫺6-dB bandwidth of the transducer in order to avoid
any frequency coupling effects and to have a sufficiently high sensitivity and signal-to-noise ratio at all
frequencies. Also, the relative difference in sample volume size at the two frequencies never exceeds 25% for
the farthest gate in the profile. Technically, these conditions are fulfilled with standard piston transducers,
since they correspond to a shift of 8% and 11% relative
to the central frequency of the transducer.

b. Principles of ABS
In a monostatic configuration where the transducer is
used as an emitter and a receiver, the backscattered
pressure pj at the transducer’s face resulting from a

with

冦

single scatterer j located at a range rj in the far field of
the transducer is written as
pj ⫽ A共rj兲 exp关i共c t ⫹ 2kcrj兲 ⫹ j兴,

共5兲

where c, kc ⫽ 2/c, and  are the carrier pulsation, the
carrier wavenumber in water, and the random scattering phase. Here, A(rj) is the amplitude of the backscattered pressure:
A共ri兲 ⫽ prrr

as D2
exp共⫺2␣rj兲,
f
2 s r2j

共6兲

where pr is the reference pressure at rr ⫽ 1 m, as is the
diameter of the scatterer, fs is the form function representing the scattering properties of the acoustical target, D is the directivity function of the transducer, and
␣ is the absorption coefficient in water. It is assumed
that at any given time a large number N of scatterers is
contained in the sample volume. Similar to Garbini et
al. (1982), the position of each scatterer is decomposed
as rj ⫽ roj ⫹ r̂ ⫹ r̃j, with roj being the initial position.
Here, r̂(t) ⫽ 兰t0 û(t)dt is the mean Lagrangian displacement associated with the mean scatterer velocity in the
sample volume and r̃j(t) ⫽ 兰t0 [ui(t) ⫺ û(t)]dt is the
Lagrangian drift from the mean displacement. In the
following, 具典 denotes the sum over N scatterers contained in the sample volume. After applying a quadrature demodulation and a low-pass filtering to the received pressure signal, the measured pressure in the
case of first-order scattering becomes

具 p典 ⫽ ⍀ exp共i␥兲 exp共ikcr̂兲,

N

兺

⍀2 ⫽ NA2共rj兲 ⫹

A共rj兲A共rk兲关sin共j兲 sin共k兲 ⫹ cos共j兲 cos共k兲兴
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␥ ⫽ arctan
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N

兺 A共r 兲 cos共 兲
j

j⫽1

and j ⫽ kc共roj ⫹ r̃j兲 ⫹ j.
The second term on the rhs of the upper Eq. (7) and the
term ␥ both represent undesired coupling effects between the scatterers in the sample volume. They can
affect the amplitude and the phase of the measured
pressure. The presence of the term r̃j in Eq. (8) is due to
the effect of turbulence, because the mean Lagrangian
displacement r̂ is smaller than the turbulent macroscale
of the flow. This is valid for most ADVs, since the size

j

冥

共7兲

共8兲
of the sample volume is on the order of O(10⫺3 m)
compared to the turbulent macroscale, which varies
typically over O(10⫺2 m)–O(1 m). If r̃j is statistically
independent for the scatterers in the sample volume,
the Lagrangian drift has the same effect as the incoherent scattering process due to the random distribution of
the scatterer’s position and the random scattering
phase.
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The statistical independence of r̃j is principally conditioned by the level of turbulence in the flow. It has to
be high enough so that the scale of the flow that corresponds to the size of the sample volume is in the
inertial range of the turbulent spectra. In this case,
Lagrangian drifts are independent for the scatterers in
the sample volume because of their isotropic properties. As a result, the idealized incoherent scattering and
Lagrangian drift processes imply that the second term
on the rhs of the upper Eq. (7) and the time fluctuation
of term ␥ are negligible. This leads to the following
simplification for the amplitude:
⍀2 ⫽ NA2 ⫽

冕

vol

MA2 d with

M ⫽ N Ⲑd.
共9兲

Since the volumetric concentration of the scatterers is
homogeneous in the sample volume, the discrete sum
over the number of scatterers is replaced by an integral
over the sample volume with M being equal to the volumetric concentration. The result of this integration is
known as the acoustic backscattering system equation.
Its inversion allows one to estimate the mass concentration C in the sample volume. A thorough review of
this measuring principle is given by Thorne and Hanes
(2002). The measured electrical mean square voltage
becomes

具V2典 ⫽ 共RT兲2⍀2,
⫽

冋冉

RTprrr
1.05katr

冊

2

3
c exp共⫺4␣r兲
16

册冉 冊

具 fs典2
C,
具as典s
共10兲

where R and T are constants for the transducer’s sensitivity and electrical circuitry.
By neglecting the undesired coupling effect terms,
the time derivative of the phase of the integrated pressure signal becomes proportional to the velocity that is
spatially averaged over the sample volume:
ckc d
r̂ 共t兲.
具V典 ⫽
2 fc dt

FIG. 2. Turbulent velocity spectra in the far field of the OGT
tank. Points: standard method (i.e., without Doppler noise suppression for two carrier frequencies f1 and f2 and with two time
resolutions). Lines: Doppler noise reduction method proposed by
Garbini et al. (1982).

SVV共 f 兲 ⫽

冕

⫹⬁

⫺⬁

RVV共兲 exp共⫺i2f兲 d.

The parameter npp in Fig. 2 indicates the number of
samples over which the consecutive velocity estimations are averaged using the pulse-pair algorithm (Hurther and Lemmin 2001).
As can be seen in Fig. 2, for f ⬎ 3 Hz, the slope of the
spectra represented by the symbols deviates from the
expected ⫺5/3 slope (dashed line). The lower decay
with frequencies above 3 Hz is due to the effect of the
term ␥ on the velocity signal:
V⫽

ckc d
关r̂共t兲 ⫹ ␥共t兲兴 ⫽ 具V典共t兲 ⫹ n共t兲.
2fc dt

Figure 2 shows several velocity spectra for two carrier
frequencies, fc ⫽ f1 ⫽ 1.25 MHz and fc ⫽ f2 ⫽ 1.67 MHz
measured with the ADVP during the oscillating grid
experiment. For the flow regime specified in section 2b,
the measurement point is located at z/z0 ⫽ 0.9 from the
center of the grid. The velocity spectra are calculated
from the Fourier transform of the temporal autocorrelation function of the velocity signal:

共13兲

The signal n(t) is referred to as the Doppler noise signal. It has no effect on the time averaged velocity but
appears as an additional noise variance in the normal
Reynolds stress terms:
V2 ⫽ 具V典2 ⫹ 2.

共11兲

共12兲

共14兲

In Fig. 2, the deviation of the velocity spectra from the
Kolmogorov spectrum originates from the additional
contribution of the noise spectrum. Even if the number
npp is increased by a factor of 4, the spectra (represented by the two crossed curves) decay slower than the
expected ⫺5/3 slope. Furthermore, the temporal resolution for npp ⫽ 16 is reduced to (1/11.7) s, which is
rather low for an accurate TKE dissipation rate estimate of the inertial range. This undesired effect is the
principal reason for the limited TKE and TKE dissipa-
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tion rate measurements in field studies (Voulgaris and
Trowbridge 1998; Blanckaert and Lemmin 2006; Hurther and Lemmin 2001). As will be shown below, the
bifrequency method reduces this effect and at the same
time maintains high temporal resolution that is necessary for reliable TKE budget estimates.

method proposed by Garbini et al. (1982). In this case,
the crossed spectrum is calculated from the velocity
signals at two consecutive locations in the profile:
SVz1Vz⫹1
⫽ S具V典z具V典z⫹1 with
1

冕

The bifrequency method consists of estimating quasisimultaneously the quasi-instantaneous velocities at
two different carrier frequencies from the same sample
volume:
V1共t兲 ⫽ 具V典共t兲 ⫹ n1共t兲,
V2共t兲 ⫽ 具V典共t兲 ⫹ n2共t兲,

共15兲

where V1 and V2 are the instantaneous velocities measured nearly simultaneously with the carrier frequencies, fc ⫽ f1 and fc ⫽ f2, respectively. Each velocity
component is composed of the sum of the same spatially averaged velocity and the respective noise contributions. The time-averaged noise contributions are
negligible and therefore
V1 ⫽ V2 ⫽ 具V典.

共16兲

Assuming that the noise signals have white noise characteristics, the crossed velocity spectrum becomes
SV1V2 ⫽

冕

⫹⬁
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⫹

冕
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with Sn1n2 ⫽
Rn1n2() exp(⫺i2f)d ⫽ 0, because
the white noise signals are random and statistically independent. The associated normal Reynolds stress
term can be estimated from the covariance as
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SVzVz⫹1 df ⫽ 具V典z具V典z⫹1.

0

c. The bifrequency Doppler noise reduction method

V1V2 ⫽
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1

1

共20兲
As with the bifrequency method, the Doppler noise
contribution is eliminated. However, the TKE contained in velocity components that are uncorrelated between two consecutive sample volumes are also eliminated. This is typically the case for isotropic flow structures that are smaller than the sample volume. Figure 2
shows the application of Garbini’s method to the OGT
experiment for the two carrier frequencies ( f1 ⫽ 1.25
and f2 ⫽ 1.67 MHz) at high temporal resolution (npp ⫽
4). It underestimates the turbulent energy in the higher
frequency range. Furthermore, the application of this
method requires a profiling ability that is not yet available with commercial bistatic ADV systems (Nortek,
Sontek).

4. Results and discussion
Profiles of TKE, the TKE rate, and the corresponding spectra obtained with a standard monofrequency
system will be compared to estimates using the new
bifrequency method with the same hardware system.
Two frequency pairs will be tested using the bifrequency method. Results obtained by the application of
the method proposed by Garbini et al. (1982) are also
shown. The values obtained from the application of
Eqs. (1) and (2) with Eqs. (3) and (4) (Matsunaga et al.
1999) will serve as reference for the “true” TKE and
TKE dissipation rate profiles. For all data presented
below, the time series are averaged over 240 s with a
velocity time resolution of (1/46.7) s obtained for npp ⫽
4. This value provides sufficient resolution for the
analysis of the inertial range.

共18兲
where the Doppler noise effect is suppressed;  2 is the
noise variance. If the above reasoning is correct, the
crossed-velocity spectrum should decay with a ⫺5/3
slope over a much wider frequency band than the autovelocity spectra presented in Fig. 2. The ⫺5/3 slope
should be constant until it reaches a frequency limit,
after which it should decay faster because of the spatial
averaging effect. These aspects will be investigated in
section 4c.
The bifrequency method will be compared to the

a. TKE profile
The following approximation, valid for OGT, is applied:
k ⫽ 0.5共u2 ⫹ 2 ⫹ w2兲 ⫽ 共3.1Ⲑ2兲w2,
with u2 ⫹ 2 ⫽ 2共1.05w2兲,

共21兲

where u, , and w are the turbulent velocity components
in the horizontal (u and ) and the normal directions,
respectively. An anisotropy of less than 5% between
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FIG. 3. Comparison of profiles of normalized TKE.

the horizontal and normal components was measured
by Hopfinger and Toly (1976) in the same tank configuration. Figure 3 shows the profiles of normalized
TKE with normalized distance z/z0 from the oscillating
grid. As presented in section 2a, the value of z0 is cal⫺1
culated with z0 ⫽ k3/2
0 0 .
Both bifrequency results agree well with the theoretical TKE values, whereas the monofrequency method
overestimates them and the Garbini method underestimates them. The differences between the bifrequency
and the Garbini results decrease with increasing distance. The monofrequency results show a similar trend
until z/z0 ⫽ 1.5. Above this value, the deviation from
the theoretical values increases. This shows the efficiency of cross-correlation techniques that are able to
extract the physical velocity information even when
noise dominates the raw velocity signal.
The tendency to obtain converging results with the
bifrequency method and the Garbini method can be
explained by the increasing turbulent scales with distance from the grid in OGT. This implies that at the
location where the TKE values between the two methods coincide, small-scale turbulent eddies are larger
than the size of the sample volume. In this case, the
spatial covariance contains most of the physical velocity
signal. In the range z/z0 ⬍ 1.5, the lower TKE found in
spatial covariance is due to the loss of TKE of isotropic
flow structures smaller than the sample volume. This
reflects the lack of spatial resolution when using a spatial decorrelation method.

b. TKE dissipation rate profiles
In this section we investigate the capacity of ABS to
estimate profiles of the TKE dissipation rate in OGT.

VOLUME 25

We will compare the standard method (monofrequency
without noise correction), the Garbini method, and the
bifrequency method for two pairs of frequencies, with
the semitheoretical k– solution proposed by Matsunaga et al. (1999). The accurate measurement of this
quantity is of great importance for most hydrodynamic
field studies, since it appears as a local loss term in the
energy budget. On the other hand, the TKE dissipation
rate is difficult to measure accurately, because the inertial range is well established in the higher spectral
range with a strong rate of decay of ⫺5/3. As a result,
the measuring system requires a wide spectral bandwidth unaffected by noise. To avoid an incorrect interpretation of the noise affected measurements, thorough
knowledge of the underlying measurement physics is
required. Here we present a simple method to reduce
the noise dependence that does not require knowledge
of the underlying physics and that can be implemented
in all types of ADVs with minor system modification.
The most frequently used relation for the TKE dissipation rate is derived from the expression of the turbulent velocity spectrum in the inertial range (Nezu and
Nakagawa 1993):
 ⫽ C1

共w2兲3Ⲑ2
;
Lt

共22兲

C1 decreases with the turbulent Reynolds number Ret,
based on the integral scale and the rms velocity. It
reaches a constant value that is slightly lower than unity
for Ret ⬎ 100 (Rotta 1972; Nezu and Nakagawa 1993).
Here, Lt is the integral scale determined by the integrated spatial autocorrelation function in the vertical
direction for the turbulent w component. For OGT it is
found to vary linearly with distance from the grid
(Hopfinger and Toly 1976; Brumley and Jirka 1987;
Matsunaga et al. 1999) with an empirical factor of about
0.16. At each measurement location from the grid, we
determine the local value of C1 using the calculations
by Rotta (1972). The integral scale can be directly estimated because of the instantaneous profiling ability of
the ADVP.
Figure 4 shows the application of Eq. (2) using 0 in
Eqs. (3) and (4) as the normalization parameter. The
curve represented by crosses corresponds to the standard method. The values are considerably higher than
the model values confirming the presence of Doppler
noise in the raw velocity signal. The curves for the bifrequency method are both in much better agreement
with the theoretical result because of the suppression of
the Doppler noise. However, it is rather striking to find
higher values of TKE dissipation rates with Garbini’s
method, whereas the associated TKE values shown in
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FIG. 4. Comparison of profiles of normalized TKE dissipation
rate using Eq. (22).

FIG. 5. Comparison of profiles of normalized TKE dissipation
rate using Eq. (23).

Fig. 3 are lower than the model and the bifrequency
results. This can be explained by the combined effects
of the underestimated integral scale Lt and the overestimated constant C1. Both contribute to an increase of
the TKE dissipation rate in Eq. (22), which is higher
than the effect of the underestimated TKE. The high C1
with values up to 3 originates from the strong increase
of C1 with decreasing Reynolds number Ret (Nezu and
Nakagawa 1993). At a fixed distance from the grid, the
Ret obtained with the Garbini method is indeed lower
than that of the other methods.
The previous discussion has shown the limits of the
comparison test when using the semiempirical formula
given by Eq. (22). The identification of the dominant
source of error is particularly difficult, because the relation depends on three different parameters. Furthermore, the constant C1 is determined by an empirical
function of unknown accuracy. To examine more precisely the benefits of the proposed correction method,
the following relation is used:

The two bifrequency results agree well with the
model results. Furthermore, the results obtained with
the two bifrequency methods are in good agreement with the two models for the TKE dissipation
rate [Eqs. (22) and (23)]. The relative differences with
the theoretical model results will be discussed in section 4d.

 ⫽ 15

冉 冊
⭸w
⭸z

2

.

共23兲

The last term on the rhs of Eq. (23) is the mean square
turbulent flow divergence. This approximation is valid
for isotropic turbulence found in the far field of OGT.
Since no empirical constant is introduced, this is a fairly
direct estimate of . Figure 5 shows that the standard
method is strongly affected by the presence of Doppler
noise. The application of the Garbini method is in better agreement with the expected loss of resolved TKE
(see Fig. 3) due to the lack in spatial resolution for z/z0
⬍ 1.5. It also corresponds to the underestimated power
contained in the associated spectrum shown in Fig. 2.

c. Turbulent velocity spectra
A better demonstration of the effect of the bifrequency method is given by the analysis of velocity spectra. Figure 6 shows three spectra at different distances
from the grid center. For each case we compare the
spectrum of the raw velocity data given by Eq. (12) to
the corrected spectrum [Eq. (17)] using the bifrequency
method for df ⫽ 180 kHz. A log–log representation is
chosen to facilitate the comparison with the ⫺5/3 decay
slope with frequency, valid for isotropic turbulence in
the inertial range. To be able to resolve an important
fraction of the inertial range, the parameter npp is set to
4, which results in a Nyquist frequency of 46.9 Hz. This
limit is higher than the Nyquist frequencies commonly
set in ADVs (usually below a value of 32 Hz in commercial systems). Whether this high spectral resolution
is physically meaningful will be addressed below.
The improvements due to the bifrequency method
are obvious in Fig. 6. The uncorrected and corrected
spectra are in good agreement in the lower spectral
range up to 2 or 3 Hz. In this range, both spectra decay
with a slope close to ⫺5/3, which is due to the isotropic
nature of OGT even at low frequencies. For higher
frequencies, the uncorrected spectra deviate significantly from the ⫺5/3 slope, whereas the slope of the
corrected spectra is unchanged up to 20 Hz. Above this
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FIG. 6. Turbulent velocity spectra at three locations in the far field of the OGT. Spectra are uncorrected
(monofrequency) and corrected, using the bifrequency method with df ⫽ 180 kHz.

limit, the decay slope increases abruptly until the
Nyquist frequency. This change in slope results from
the spatial averaging effect of the velocity over the sampling volume. This limit primarily depends on the characteristics of the transducer but can also relate to the
minimal signal-to-noise ratio of the system. For the
present system, the gain in frequency range is on the
order of a decade.

d. Error analysis
The present error analysis is applied to the normalized TKE dissipation rate measurements using the theoretical model results by Matsunaga et al. (1999) as
reference values. A best linear fit between the different
experimental estimates and the reference is calculated
using a least mean square (LMS) constrain. Figure 7
presents the experimental results versus the model results for the two bifrequency methods with npp ⫽ 4, the
standard (monofrequency) method for fc ⫽ 1.67 MHz

with npp ⫽ 4 and npp ⫽ 32, and the Garbini method
with npp ⫽ 4. The standard method with npp ⫽ 32
corresponds to a setting frequently used in commercial
ADV systems. Also shown is the fitted curve with the
associated LMS error. The errors for both bifrequency
methods are less than 10%, even below 5% for df ⫽ 180
kHz. For npp ⫽ 4, the errors with the Garbini and
standard methods are as high as 200% and 500%, respectively. However, if compared to the common
ADVP setting with npp ⫽ 32 for the standard method,
this error is reduced to 20%. The bifrequency Doppler
noise suppression method is shown to provide accurate
TKE and TKE dissipation rate estimates in the fully
developed inertial range of turbulent spectra. Standard
ADVs working in monofrequency mode are rather limited in this respect.

e. Turbulent microscales
The ability to resolve the turbulent microscales is
indicated by the ratio between the Taylor and Kolmo-
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FIG. 7. Measured vs model (Matsunaga et al. 1999) predicted values of TKE dissipation
rate.

gorof microscales as a function of the turbulent Reynolds number Ret (based on the integral length scale and
the rms velocity). The two bifrequency results are
shown in Fig. 8. It can be seen that the ratio increases
linearly in a log–log representation with a slope of
roughly 1/4. An LMS fitted curve with a 1/4 slope is also
presented. The mean-squared correlation coefficient of

FIG. 8. Measured ratio between Taylor microscale and Kolmogorov scale vs Reynolds number Ret; Ret is based on the integral
scale and the rms velocity. The results using the two bifrequency
methods are compared with the 1/4 power law. The squared correlation coefficient is the mean of the two results.

the two results is higher than 93%. This demonstrates
the ability to resolve small-scale turbulent processes
with field-adapted ADV systems when an adequate
Doppler noise reduction method is used.

5. Conclusions
Acoustic Doppler velocimetry is commonly used in
nearshore, coastal ocean, estuary, river, and lake environments. Compared to measurements in sheardominated currents found in estuaries or rivers, measurements in diffusive isotropic flow fields such as those
generated by wave breaking in surfzones are particularly difficult with ADV systems.
The present study aims to improve these ADV turbulence measurements. A novel noise reduction
method was developed using two slightly different carrier frequencies for the simultaneous and instantaneous
estimates of two Doppler signals in the same sample
volume. The two signals are shown to be affected by the
Doppler noise inherent to the measuring principle. It is
produced by the deviation of the targets’ positions from
their mean position in the sample volume. This results
in an additional random Doppler phase and associated
random velocity fluctuation known as the Doppler
noise term.
It is shown that a relative shift of 10% between carrier frequencies of two Doppler signals is sufficient to
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obtain random velocity noises that are statistically independent for two simultaneous estimates. The calculation of the velocity cross correlation allows suppressing the Doppler noise terms affecting the TKE, the
TKE dissipation rate, and the velocity spectra.
Two different frequency shifts were tested. The experiments were conducted in an oscillating grid turbulence (OGT) tank in order to produce well-controlled
isotropic turbulence at each horizontal plane in the far
field above the grid. For both settings, the residual relative errors on the TKE and the TKE dissipation rate
were less than 10% when the bifrequency method was
used. Furthermore, this bifrequency method can suppress the Doppler noise even when the Doppler phase
is averaged over only 4–8 consecutive pings. This corresponds to a gain of a factor of 4–8 in time resolution,
which improves the inertial range resolution of the turbulent spectra. Thus, compared to monofrequency
methods, the universal ⫺5/3 decay slope in the inertial
range is extended by a decade to an upper limit of
about 20 Hz. Above this limit, spatial averaging effects
over the sample volume result in a decay slope well
below the ⫺5/3 value. This limit is device-dependent
and has to be determined for each ADV system. The
ability to resolve the Taylor and Kolmogorov microscales with the bifrequency method is demonstrated by
the good agreement of their ratio with a 1/4 power law
of the Reynolds number. Therefore, the bifrequency
method provides the high temporal resolution that is
needed for reliable TKE budget estimates.
Since the method works with small frequency shifts
relative to the central frequency of the transducer, it
only requires minor software modifications for its
implementation in existing ADV systems. This is a major technical advantage over previously proposed noise
correction methods, which require a profiling ability
(Garbini et al. 1982) or the use of additional hardware
components (receiver and associated hardware; Hurther and Lemmin 2001; Blanckaert and Lemmin 2006).
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