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[1] Wave, current, and sediment observations collected in approximately 5 m depth on
the muddy Atchafalaya clinoform, LA, USA, are used to study the interaction between
near‐bed wave‐induced turbulent flows and suspended sediment characteristics in a
muddy environment. Low wave‐bias estimates of near‐bed Reynolds stresses are strongly
correlated with flow accelerations and suspended sediment concentration, as previously
observed on sandy beaches, where accelerations have been associated with bed fluidization
and sediment transport. A detailed numerical analysis of the observations is performed,
based on a uni‐dimensional boundary layer model that accounts for the coupling between
the fluid and the cohesive sediment phases. The numerical simulations suggest that
sediment‐induced stratification effects are of the same order of magnitude as turbulent
dissipation, and thus play a significant role in the turbulent kinetic energy balance
within the tidal boundary layer. However, inside the wave boundary layer, the ratio
of stratification to shear‐induced turbulence production (i.e., gradient Richardson number)
decreases significantly, and shear‐induced turbulence production dominates. For these
observations, the vertical structures of currents and Reynolds stresses are relatively
insensitive to the exact floc size.
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1. Introduction

[2] Numerical models for turbulence and sediment trans-
port in the ocean bottom boundary layer are often based on
two‐equation turbulence closures and validated with labo-
ratory experiments [e.g., Winterwerp, 2001; Hsu et al.,
2007, 2009]. Bottom boundary layer modeling becomes
more complicated under combined wave‐current flows due
to nonlinear friction processes [e.g., Styles and Glenn, 2000;
Hsu et al., 2009]. In addition, the flow parameters in these
models (e.g., eddy viscosity, see Winterwerp [2001, and
references therein]) are modified by turbulence‐damping
due to the vertical gradient of suspended sediment concen-
tration (sediment‐induced stratification). The turbulence
closures on which these models are built have yet to be
evaluated in detail against high‐resolution field observations
of combined wave‐current and sediment processes.
[3] In muddy environments (dominated by cohesive sed-

iment with primary particle size smaller than 63 mm), there
is strong evidence of coupling between boundary layer

turbulence and suspended sediment processes [Trowbridge
and Kineke, 1994; Allison et al., 2000; Traykovski et al.,
2000; Sheremet and Stone, 2003; Sheremet et al., 2005;
Allison et al., 2005; Kineke et al., 2006; Jaramillo et al.,
2009, and many others]. Under high suspended sediment
concentration and moderate turbulent stresses, the primary
cohesive sediment particles aggregate, forming flocs with
high water content [Winterwerp and van Kesteren, 2004]
and with a fractal geometry with dimension close to 2
[Kranenburg, 1994]. Floc hydrodynamic properties (e.g.,
settling velocity) differ significantly from those of the
primary particles, resulting in sediment stratification effects
on vertical mixing that are specific to cohesive sediments,
such as hindered settling and the formation of near‐bed fluid
mud layers with concentrations in excess of 10 g/L. In
hypothetical cases of cohesive sediment suspensions in tidal
flow, Winterwerp [2001] numerically simulated formation
of these fluid mud layers when concentration of suspension
exceeds sediment‐carrying capacity of the flow. The simu-
lations in that study showed that stratification modifies
vertical structures of velocity and turbulent flow parameters
at depth‐averaged concentrations as low as ∼0.1 g/L, as long
as near‐bed fluid mud layers of at least few centimeters
thick are formed. The uni‐dimensional boundary layer
model, used by Winterwerp [2001], was validated with data
from laboratory experiments of cohesive sediment suspen-
sions with depth averaged concentrations of ∼1 g/L in tidal
flow [Winterwerp, 2006]. Model calculations of Winterwerp
[2006] agreed with the measured velocity and suspended
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sediment concentration; the model also captured the decreas-
ing trend of vertical eddy viscosity (estimated through mea-
sured data) with increasing sediment concentration. In other
related studies on steady currents in the tidal boundary
layer, field observations [e.g., Trowbridge and Kineke, 1994],
laboratory experiments [e.g., Gratiot et al., 2005], and
models [e.g., Trowbridge and Kineke, 1994; Michallet and
Mory, 2004] seem to agree that turbulence is significantly
affected by cohesive sediment in the vicinity of a lutocline
(defined as the location of a steep vertical gradient of sus-
pended sediment concentration [e.g., Mehta 1989]).
[4] While the importance of flocculation in altering the

flow‐sediment interaction is well established, the role of the
floc size (directly related to sediment settling velocity) is less
well understood. Floc structure has been hypothesized to
depend on turbulence levels and availability of sediment
[Dyer, 1989; Winterwerp, 1998]. Flocs should grow as the
concentration of primary particles increases, due to increased
probability of particle collisions. Turbulence is needed to
promote collisions; however, high turbulence levels are
expected to break the flocs and limit their size. In turn, floc
structure should affect the hydrodynamic properties of flocs
(e.g., settling velocity) with direct effects on the sediment
concentration values. Simplified analytical expressions for
equilibrium values of floc size and settling velocity, for a
constant fractal dimension of 2, were proposed byWinterwerp
[1998], and later modified by Son and Hsu [2009] to include
variable fractal dimension and variable floc yield strength.
The simplified formulation using the floc fractal dimension 2
was used to model cohesive sediment transport in the bound-
ary layer of a tidal channel [Winterwerp, 2002] – however,
without discussing the details of the turbulence kinetic energy
balance. The flocculation models discussed above were cali-
brated for cohesive sediment transport in the laboratory with
simple shear flow or homogeneous turbulence and applied
to tidal boundary layer condition. Their applicability to wave‐
induced fluid mud transport is unclear. Moreover, turbulence
may not be the governingmechanism that controls flocculation
in every condition. Based on field observations, Hill et al.
[1998] proposed a flocculation mechanism with a different
dependency on turbulence: at low turbulent energy, disruptive
stresses on flocs due to sinking in fluid may exceed turbu-
lence‐induced stresses and limit floc size.
[5] Here, the coupling between wave‐current boundary

layer flow and cohesive sediment suspensions is studied
based on observations collected during the spring of 2008,
on the Atchafalaya inner shelf, Louisiana, USA. The
observations are modeled using a uni‐dimensional boundary
layer model proposed by Hsu et al. [2009] for small‐scale
fine sediment transport processes on cohesive beds. The
model uses a constant floc size, and therefore a constant set-
tling velocity, in contrast with other models [e.g.,Winterwerp,
2002] that predict a settling velocity varying over a tidal cycle.
While this may lead to errors when used to simulate the
vertical structure of suspended sediment concentration, the
constant floc size assumption seems to be consistent with
the field observations, which suggest a weak relationship
between turbulence and floc size, at least in relatively dilute
suspensions. Direct observations of floc size distribution
(but not colocated with the hydrodynamic measurements) are
used to estimate a representative floc size. The value, used
here, is of the same order of magnitude as the equilibrium floc

sizes calculated with the model proposed by Winterwerp
[1998] using the observed primary particle size, suspended
sediment concentration and Reynolds stresses.
[6] The main difficulty in estimating Reynolds stresses

to characterize flow turbulence is due to the contamination
of the turbulent signal by surface waves, which typically
dominate the covariance between horizontal and vertical
velocities. Several approaches have been developed to reduce
the wave bias of the Reynolds stress estimates. Techniques
such as high‐pass filtering [e.g., Scott et al., 2005] can be
used in tightly controlled laboratory experiments but are less
useful for random wavefields. Methods that identify wave
signals by velocity fluctuations coherent with pressure [e.g.,
Wolf, 1999] require accurately resolving wave nonlinearities
and directional spread [Herbers and Guza, 1993]. The sim-
ple method proposed recently by Bricker and Monismith
[2007] is likely to overestimate low‐frequency turbulence
in shallow water, due to infragravity wave bias (an effect
of wave nonlinearity). Here, low wave‐bias estimates of
Reynolds stresses are obtained by the approach developed by
Feddersen and Williams [2007], as a refinement of a method
developed by Trowbridge [1998], and Shaw and Trowbridge
[2001]. The method is most effective for well‐separated
spatial scales of waves and turbulence, and is likely to alias
low frequency turbulence as waves, but seems better suited
for shallow ocean environments.

2. Field Experiment

2.1. Study Site

[7] The observations discussed here were collected from
March 25th to April 7th, 2008, on the muddy inner shelf
fronting Atchafalaya Bay, Louisiana, USA (Figure 1a), as a
part of a larger‐scope study of wave‐mud interaction. The
experiment site (the location of platform T1A in the work by
Jaramillo et al. [2009, Figure 1a]), located on the topset of
the Atchafalaya subaqueous clinoform near the 5 m isobath,
is characterized by a very mild slope (10 m isobath is
approximately 40 km offshore) and receives about 30% of
the water and sediment discharge of the Mississippi River
[Allison et al., 2000; Neill and Allison, 2005]. In the area,
surficial sediments vary slightly with the location, and
contain about 17% fine sand. Allison et al. [2000] reported
the median grain diameter (D50) in the bay and on the inner
shelf to be in a range of 2–6 mm. West of Marsh Island
(92.5° longitude West), D50 was estimated to be between 2.8
and 5.9 mm [Allison et al., 2005]. Sheremet et al. [2005]
measured D50 as 6.34 mm on the inner shelf, about 20 km
offshore of Marsh Island. These data suggest that 2–7 mm is
a representative range for D50 in the experiment site.
[8] Over the Atchafalaya Shelf, the wave climate is

dominated in winter and spring by wavefields associated
with cold fronts passing through the area [e.g., Walker and
Hammack, 2000]. At the experiment site, these perturbations
can generate swells in excess of 1 m height lasting for
several days. In shallow water, intense wave activity has a
significant reworking effect on bottom sediment, triggering
bed liquefaction and sediment resuspension, followed by
the formation of fluid mud layers maintained in suspension
by wave‐induced turbulence and flowing downslope [e.g.,
Sheremet and Stone, 2003; Sheremet et al., 2005; Jaramillo
et al., 2009]. A more detailed description of the site, and
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typical atmospheric and wave conditions are given by
Jaramillo et al. [2009].

2.2. Instrumentation

[9] The instrumentation used in this analysis comprised a
vertical array of two synchronized ADVs (Acoustic Doppler
Velocimeters, SonTek/YSI Hydra 5 MHz), and an OBS‐5
(Optical Backscatterance Sensor, D & A Instruments). A
schematic of the platform and the locations of the instru-
ments are shown in Figure 1b. The sampling volume of the
lower ADV (ADV‐1) was located at 17 cmab (cm above
bed); the higher ADV (ADV‐2) sampled in a volume at
145 cmab. These distances were corrected to account for
platform sinking. Sinking was estimated based on the thick-
ness of the soft mud layer found in the bottom cores collected
at the experiment site, and is consistent with acoustic back-
scatter observations at a nearby platform located at about
20 m distance. Based on the measurements in a wave‐
free environment by Trowbridge et al. [1999], Shaw and
Trowbridge [2001] suggested that two vertically stacked
sensors are optimally configured to yield uncorrelated cross‐
sensor turbulent covariances if the distance between the
sensors is larger than about 5 times the height of the lower
sensor above the bed. For the application of the method of
wave‐bias reduction from the Reynolds stress estimates
(section 2.3), the configuration of the ADVs (Figure 1b)
follows this recommendation. Each ADV was equipped with
a built‐in pressure sensor, located at about 60 cm from its
sampling volume. The ADVs sampled pressure and three‐
dimensional flow velocity (East‐North‐Up coordinates) at
10 Hz, in 10 min measurement bursts, one burst every hour,
for the entire 2 week duration of the experiment. A burst
duration of 10 min allowed the ADVs to run for the entire
duration of the experiment, spans about 75 swell periods

(for a swell period of 8 s which is typical for the site), and
is long enough to provide stable mean current estimates.
The quality of the velocity observations is illustrated in
Figure 2. Throughout the experiment, along‐beam correla-
tions between successive acoustic returns from the scat-
terers in the water [Elgar et al., 2005] stayed above 90%
(Figure 2d), well within the acceptable limits (lower limit
recommended by SonTek [2001] is 70%). The OBS‐5 was
mounted at 12 cmab, and recorded 1 min averages of back-
scatter at a rate of 2 Hz. The backscatter signal from the
OBS‐5 was calibrated by the manufacturer for suspended
sediment concentration using samples of bottom sediment
collected at the experiment site.
[10] Directional wave measurements were collected using

an ADCP (1228.8 kHz Acoustic Doppler Current Profiler,
Teledyne RD Instruments) that measured pressure, acoustic
surface track and velocity profiles at 2 Hz, in 20 min
measurement bursts, one burst every hour. The instrument
was located 4 km onshore of the experiment site (“x” in
Figure 1a). Wave data was processed, using the Teledyne
RDI software packages WavesMon and WaveView, with a
frequency resolution of 0.0078 Hz and angular resolution of
4°. At the same location, an Onset, Inc. HOBO microstation
located at an elevation of 7 m above the sea surface, pro-
vided 30 min averages of wind speed and direction.
[11] For this analysis, the only available source of infor-

mation about the grain‐size distribution of suspended sedi-
ments was a set of LISST‐100X Type‐C (Laser In Situ
Scattering Transmissometer, Sequoia Scientific) observations
collected during the field experiment in 2006 discussed by
Jaramillo et al. [2009], at a site located 4 km onshore of the
present experiment site (“x” in Figure 1a, platform T2A of
Jaramillo et al. [2009, Figure 1a]). The instrument back-
ground was calibrated using filtered water at the deployment

Figure 1. (a) Map of the Atchafalaya Shelf with approximate distribution of surficial sediments [Neill
and Allison, 2005; Jaramillo et al., 2009]. The circle marks the location of the instrumented platform
(29.22° latitude North, 91.58° longitude West). The “x” marks the location of the LISST in 2006
experiment and the location of the HOBO microstation and the ADCP in this experiment (29.26° latitude
North, 91.57° longitude West). (b) Configuration of the instrument array. Circles mark the location of the
sampling volumes.
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site. The grain‐size distribution was recorded every minute
in 30 min bursts each hour as an average of 100 samples at
2 Hz. With an 80% path reduction module, reliable data were
collected fromMarch 1st to March 9th, 2006. The instrument
estimated size distributions of suspended particulates (flocs
and primary) in 32 class ranges between 2.5 and 500 mm size.
Due to instrument limitations (e.g., maximum tolerable sus-
pended sediment concentration), the LISST was mounted at
120 cmab. The site of the LISST data set and the present
experiment site are consistent in terms of size distribution of
primary particles [Neill and Allison, 2005] and organic con-
tent of bed sediments [Gordon andGoni, 2003]. This supports
that similar floc size distributions are observed under similar
wave‐turbulence conditions at these two sites. The floc mode
in the LISST observations (section 3) is the same order of
magnitude as the equilibrium floc size estimates [Winterwerp,
1998] based on the observations from the present experiment
(section 4.1).

2.3. Data Analysis

[12] Wave spectral density Shh, where h is the free surface
elevation, was estimated using standard Fourier spectral
analysis based on the pressure time series from ADV‐2 and
the velocity time series from ADV‐1. Time series were
demeaned and detrended, divided into 51 s segments over-
lapping 50% yielding spectral estimates with approximately
22 degrees of freedom and 0.0196 Hz frequency resolution.
The pressure spectra were corrected for depth attenuation

using linear wave theory, with a cutoff frequency defined by
a variance attenuation with depth of <2% from surface to
sensor. The spectral cutoff frequency is 0.37 Hz. A spectral
tail proportional to f −5, where f is frequency [Phillips, 1958],
was added to cover the high frequency range. Band signifi-
cant heights (Hs) were estimated using the standard relation
H2

s ¼ 16
R f2
f1 S��ð f Þdf , where f1 and f2 are spectral band

limits. Variance estimates were based on the spectral esti-
mates, �2

� ¼
R f2
f1

S��ð f Þdf , where x stands for the parameter
of interest, for example velocity or acceleration components.
Where convenient, we distinguish between swell and sea
(short waves) bands using a cutoff frequency of fc = 0.2 Hz,
e.g., the swell band is defined by f1 = 0.0196 Hz, f2 = fc.
[13] Reynolds stresses were estimated using the differenc-

ing approach developed by Feddersen and Williams [2007].
The method assumes wave and turbulent fluctuations to be
statistically orthogonal [Kitaigorodskii and Lumley, 1983],
so that, for a two‐point velocity measurement, optimal dis-
tances can be found between measurement points and the
bed, that will yield cross‐correlated signals for waves and
uncorrelated ones for turbulence. If the cross‐sensor corre-
lation is low for turbulent fluctuations, but high for waves,
cross‐sensor differencing the measurements will not affect
turbulent terms but will reduce the wave bias. The method
can be used in principle to estimate Reynolds stress at both
ADV locations. However, away from the bed, the effect of
the bottom boundary decreases, and turbulent fluctuations
become slower, increase in scale, weaken, and are likely

Figure 2. A 1 min segment (starting at 1100 UTC, 30 March 2008) of flow velocity recorded by the ADV
array. Horizontal velocity: (a) North component, (b) East component, (c) vertical velocity, and (d) three‐
beam average of the ADV signal correlation. Thin and thick lines show the records of ADV‐1 at 17 cmab
and ADV‐2 at 145 cmab, respectively.
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increasingly modulated by wave motion [Monismith and
Magnaudet, 1998; Bricker and Monismith, 2007]. There-
fore, Reynolds stresses were estimated for the lower sensor
(ADV‐1, located at 17 cmab, Figure 1b), as the integral of the
co‐spectrum (real part of cross‐spectrum) of horizontal and
vertical velocities:

�1 ¼ ��wu1w1 � ��wCov Du;Dwf g

¼ ��w

Z 1

0
CoDu;Dwðf Þdf ; ð1Þ

where subscripts 1 and 2 denote measurements at ADV‐1
and 2, respectively, rw is the water density, u and w are
horizontal and vertical components of the velocity. Primes
denote turbulent fluctuations, and the overbar is used for
the expected values. The covariance operator is denoted by
Cov{¦}, and CoDu,Dw(f ) is the co‐spectrum of velocity dif-
ferences of the form Du = u1 − u21, Dw = w1 − w21, with
subscript “21” denoting the quantity measured at ADV‐2 and
mapped onto the location of ADV‐1 using least squares linear
adaptive filtering. Co‐spectral estimates are based on the
same Fourier analysis parameters as those used for wave
spectrum analysis. The effectiveness of this approach in
reducing wave‐bias varies with each measurement burst.
Following atmosphere and ocean boundary layer studies
[Kaimal et al., 1972; Soulsby, 1977], Feddersen andWilliams
[2007] proposed to accept as valid Reynolds stress esti-
mates for which the nondimensional integrated co‐spectrum
(Og, also called ogive curve) satisfies the condition:

�0:5 � Ogu0w0 ðf Þ ¼
R f
0 Cou0w0 ðsÞds

u0w0 � 1:6; ð2Þ

for 0.1 < k < 10, where k ¼ 2�fz
V is the nondimensional wave

number, with z the vertical distance above bed and V the
average along‐stream velocity. Examples of estimates con-
sidered relatively wave‐biased or bias‐free are shown in
Figure 3. Approximately half of the 10 min measurement
bursts collected satisfy the condition in equation (2).

3. Observations

[14] The first 4 days of the experiment (Figures 4: direc-
tions of winds, waves, and currents share the same color
coding‐ and 5, label “1”) were characterized by relatively
calm weather. Winds exceeded 5 m/s only briefly at the
beginning of this period (Figure 4a), generating seas of
about 0.5 m height (Figure 5a), and decayed to about 3 m/s
at the end of this period. Swell height never exceeded 0.5 m,
and remained below 0.3 m for most of this period.
[15] The most energetic event observed during the

experiment occurred on 31 March (Figures 4 and 5, label
“2”), characterized by steady winds blowing toward N‐NW
(Figure 4a). Wind speed reached 10 m/s for about a day
on March 31st, forcing a detectable mean N‐NW current
component (reaching 30 cm/s, Figure 4d). The atmospheric
perturbation was likely local (relatively small fetch) judging
by the large seas generated (up to 1 m height, Figure 5a),
but relatively weak swell (about 0.25 m height).
[16] The last part of the experiment (Figures 4 and 5,

label “3”) had the characteristics of a frontal passage,
including the typical drop in wind velocity as the front passed

over the site (April 5th), and the rotation (onshore to offshore)
of wind and wave direction followed by the postfrontal wind
intensification (Figures 4a and 4c). Wavefields associated
with this event also suggest a larger fetch: swells were the
strongest recorded during the experiment (Figure 4b), reach-
ing up to 0.5 m height (Figure 5a) and their arrival at the
site was delayed with respect to the maximum winds.
[17] Figure 5e shows the response of near‐bed flow and

suspended sediment concentration to the surface forcing.
The highest near‐bed concentrations of suspended sediment
throughout the experiment were recorded during March
31st, with an average of about 2 g/L and sometimes
exceeding 3 g/L (Figure 5e, label “2”). In general, near‐bed
sediment suspensions should respond to a number of forcing
mechanisms, such as mean current velocity, current direc-
tion and divergence, and long‐wave energy. Short waves are
typically not included in this list because of the strong
attenuation with depth. In the observations, seas consistently
dominate swells in the surface measurements throughout
the experiment (Figure 5a). The two frequency bands con-
tribute almost equally to near‐bed RMS orbital velocity
(Figure 5b). However, steeper short waves (seas) dominate
near‐bed accelerations (sometimes exceeding 0.5 m/s2) and
exhibit a stronger correlation with sediment concentration
values (compare Figures 5c, 5d, and 5e). This suggests that for
water depths characteristic for this experiment, the short
wave band is the dominant forcing mechanism that maintains
near‐bed sediment suspensions, in agreement with previous
observations and numerical simulations of sand transport
[e.g., Hoefel and Elgar, 2003; Hsu and Hanes, 2004].
[18] Because the present observations were collected at one

location in the horizontal plane, it is not possible to assess
the effect of horizontal advection on the observed levels of
suspended sediment concentration. The observed values of
suspended sediment concentration (Figure 5e) do follow the
general trends in current velocity and direction, increasing
typically for stronger westward currents (Figure 4d). How-
ever, due to the platform location (Figure 1a), it is unlikely that
the site was directly affected by the sediment discharge at the
mouth of the Atchafalaya River. Rather, several character-
istics of the observations seem to support the alternative
hypothesis, that (on the time and energy scales of this experi-
ment), near‐bed sediment suspensions are of local origin and
are maintained by local wave‐induced turbulence. Previous
observations on the Atchafalaya Shelf [Neill and Allison,
2005] and bottom core samples collected before and after the
experiment suggest an effectively inexhaustible local reserve
of mobilizable, soft bottom sediment. Suspended sediment
concentration values arewell correlatedwith thewave‐induced
accelerations (Figure 5c). The evolution of Reynolds stress
estimates and suspended sediment concentration (Figure 6)
is consistent with the assumption that local turbulence is the
main forcing mechanism driving near‐bed suspensions.
[19] The strong correlation (nearly monotonic relation)

between Reynolds stresses and suspended sediment concentra-
tion in Figure 6 suggests a weak dependency of the turbulence‐
sediment processes on the floc size. Because no additional data
is available, we interpret this effect as the result of the rela-
tively low suspended sediment concentrations in our experi-
ment. We will assume in the sequel that in our dilute suspension
conditions, floc size variability is small enough to justify
regarding the floc size constant. This hypothesis is supported
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by the available information about floc size distribution at
the site, i.e., LISST observations collected in 2006 (Figure 1a,
see also the description of “Experiment A” in the study by
Jaramillo et al. [2009]). For near‐bed concentrations of order
of 1 g/L (similar to the conditions discussed here) the grain‐
size distribution recorded (given as fractional volume of parti-
cles in mL/L, see Figures 7a and 7b) exhibits two modes:
a dominant mode, that spans the 150–300 mm range, with the
peak position between 200 and 230 mm; and a weaker mode
centered around 50 mm, that appears to be sensitive to
the amount of suspended sediment in the water column. The
position of the peaks of two modes are remarkably stable,
given the varying wave conditions (Figure 7c). The dominant
grain‐size is in the range of coarse sand, however, because there
is not coarse sand in this region, we interpret it to represent
the floc mode. Based on bottom sediment size ranges given in
the study by Neill and Allison [2005], the weaker mode could
be a discrete particle mode corresponding to coarse silt. Above
350 mm, the data is unreliable and is not reproduced here.
[20] To examine in more detail the sediment‐turbulence

relationship, and the effects and uncertainties due to floc size
(hence settling velocity) we turn to numerical experiments.
The fundamental assumption above is critical in allowing
for numerical analysis, as existing numerical models of flow‐
sediment interaction cannot yet handle floc aggregation‐
breakup processes. For the specific conditions of this study,
the floc size will be assumed to vary on a timescale longer
than the 10 min duration of a measurement burst. It will be
approximated as constant for the duration of a measurement
burst but it will be assumed to vary slowly from burst to burst.

4. Modeling

4.1. Numerical Model

[21] The numerical analysis of the observations is based
on the uni‐dimensional bottom boundary layer numerical
model developed by Hsu et al. [2009] for cohesive beds.
The model assumes a constant floc size (also constant floc
density and settling velocity) and integrates the two‐phase
(fluid‐sediment) Reynolds‐averaged equations based on a
turbulence kinetic and energy dissipation rate of turbulence
kinetic energy (k − �) closure. The details of the numerical
model can be found in the study by Hsu et al. [2009]. Here,

only the governing equation for turbulence kinetic energy
(TKE) budget is cited for convenience:

1� 	ð Þ @k
@t

¼ 
t
@u

@z

� �2

þ @v

@z

� �2
" #

þ @

@z

 þ 
t

�k

� �
@ð1� 	Þk

@z

� �

� ð1� 	Þ�� s� 1ð Þg 
t
�c

@	

@z
; ð3Þ

where 	 is the floc volume concentration of sediment, t is
the time, nt is the eddy viscosity, u and v are the horizontal
velocity components, n is the kinematic viscosity of water,
sk and sc are the model coefficients for the k − � closure, s =
rm/rw where rm is the density of sediment floc, and g is the
gravitational acceleration. The first three terms on the right‐
hand side of equation (3) describe shear‐induced turbulence
production, turbulent diffusion, and turbulent dissipation.
The last term represents additional sink (or source) of tur-
bulence kinetic energy by density‐induced stratification due
to suspended sediments (referred as sediment‐induced
stratification hereafter, for simplicity).
[22] For the low values of suspended sediment concen-

tration measured (e.g., Figure 6b), the damping of turbulence
due to viscous drag [Hsu et al., 2009], and the resuspension
effect of rheological stress are assumed negligible. This
leaves stratification as the only damping effect of sediment
in the TKE budget in turbulence closure (turbulence damping
term due to viscous drag is not included in equation (3));
and suspended sediment concentration is established by a
balance of gravitational settling and turbulent mass flux.
[23] The sediment phase is defined by a primary particle

size Dpwith density rs = 2.65rw, a floc sizeD, and the fractal
dimension of the floc, nf all of which are independent of
time and position. Floc density rm and floc mass concentra-
tion c are then calculated, following Kranenburg [1994], as:

�m ¼ �w þ Dp

D

� �3�nf

ð�s � �wÞ; ð4Þ

c ¼ �s	
Dp

D

� �3�nf

: ð5Þ

On the bottom boundary, the sediment flux is determined by
defining a resuspension coefficient go, and the critical shear

Figure 3. Examples of ogive curves (cumulative integrals, equation (2)) as a function of the dimen-
sionless wave number k: for a low‐bias estimate, corresponding to the 10 min measurement burst starting
at 1500 UTC on 31 March (thick line) and an estimate with significant wave‐bias, corresponding to the
burst starting at 0500 UTC on 1 April (thin line).

SAFAK ET AL.: BOTTOM TURBULENCE ON A MUDDY SHELF C12019C12019

6 of 15



stress tc. The resuspension coefficient go controls sediment
availability from the bed and is defined in the numerical
simulation process by matching measured and simulated
suspended sediment concentration values. The value of the

critical shear stress has to be specified. Previous numerical
studies based on the model used here [Hsu et al., 2009] show
that wave‐averaged values of suspended sediment concen-
tration are not sensitive to the critical shear stress, because it is

Figure 4. Time evolution of (a) wind speed and (color‐coded) direction; (b) spectral density, normalized
between 0 and 1, based on ADCP measurements; (c) peak wave propagation direction for each frequency
band in the power spectrum, based on ADCP measurements (directions are shown only for frequencies
with spectral density greater than 10−2 m2/(Hz deg); (d) current speed and direction at ADV‐1 (17 cmab).
The direction indicated is the direction of the flow (e.g., N means flowing northward).
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compensated by the variability of the resuspension coefficient
during the model initialization procedure. The simulations
presented here used a constant critical bottom shear stress of
0.4 Pa, within the range of 0.05–1.1 Pa investigated byHsu et
al. [2007, 2009]. The resuspension coefficient for matching
the measured suspended sediment concentrations had an
average of about 10−4, and showed small variations for each
simulated case. In the numerical experiments with several tc
− go pairs, the model results did not indicate a sensitivity on
tc. More advanced erodibility formulations [e.g., Stevens et
al., 2007] were not used as they require information about
bed erodibility parameters that are not available for this
experiment.
[24] The model domain extends between the bed and the

sampling volume of ADV‐2 at 145 cmab. At the top of the
domain the model is constrained by the de‐meaned hori-
zontal velocity measurements. A trial and error process is
used to estimate the components of the friction velocity and
resuspension coefficient for which the model predictions of

the mean flow at 145 cmab and suspended sediment con-
centration at the location of the OBS‐5 (12 cmab) match the
10 min averaged observations. The procedure gradually
“spins up” the model from a zero‐flow state to a steady
state, achieved typically within a time duration that scales
with the model domain height and eddy viscosity (which
controls the mixing time). For a model domain of 1 m, and
nt = 10 −4 − 10 −3 m2/s, the time necessary to reach a steady
state is of the order of 103–104 s in model time. Below, we
discuss numerical simulations for 13 of the most energetic
10 min measurement bursts, collected on 31 March (event
“2” in Figures 4, 5, and 6) with low wave‐bias Reynolds
stress estimates.
[25] Consistent with the LISST observations of grain‐size

distribution, a representative constant floc size D = 200 mm
is used for all numerical simulations, with a fractal dimen-
sion of nf = 2.3 [Khelifa and Hill, 2006], which yields rm =
1.15 g/cm3 (equation (4)) for a primary particle diameter
Dp = 5 mm (section 2.1). The resulting sediment settling

Figure 5. Time evolution of bulk spectral characteristics of the swell (thick line) and sea (thin line)
frequency bands, compared with the evolution of suspended sediment concentration (OBS‐5 located at
12 cmab). (a) significant height, (b) RMS velocity and (c) RMS acceleration estimated at the location
of ADV‐1, (d) surface wave steepness, and (e) suspended sediment concentration (10 min averages).
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velocity based on Stokes’ law is ws = 3.3 mm/s. The floc
size used here agrees well with equilibrium floc size D
predicted for the same conditions by the flocculation
model developed by Winterwerp [1998] for fractal dimen-
sion nf = 2,

D ¼ Dp þ kAc

kB
ffiffiffiffi
G

p ; ð6Þ

where G is the dissipation parameter, such that t = rwnG in
the viscous regime at the Kolmogorov scale, and kA and kB
are calibration constants. The floc diameter D can be cal-
culated for each measurement burst as a function of primary
particle size, Reynolds stress, and suspended sediment
concentration. For Dp = 4 mm, Winterwerp [1998] obtained
the values kA = 14.6 m2/kg; kB = 14x103 s1/2/m2. Using
a representative size for the primary particle Dp = 5 mm,
for the 10 min measurement bursts modeled, equation (6)
yields floc size values between 73 mm (rm = 1.14 g/cm3)
and 335 mm (rm = 1.05 g/cm3) with an average of 182 mm
(rm = 1.07 g/cm3). These values are consistent with
the dominant peak in the LISST observations (Figure 7a).
The reader is cautioned, however, that equation (6) is
an idealized model and has limited applicability in a
field study.

4.2. Numerical Simulations

[26] Examples of time series of model simulations are
shown in Figure 8, for the 10 min measurement burst
starting at 11:00 UTC on March 31st. Figure 8a shows the
North component of velocity simulated at the top of the
model domain (dashed line in Figure 8a denotes the north-
ward current at 145 cmab, the location of the sampling
volume of ADV‐2). Figure 8b shows the suspended sedi-
ment concentration simulated at the lower 20 cm of the
model domain. The numerical results match observed va-
lues: suspended sediment concentrations at 12 cmab, the
location of the OBS‐5 (Figure 8c), appear to capture the
general evolution trend of “sub‐burst” (1 min average)
OBS‐5 observations (thick line in Figure 8c). This agree-
ment is remarkable given that the model is “spun up” only
through matching the 10 min averaged values (Figure 8e),
and shows that the model captures the small‐scale trends of
the process. North component of Reynolds stresses at 17
cmab, the location of the sampling volume of ADV‐1
(Figure 8d) are of the same order of the estimate based on
the observations (dashed line in Figure 8d). A more detailed
analysis of the performance of the model can be found in the
study by Hsu et al. [2007, 2009].
[27] Figure 9 compares the calculations of the numerical

model with measurements and Reynolds stress estimates.

Figure 6. Time evolution of (a) Reynolds stress estimates (filled circles and squares denote magnitudes
of North‐South and East‐West components, respectively) and (b) suspended sediment concentration.
Average drag coefficients calculated for the entire duration of the experiment, based on valid Reynolds
stress estimates and the mean flow velocity measured at ADV‐1, are 2.3 × 10−3 for North‐South compo-
nent, and 2.9 × 10−3 for East‐West component of the current.
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The model reproduces accurately the 10 min average values
of suspended sediment concentration observed at the OBS‐5
location (Figure 9a) and the mean currents measured at the
locations of the two ADVs (Figures 9b and 9c). Suspended
sediment concentration vertically averaged over the model
domain varies between 0.44 and 1.41 g/L, well above the
threshold 0.1 g/L suggested by Winterwerp [2001, 2006] for
sediment‐induced stratification effects to modify the turbu-
lence field. The agreement between the model and the
estimated Reynolds stresses (Figures 9d and 9e) is less
good. However, the fact that the model calculations and the
estimates are of the same order of magnitude in most of the
cases is encouraging, considering the involved processing
and the multilayered hypotheses on which both the model
results and the estimates are separately based. The model
agrees better with the estimates of the West components of
the Reynolds stress (Figure 9e) probably due to a higher
mean to fluctuation ratio for the West velocity component
(Figure 9f), usually translating into a lower wave‐bias esti-
mate [Feddersen and Williams, 2007].
[28] While a single‐point agreement between modeled

and observed suspended sediment concentration does not
validate the entire vertical structure of modeled sediment
concentration, the simultaneous good model agreement
with mean‐current observations seems to justify a closer
look into the model representation of the turbulence‐
sediment balance. The vertical structures of the four terms in
the governing TKE equation (3) are calculated. Figure 10a
shows Reynolds‐averaged vertical profiles of four terms in
the governing TKE equation (3) calculated by the model
for a 10 min measurement burst characterized by one of

the highest suspended sediment concentrations (2.83 g/L)
observed during the experiment. In the upper 10 cm of the
model domain, vertical shear due to velocity is relatively
smaller and therefore TKE production is mainly due to tur-
bulent diffusion (Figure 10a) balanced by sediment‐induced
stratification. Below this upper layer of the model domain,
the shear‐induced turbulence production (Figure 10a)
becomes the dominant turbulence generating term due to
increasing bottom boundary effect. At 100 cmab, sediment‐
induced stratification (Figures 10a and 10b) is the dominant
turbulence damping term in most of the cases, however
shear‐induced turbulence production is balanced by the
combined effects of sediment‐induced stratification and tur-
bulent dissipation (Figures 10a and 10b). At 30 cmab, these
two effects are of the same order of magnitude (Figures 10a
and 10c). Below 10 cmab, just above the bed, the TKE
balance is dominated by shear‐induced turbulence production
and turbulent dissipation. Although overall sediment‐induced
stratification damping decreases with increasing distance
above bed, because the other terms are decreasing faster,
paradoxically, its role in the TKE balance becomes more
important with increasing distance above the bed. This sug-
gests that, for the conditions of this experiment, sediment‐
induced stratification term can be neglected in the wave
boundary layer, but is essential within the tidal boundary
layer. Compared to the other three terms in the TKE balance,
vertical variation of sediment‐induced stratification is smaller,
as it varies within 2 orders of magnitude throughout the
model domain (Figure 10a).
[29] To investigate the sensitivity of the model to floc

size, additional numerical simulations were carried out with

Figure 7. Observations of particle size distribution and wave conditions in 2006 (location marked by
“x” in Figure 1a): (a) fractional volume of each particle size, calculated from hourly averaged LISST
data, (b) suspended sediment concentration at 24 cmab, and (c) wave height at the surface in swell (thick
line) and sea bands (thin line).
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floc sizes of D = 150 mm (rm = 1.18 g/cm3, ws = 2.2 mm/s),
and D = 300 mm (rm = 1.12 g/cm3, ws = 5.9 mm/s), while
keeping all other parameters constant (the resuspension
coefficient go varies in each test run to match model and
measured suspended sediment concentration). In the LISST
measurements (Figure 7a), the interval [150,300] mm brackets
the main distribution mode and has a time‐averaged proba-
bility of 85%. The results (Figure 11) suggest that decreasing
floc size, i.e., decreasing settling velocity decreases near‐bed
suspended sediment concentration, produces a well‐mixed
concentration profile (Figure 11a), and increases the total
amount of suspended sediment. The corresponding verti-
cally averaged suspended sediment concentration values are
1.37 g/L for 150 mm, 1.15 g/L for 200 mm, and 0.96 g/L for
300 mm. This is consistent, for example, with the saturation
concentration proposed by Winterwerp [2001, equation 3].
Mean currents are largely insensitive to floc size variation
between 150 mm and 200 mm flocs, however, 300 mm
flocs result in a slight overprediction of currents at ADV‐1
(Figures 11b and 11c). The vertical structure of Reynolds
stresses is not modified significantly, and therefore not shown

here due to overlapping vertical profiles. The vertical structure
of the gradient Richardson number associated with sediment‐
induced stratification (ratio between the stratification and
shear‐induced turbulence production, Figure 11d) is similar
for all three floc sizes tested. It exceeds the critical value of
0.25 above a height of 5–20 cmab (depending on the floc size),
and then increases slowly with height above the bed, slightly
faster for the smaller floc size (i.e., for higher total amount
of suspended sediment). The higher values at the top of the
model domain are due to the boundary condition of zero
velocity shear at the top of the domain.
[30] One quantity of interest that the numerical model

calculates by using the gradient‐transport assumption [Hsu
et al., 2007, equation A11] is the vertical turbulent sedi-
ment flux c0w0 , where the notations are those used in
sections 2.3 and 4.1. In principle, this quantity could be
estimated from the observations by calibrating the acoustic
backscatter records of an ADV with colocated suspended
sediment concentration measurements [e.g., Fugate and
Friedrichs 2002]. However, uncertainties due to applica-
tion of this method in the presence of waves, and not having

Figure 8. An example of time series in the model simulations: (a) the North component of velocity at
145 cmab (ADV‐2 location), (b) suspended sediment concentration at the lower 20 cm above bed, (c)
suspended sediment concentration at 12 cmab (OBS‐5 location), and (d) the North component of
Reynolds stress at 17 cmab (ADV‐1 location) for the 10 min measurement burst that started at
1100 UTC on 31 March. In Figure 8a, the dashed line represents the North component of the (10 min
averaged) current measured at 145 cmab. In Figure 8c, thick lines denote the 1 min time spans OBS‐5
measurements of 1 min averaged suspended sediment concentration represent. In Figure 8d, the dashed
line marks the value of the (10 min averaged) estimate for the North component of Reynolds stress at
ADV‐1. (e) Vertical structure of model calculations of suspended sediment concentration; circle denotes
the measured 10 min average of OBS‐5 measurements at 12 cmab.
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the ADV‐1 and the OBS‐5 sampling at the same vertical level,
make it impossible to control the errors of such an estimate.

5. Discussion

[31] Observations collected during the spring of 2008 on
the muddy Atchafalaya inner shelf, near the 5 m isobath,
were used to investigate the relationship between turbu-
lence, sediment floc size and suspended sediment con-
centration in a cohesive sedimentary environment [e.g.,
Dyer, 1989; Winterwerp, 1998]. The experiment conditions
were characterized by moderate waves (significant height
of order of 1 m) and currents (order of 30 cm/s), and rela-
tively dilute sediment suspension (2 g/L on average, with
peaks slightly more than 3 g/L). Near‐bed Reynolds stresses
were estimated using the differencing method proposed
by Feddersen and Williams [2007]. Several elements of the
data concur in supporting a weak floc size variability:
LISST‐based grain size distributions estimated in the vicinity
of the site in 2006 show remarkable stability for wave
conditions similar to those of this experiment; suspended
sediment concentrations show a strong correlation to short‐
wave near‐bed accelerations, and at the same time, with
estimated Reynolds stresses. It is hard to assess, based on
this data set, whether the experimental conditions were
simply not energetic enough to lead to higher concentrations
of suspended sediment, or a more fundamental physical
process might be involved. However, for this experiment
site, and these wave‐current conditions, the simplifying
assumption that the floc size is approximately constant
seems justified.

[32] A constant floc size also allows for a detailed numer-
ical analysis of the observations using existing numerical
models. While the sediment concentrations recorded were
probably not high enough to modify grain geometry, the
values observed are expected to result in flow field mod-
ifications due to sediment‐induced stratification [Winterwerp,
2001, 2006]. Here, a bottom boundary layer model for
cohesive beds [Hsu et al., 2009] was used to reconstruct the
vertical structures of flow and suspended sediment concen-
tration. The model was validated using several test para-
meters: mean flow, suspended sediment concentration, and
Reynolds stresses. Currents and suspended sediment con-
centrations were reproduced accurately; model Reynolds
stresses matched estimates based on observations, with better
agreement for cases of stronger currents and smaller RMS
velocities, that were consistent with the low wave‐bias for-
mulation of Feddersen and Williams [2007].
[33] Model simulations show that sediment‐induced strati-

fication is important for the turbulence kinetic energy balance
throughout the model domain, except in the vicinity of the
wave boundary layer, where shear‐induced turbulence pro-
duction dominates. In the tidal boundary layer, the turbulence‐
damping effect of suspended sediment is of the same order of
magnitude as turbulent dissipation, even without a detectable
lutocline presence (steep sediment concentration gradient).
Shear‐induced turbulence production appears to dominate
over turbulent diffusion.
[34] The effect of floc size on the numerical results is

investigated in the quasi‐equilibrium sense, by carrying out
a numerical test with the floc size values within the limits of
observations under otherwise identical conditions. These

Figure 9. Comparison of observations and model results for (a) suspended sediment concentration
(at 12 cmab, the location of OBS‐5, Figure 1b), (b) North component of current velocity (“x”, 17 cmab,
the location of ADV‐1; circles, 145 cmab, the location of ADV‐2, Figure 1b), (c) West component of
current velocity (same symbols as in Figure 9b), (d) North component of Reynolds stress at 17 cmab,
(e) West component of Reynolds stress at 17 cmab, and (f) mean versus standard deviation of velocity
measurements at 17 cmab (crosses, North component; stars, West component).
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tests resulted in virtually identical Reynolds stress struc-
tures. However, smaller floc size in the model caused an
increase in the total amount of suspended sediment in the
water column [Winterwerp, 2001], that, in turn, resulted in a
lower gradient Richardson number increase in the wave
boundary layer.
[35] The results suggest that a wider range of conditions

(wave energy, suspended sediment concentrations), as well

as better vertical resolution, are essential to achieve a better
understanding of bottom turbulence and cohesive sediment
processes in combined wave‐current flow. The former will
necessarily come as more observations are collected. The
latter could be achieved with current profilers by calibrating
the acoustic backscatter in order to estimate suspended
sediment concentration throughout the profiling range of
the instrumentation [e.g., Thorne and Hanes 2002], and

Figure 11. Effect of varying floc size D on the vertical structures of (a) suspended sediment concentra-
tion, (b) North and (c) West components of the mean current, and (d) gradient Richardson number (thick
line, 150 mm; thin line, 200 mm; dashed line, 300 mm). Observations are marked by circles. In Figure 11d
the gray line corresponds to the critical Richardson number value of 0.25. The numerical simulations
correspond to the 10 min measurement interval starting at 1100 UTC on 31 March (see Figure 10a).

Figure 10. Analysis of the model representation of the turbulence‐sediment balance: (a) vertical
structures of the four terms in the turbulent kinetic energy (TKE) balance equation (3) for the 10 min
measurement burst which started at 1100 UTC on 31 March, (b) TKE balance at 100 cmab, and (c) at
30 cmab, versus time, for all modeled cases. In the order in which they appear in right‐hand side of
equation (3), the terms are represented by circles (shear‐induced turbulence production), stars (turbu-
lent diffusion), squares (turbulent dissipation), and “x” (sediment‐induced stratification).
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by along‐beam differencing the velocity measurements in
order to reduce wave bias in the Reynolds stress estimates
at multiple points [e.g., Whipple et al. 2006]. Further
numerical improvements should include implementation
of flocculation models into a boundary layer flow model
[e.g., Winterwerp 2002] that accounts for combined wave‐
current flow.
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