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a b s t r a c t

The strong coupling between hydrodynamics and seafloors on shallow muddy shelves, and resulting bed
reworking, have been extensively documented. On these shelves, spectral wave transformation is driven
by a complex combination of forcing mechanisms that include nonlinear wave interactions and wave
energy dissipation induced by fluid-mud at a range of frequencies. Wave-mud interaction is investigated
herein by using a previously validated nonlinear spectral wave model and observations of waves and
near-bed conditions on a mildly-sloping seafloor off the muddy central chenier-plain coast, western Lou-
isiana Shelf, United States. Measurements were made along a cross-shelf transect spanning 1 km between
4 and 3 m water depths. The high-resolution observations of waves and near-bed conditions suggest
presence of a fluid mud layer with thickness sometimes exceeding 10 cm under strong long wave action
(1 meter wave height with 7 s peak period at 4 meter depth). Spectral wave transformation is modeled
using the stochastic formulation of the nonlinear Mild Slope Equation, modified to account for wave-
breaking and mud-induced dissipation. The model is used in an inverse manner in order to estimate
the viscosity of the fluid mud layer, which is a key parameter controlling mud-induced wave dissipation
but complicated to measure in the field during major wave events. Estimated kinematic viscosities vary
between 10�4-10�3 m2/s. Combining these results of the wave model simulations with in-depth analysis
of near-bed conditions and boundary layer modeling allows for a detailed investigation of the interaction
of nonlinear wave propagation and mud characteristics. The results indicate that mud-induced dissipa-
tion is most efficient when the wave-induced resuspensions of concentrations > 10 g/L settle due to rel-
atively small bottom stresses to form a fluid mud layer that is not as thin and viscous as a consolidated
seafloor in absence of wave action but also not as thick and soft as a near-bed high concentration layer
that forms during strong wave action.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In nearshore muddy environments, energetic surface waves
have been observed to soften the initially consolidated seafloor
and cause resuspension of sediment which finally settles to form
fluid mud layers (e.g., Jaramillo et al., 2009; Sahin et al., 2012),
the thickness of which depends on site-specific mud properties
and hydrodynamic conditions. Interaction of waves with these
high concentration mud layers causes significant wave energy dis-
sipation (e.g., Sheremet et al., 2005). The dissipation rate was re-
ported to be more significant during the phase of hindered
settling of the resuspended material when a fluid mud layer forms
(Sheremet et al., 2011a), and dramatically greater than that
ll rights reserved.
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observed over sandy shelves (e.g., Ardhuin et al., 2003). Mud-in-
duced wave energy dissipation is observed at both low frequencies
and at the short wave band of the spectrum. This short wave band
is not kinematically coupled to the seafloor; energy loss in this
band was hypothesized to be due to nonlinear energy transfers
across the spectrum, i.e., triad interactions (Sheremet and Stone,
2003).

An early study of wave propagation on muddy seafloors (Gade,
1958) considered a two-layer system consisting of water overlaying
a viscous fluid representing the muddy seafloor. The resulting mod-
el of Gade (1958) is valid for long waves; with it, wave heights were
seen to exponentially decay as waves propagate. This model was
later improved with the inclusion of viscous effects in both layers,
and an extension to dispersive waves (Dalrymple and Liu, 1978).
An analytical limit to the model of Dalrymple and Liu (1978) was
derived by Ng (2000). This simplification is valid when the
thickness of the mud layer (ho) is comparable to the Stokes’
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boundary layer thickness of the mud layer,
ffiffiffiffiffiffi
2mm
x

q
(mm is the kine-

matic viscosity of the fluid mud layer, and x is the wave radian fre-
quency), and much thinner than the overlaying water layer. This
simplification results in explicit expressions of wave dissipation
rate and, therefore, computational efficiency. In these three studies,
peak mud-induced wave energy dissipation was noted to occur

when ho is the same order of magnitude as, but slightly larger than,ffiffiffiffiffiffi
2mm
x

q
(20% in Gade, 1958; 30% in Dalrymple and Liu, 1978; 50% in

Ng, 2000).
Other mud rheologies have been used such as visco-elastic

(Hsiao and Shemdin, 1980; Liu and Chan, 2007; Mei et al., 2010)
and visco-plastic models (Mei and Liu, 1987; Chan and Liu,
2009). Recently, viscous mud formulations have been incorporated
into wave models; the formulation of Gade (1958) was modified
for directional wave fields in a phase-averaged model (Winterwerp
et al., 2007), and the formulation of Ng (2000) was implemented in
a phase-resolving nonlinear wave model (Kaihatu et al., 2007).

Although these studies have helped to quantify wave energy
dissipation due to mud, they have generally assumed tempo-
rally-constant rheological properties for the mud layer. However,
under wave forcing changing throughout a storm, rheology of a
muddy seafloor is likely to vary. The complexity of observing
the properties of muddy seafloors throughout wave-energetic
periods precludes the direct evaluation of wave propagation in
muddy environments and limits the applicability of wave-mud
interaction formulations in operational wave models. Therefore,
wave models have been recently used in an inverse manner in
order to infer properties of mud layers that control frequency-
dependent wave dissipation, such as thickness and viscosity.
One initial inversion study was based on implementation of
the model of Ng (2000) into SWAN (Rogers and Holland,
2009). The same mud dissipation formulation was implemented
into nonlinear wave models (Sheremet et al., 2011a; Tahvildari
and Kaihatu, 2011) with rigorous formulations of nonlinear triad
interactions (Agnon and Sheremet, 1997; Kaihatu and Kirby,
1995) rather than the related parametrizations in SWAN. By
comparing the results of linear and nonlinear models, Sheremet
et al. (2011a) demonstrated the importance of accounting for
nonlinear triad interactions in controlling the frequency distribu-
tion of wave energy dissipation. Their nonlinear model captured
both the enhanced dissipation at the spectral peak due to energy
transfers to higher and lower frequencies, and the resulting over-
all growth at these frequencies; neither effect is captured by lin-
ear wave transformation models (Agnon and Sheremet, 1997;
Kaihatu et al., 2007; Elgar and Raubenheimer, 2008). This reveals
that a nonlinear wave model is necessary in order to extract
accurate properties of muddy seafloors in an inverse manner
and, therefore, obtain a better representation of wave-mud inter-
action processes. Based on wave measurements collected nearby
during a previous field effort (Section 3.1), Elgar and Raubenhei-
mer (2008) developed a depth- and frequency-dependent formu-
lation of mud-induced dissipation. The differences between the
measured energy flux and estimates from a nondissipative non-
linear Boussinesq model were attributed to mud-induced dissi-
pation only, with no allowances for other potential sources of
dissipation (breaking, whitecapping, etc.). Despite the depen-
dence on mud dissipation, no quantitative properties of the
muddy seafloor were discussed or deduced from the data in
their study.

In this study, we use wave, current, suspended sediment and
seafloor observations to infer properties of the bottom mud layer.
These measurements, taken along a cross-shelf transect on the
muddy central chenier-plain coast, western Louisiana Shelf, United
States during an energetic wave period (Section 3), are used herein
to model wave propagation across the muddy seafloor and bottom
boundary layer processes with two previously validated models. A
nonlinear wave model (Agnon and Sheremet, 1997, Section 2.1) is
used in an inverse manner to estimate evolution of viscosity of the
muddy seafloor throughout the event of interest. The model used
herein includes both mud induced (Ng, 2000) and breaking in-
duced (Sheremet et al., 2011b) dissipation, therefore, distinguishes
between these two mechanisms. Our approach follows Sheremet
et al. (2011a) and is tested herein under different forcing condi-
tions, as a step towards building a methodology to forecast bed
reworking by waves. Compared to the study site used by Sheremet
et al. (2011a), the study site herein is a plane shelf (Section 3.1) and
better suited. In addition, near-bed conditions are investigated in
more detail (sediment concentration, bottom shear stress) in this
study. Measured profiles of acoustic backscatter are used to esti-
mate vertical structure of suspended sediment concentration (Sec-
tion 3.1, Appendix). These estimates are then used, together with
the observed flow conditions, to run a bottom boundary layer mod-
el for muddy environments (Hsu et al., 2009, Section 2.2). Evalua-
tion of the results of the wave model and the boundary layer model
together allows to gain more insight into wave-mud interaction
(Section 4).
2. Models

2.1. Nonlinear wave model

The spectral wave model is based on the nonlinear Mild Slope
Equation and accounts for the interactions and spectral energy
transfers among Fourier modes (Agnon et al., 1993; Agnon and
Sheremet, 1997). The model is derived from the boundary value
problem for water waves, with boundary conditions expanded to
second order in ka, where k is the wavenumber and a a represen-
tative amplitude. The model thus describes both linear wave trans-
formation effects and nonlinear wave–wave interactions; these
interactions are expressed as coupled Fourier modes which govern
the strength of the energy transfer. The phase-resolving evolution
equations of this model are then averaged; the resulting equations
represent the evolution of spectra in terms of bispectra. Bispectral
evolution equations are then required, and the system truncated
and closed. The ‘sum’ and ‘difference’ interactions represented in
these coupled modes are associated respectively with the genera-
tion of both harmonics of the spectral peak and energy transfers to-
ward lower frequencies, which impact processes in the nearshore
environment (Sheremet et al., 2011a). The stochastic (phase-
averaged) and unidirectional version of the model is modified to
account for the dissipative processes. A mud-induced dissipation
formulation that treats the fluid-mud layer as a viscous Newtonian
fluid (Ng, 2000, Section 1) is used. The mud-induced dissipation
rate is a function of wave frequency, mud thickness, density, and
viscosity. Depth-induced breaking is represented with a lumped
probability-based breaking mechanism (Thornton and Guza,
1983) with a ratio of breaking wave height to breaking depth,
i.e., breaker index, of c=0.7 and a breaking intensity parameter
set to B = 1. The dissipation is assumed to be constant over the fre-
quency range; this is expected to only affect predictions of third
moment statistics (skewness and asymmetry) but not spectral lev-
els (Chen et al., 1997). Energy input due to winds is not included
given the relatively weak winds during the modeled period and
small distance along the cross-shore transect considered. The dis-
sipation effects are included in the spectral but not in the bispec-
tral evolution. The resulting model is integrated to obtain the
cross-shore evolution of the modal energy flux, accounting for non-
linear interactions, shoaling, and dissipation, represented by the
net modal dissipation rate jj (see in Eq. (2) the net wave dissipa-
tion rate of flux integrated over the frequencies). See Appendix B
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in Sheremet et al. (2011a) for the details of the use of the model,
and Agnon and Sheremet (1997) for the derivation of the governing
equations.

Given the observed spectral wave propagation and near-bed
conditions, the wave model is used in an inverse manner to esti-
mate the optimum mud properties from best fit between model
and measurements. The optimization procedure involves a con-
strained nonlinear least squares minimization and allows to find
the optimum viscosity of the mud layer that minimizes the follow-
ing deviation:

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

SN

XS

i¼1

XN

j¼1

½Fmðfj; xiÞ � Fðfj; xiÞ�2

F2ðfj; xiÞ

vuut ; ð1Þ

where S is the number of sensors at which optimization is done by
minimizing the errors in the spectral density estimates. Here, we
use three sensors (S = 3, Section 3), an improvement over the single
sensor used for inversion and optimization by Sheremet et al.
(2011a). N is the number of Fourier modes, Fmðfj; xiÞ is the energy
flux predicted by the model at mode j with frequency f and at sensor
i at cross-shore distance x, and F is the measured energy flux. Refer-
ence is made to Sheremet et al. (2011a) for the details of the opti-
mization procedure.

2.2. Boundary layer model

A 1DV (one-dimensional vertical) boundary layer model that
accounts for combined wave-current flow on muddy seafloors
(Hsu et al., 2009) is used to deduce the near-bed conditions during
the event of interest. The model integrates the two-phase (fluid
and sediment) Reynolds-averaged Navier–Stokes equations; the
turbulent flux terms in the equations are computed based on a tur-
bulent kinetic energy-dissipation rate of turbulent kinetic energy
closure. The momentum balance is between free-stream horizontal
pressure gradient and momentum transport by viscous and turbu-
lent shear stresses; the suspended sediment concentration balance
is between turbulent mass flux and gravitational settling. The
model accounts for the turbulence damping effect of sediment-in-
duced stratification. In the model, the sediment phase is defined
with a primary particle size (Dp), fractal dimension (nf ), critical
shear stress to initiate sediment motion at the bed (sc), floc size
(Df ), and a resuspension coefficient (co), all of which are spatially
and temporally constant within the model domain. In all the cases
simulated, the first three parameters are set as Dp ¼ 5 lm, nf = 2.3,
and sc = 0.4 Pa, based on the observations and results of the recent
applications of this model on the Louisiana Shelf (Safak et al.,
2010a; Sahin et al., 2012). Floc size and resuspension coefficient
are varied as free calibration parameters to control sediment avail-
ability (Sahin et al., 2012). Resuspension coefficients of O (10�4)
and relatively small sensitivity of the model results to critical shear
stress are found to be consistent with those used in the previous
applications mentioned above (Safak et al., 2010a; Sahin et al.,
2012). The application of the model to the data set, and how the
flow conditions are prescribed are detailed in Section 4.2.
3. Field experiment

3.1. Site and instrumentation

The field experiment was conducted off the muddy central che-
nier-plain coast, western Louisiana Shelf at the northern Gulf of
Mexico coast of the United States, about 100 km west of the
Atchafalaya clinoform (Fig. 1). The eastern part of this mud rich
coast was reported to prograde, despite relative sea level rise,
due to net westward and onshore transport of Atchafalaya River
sediment resuspended on the inner shelf (Draut et al., 2005a).
The study site was at the western limit of the influence of the sub-
aqueous delta formed by the Atchafalaya River sediment, and the
proportion of the Atchafalaya River’s sediment load that accumu-
lates on the inner shelf seaward of the chenier-plain coast (Draut
et al., 2005b). Early spring is the wave-energetic period of the Lou-
isiana Shelf and the high-discharge period of the Atchafalaya River.
In February-March 2008, four Acoustic Doppler Velocimeters (ADV,
Sontek/YSI) were deployed along a cross-shelf transect. The mean
depths at these sensor locations were 4.2, 3.75, 3.5, and 2.9 m;
the sensor at the shallowest location was about 1.4 km off the
coast (Fig. 2, Safak et al., 2010b). This cross-shore transect spanned
about 1 km section, and the slope of the seafloor is about 0.1%. Net
wave dissipation rate across the transect is calculated as:

j ¼ 1
Dx

Fi � Fiþ1

Fi
; ð2Þ

where Dx is the propagation distance between locations of interest,
F is the measured energy flux integrated over 0:0039 6 f 6 0:3 Hz
(Fig. 3b), and subscript i denotes sensor number increasing onshore.
To investigate wave direction, data from a Datawell directional
buoy, 13 km offshore of the transect, were used. The buoy was de-
ployed at 14 meter depth by Scripps Institution of Oceanography,
Coastal Data Information Program (station 148; 29.4442 degrees
North, 92.6324 degrees West).

ADVs sampled pressure and 3-D velocity at 2-Hz in 51 min
intervals that were started every two hours at 92 cm above the sea-
floor at their locations. Within the transect, between ADVs 1 and 2
at about 4 m depth (Fig. 2), high-resolution observations of near-
bed flows and sediment concentration were collected with a
downward-pointing Pulse-Coherent-Acoustic Doppler Profiler
(PC-ADP, Sontek/YSI). The PC-ADP was set to sample velocity and
acoustic backscatter at 17 bins of 3.2 cm near the seafloor at 2-
Hz in 10 min intervals every 20 min. The PC-ADP malfunctioned
and did not return any velocity data. The acoustic backscatter sig-
nal of the PC-ADP is calibrated to estimate the vertical structure of
suspended sediment concentration (Sahin et al., 2012); the calibra-
tion procedures are discussed in the Appendix. On the same plat-
form, an OBS-3 and an OBS-5 (Optical Backscatterance Sensor,
D&A Instruments), both of which were calibrated to give suspended
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sediment concentration, were also deployed to measure turbidity.
The OBS-3 sampled at 18 cm above bed in synchronization with
the PC-ADP; the OBS-5, which returned one averaged sample every
10 min at 12 cm above bed, ran out of power on February 28th and
provided data only for the first 10 days of the experiment.

3.2. Observations

The event studied here was selected because a combination of
factors (forcing strength, bed behavior) led to the demonstration
of a clear connection between surface wave dissipation and mud
characteristics. Observations of the wave and near-bed conditions
(comprising a two-week period) are summarized in Fig. 3. Wave
energy is decomposed into sea (short-wave, 0:2 < f 6 0:3 Hz),
swell (0:05 < f 6 0:2 Hz), and infragravity waves (f 6 0:05 Hz)
bands. In the first half of the experiment, wave energy and near-
bed activity were relatively small (see the relatively steady
maximum backscatter location in Fig. 3c). Following a relatively
short duration wave event on February 26th (Fig. 3a and b), wave
energies at all three bands reached their maxima during the exper-
iment on February 29th (Fig. 3a) within a two-day long event. The
spectral peak period remained near 7 s for one day (Fig. 3a). This
increase in wave energy triggered seafloor response and near-bed
activity; this is most apparent on March 1st from the significant
variation of the maximum backscatter location (Fig. 3c) and
near-bed sediment concentrations exceeding 7 g/L (Fig. 3d).

Fig. 4 presents a closer look at the observations during the time
of the more energetic events, the last three-day period of which is
the focus of wave and boundary layer modeling (29 February–2
March 2008). Wind data from a weather station located on the
Atchafalaya inner shelf indicate that winds during this event of
modeling interest were relatively weak (average speed of 4 m/s);
they were directed northward for the first 18-h period and then
mostly westward during the next two days. Currents were O
(10 cm/s), and consistently westward (Fig. 4a). The westward
currents, which coincide with the high sediment concentrations



Fig. 4. Time evolution of: (a) mean current speed measured by ADV-1 at 4.2 m depth (color code indicates where the currents are coming from); (b) total significant wave
height measured at the SIO-CDIP buoy at about 13 km offshore of the cross-shore transect (color code indicates where the waves are coming from) and at ADV-1 (black
curve); (c) significant wave height at the sea (thin line, 0:2 < f 6 0:3 Hz) and swell (thick line, 0:05 < f 6 0:2 Hz) bands measured by ADV-1; (d) vertical structure of the PC-
ADP acoustic backscatter at the lowest 20 cm near the seafloor, normalized by the maximum of the measured backscatter (red and blue correspond to high and low
backscatter, respectively); and (e) suspended sediment concentration measured at the level indicated by the dashed line in panel (d). In panel (d), the curve shows the moving
average of the location of the maximum backscatter which is assumed to be the lutocline and the upper limit of the fluid mud layer; thick line denotes the level of the
platform foot. ‘1’, ‘2’, and ‘3’ in panel (c) correspond to the intervals during which wave energy is increasing on the initially consolidated seafloor, fluid mud thickness is
increasing due to decrease in wave energy, and settling of the initially resuspended material and consolidation of the fluid mud layer, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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recorded (Fig. 4e), are believed to be responsible for advection of
Atchafalaya River sediment to the chenier-plain coast (Wells and
Kemp, 1981; Allison et al., 2000; Kineke et al., 2006). Fig. 4b shows
mean wave direction measured at the offshore buoy and significant
wave heights measured at the offshore buoy and the sensor at the
deepest location at the transect. The directions measured at 13 km
offshore of the transect indicate that waves were mostly from the
south (almost perpendicular to the shore) for the vast majority of
the interval shown, except during a one-day period around Febru-
ary 27th, when waves were from the north. As it might be ex-
pected, the trends of wave heights measured at the buoy and at
the transect (Fig. 4b) agree well. The level of maximum acoustic
backscatter is assumed to be the lutocline, the location of a sharp
gradient in concentration and density (black curve in Fig. 4d).
The distance between the lutocline elevation (Fig. 4d) and the level
of the platform foot is assumed to be the fluid mud thickness. The
correlation between the lutocline elevation (Fig. 4d), sediment con-
centrations (Fig. 4e), swell energy (thick curve in Fig. 4c), and west-
ward currents (Fig. 4a) is evident. The shorter and weaker event on
February 26th, with swells exceeding 0.7 m height, caused a rela-
tively small seafloor response. During the period indicated with
‘1’ in Fig. 4c, swells increasing up to 1 meter significant height
(with peak period of 7 s) and westward currents exceeding
35 cm/s (Fig. 4a) caused sediment resuspension (Fig. 4e). After
swells started to lose energy (‘2’ in Fig. 4c), measured suspended
sediment concentration stayed relatively steady, however, the
increasing fluid mud thickness (as high as 12 cm, Fig. 4d) suggests
an expected downward sediment flux within the water column.
Once the swell energy dropped below a threshold value (corre-
sponding to about 0.5 m height), observations suggest a rapid set-
tling throughout the water column and also start of the
consolidation of the mud layer (‘3’ in Fig. 4d). Overall, the
estimated thickness of the mud layer varied between 3–12 cm
throughout this event; these estimates are used as the inputs of
the mud-induced dissipation formulation in the wave model
(Section 4.1).
4. Results

4.1. Nonlinear wave model

The wave model is initialized at ADV-1 (sensor at the deepest
location), with the wave spectrum discretized into 77 Fourier
modes, the maximum frequency of which is 0.3 Hz. The thickness
of the fluid mud layer is estimated from the near-bed vertical
structure of acoustic backscatter (3–12 cm, Fig. 4d, Section 3.2);
this is used in the mud-induced dissipation mechanism imple-
mented in the wave model (Ng, 2000). Based on the results of
the laboratory experiments of wave forcing on mud samples
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collected on the Atchafalaya Shelf (Robillard, 2009), a direct pro-
portion between the fluid mud density (qm, varying between
1025–1350 kg/m3) and the fluid mud kinematic viscosity (mm, vary-
ing between 10�6–10�1 m2/s) is used to relate these two quantities
(Sheremet et al., 2011a). The only mud-related parameter left to
calibrate is the fluid mud viscosity. This parameter is varied be-
tween 10�6–10�1 m2/s in order to find its optimum value that
yields the best fit between observed and modeled spectra at fre-
quencies f > 0:1 Hz. The accuracy of the algorithm can be seen in
the comparison of the data and the model results (Fig. 5). Using
this methodology, estimates of the optimum fluid mud viscosity
are found to vary more than one order of magnitude throughout
the event of interest (Section 4.3). The optimum model estimates
of mud viscosity were then included in the analysis of the observa-
tions and the results of bottom boundary layer modeling.

4.2. Boundary layer model

Due to absence of velocity data from the PC-ADP, the bottom
boundary layer model is forced with the velocities measured at
ADV-1, the closest to the PC-ADP (Fig. 2). No significant difference
is observed between the statistics of the velocity measured at ADVs
1 and 2. The top and bottom boundaries of the model are set at
92 cm above bed, and the location of the maximum acoustic back-
scatter, respectively; the former corresponds to the location of the
ADV measurements. Input for mean current flow in the boundary
layer is specified in the model by assuming a logarithmic velocity
profile (modified in the model due to presence of waves and sus-
pended-sediment-induced stratification) with an average bottom
roughness of zo ¼ 3 cm (Sahin et al., 2012), and fitting the observed
mean current at the top model boundary. The oscillatory part of
the flow is prescribed with a sinusoidal wave with the spectral
peak frequency and an amplitude corresponding to the variance
obtained from the velocity measurements. The ‘relaxation time’
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method (Hsu et al., 2009) adjusts the pressure gradient term in
the horizontal momentum equation for a given depth-averaged
velocity (Winterwerp and van Kesteren, 2004), is used due to the
large number of cases modeled and the corresponding need for
expedient computation. Fig. 6a shows the model forcing of mean
current (thick line) and amplitude of sinusoidal wave velocity (thin
line), the latter of which largely follows the swell wave height
(Fig. 4c); Fig. 6b shows the mean current profiles the model gener-
ates. The agreement of the model with the estimates of vertical
structure of suspended sediment concentration is favorable
(Fig. 6c and d); the normalized root-mean-square error of the mod-
el calculations of sediment concentration is between 5–18%, with
an average of 9%. Results suggest that near-bed sediment concen-
trations exceeded 10 g/L (Fig. 6c and d). The similarity in trends of
sediment concentration and bottom stress is evident (Fig. 6e). With
the sudden drop in bottom stress at the end of February 29th, sed-
iment concentration throughout the water column started to de-
crease. On March 1st, 08:00, when the bottom stress was about
0.1 Pa, the concentrations in the water column were decreasing
to values less than O (1 g/L). Overall, the computed bottom shear
stress varies between 0.03–0.4 Pa (Fig. 6e). Model-data agreement
is poor during the two hour interval at 10:00 on March 1st (Fig. 6c
and d). This corresponds to a settling event due to relatively weak
flow (both currents and waves, Fig. 6a), therefore, the turbulence
generated in the model is not able to maintain the estimated sed-
iment concentrations.

4.3. Summary of the event

Fig. 7 summarizes the observed conditions and the model results
of fluid mud viscosity during the event of interest. Initially, the swell
wave energy was relatively small (Fig. 7a), the seafloor was likely to
be consolidated (Fig. 7b), and the viscosity of the fluid mud layer
(estimated from inverse wave modeling) was the maximum for
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the modeled interval (10�2.5 m2/s, Fig. 7c). An increase in swell en-
ergy between the beginning of the modeled interval and February
29th, 08:00 (Fig. 7a) augmented the near-bed sediment concentra-
tions (Fig. 7b). This increase in swell energy also softened the sea-
floor, indicated by a decrease in viscosity of more than one order
of magnitude (Fig. 7c). As swells were losing energy after February
29th, 08:00 (Fig. 7a), and bottom stresses were decreasing after
12:00 (Fig. 6e), thickness of the fluid mud layer increased until
March 1st, 00:00 (Fig. 7b). Fluid mud viscosity was still decreasing
during this interval, but at a smaller rate, and the values were O
(10�4 m2/s) (Fig. 7c). After March 1st, 00:00, as swell energy de-
creased even further (Fig. 7a, see also the decreasing current speed
and bottom stress in Figs. 6a and e), settling occurred in the water
column and fluid mud layer started to consolidate (Fig. 7b). The fluid
mud viscosity reached O (10�3 m2/s), a value smaller than the esti-
mates at the beginning of the modeled interval (Fig. 7c). This in-
crease in viscosity during the settling period is in agreement with
the trend of the viscosity estimates for the settling period modeled
by Sheremet et al. (2011a). The range of fluid mud viscosity esti-
mated from the model is 10�4.1–10�2.5 m2/s; corresponding fluid
mud density range is 1080–1210 kg/m3 which is within the range
of density of occurrence of fluid mud (Jain and Mehta, 2009; Sahin
et al., 2012). Viscosity estimates higher than those obtained on the
Atchafalaya Shelf (Sheremet et al., 2011a) suggest a different re-
sponse of mud to waves. This could be attributed to different forcing
conditions and local geology. The event studied herein is less ener-
getic with smaller wave heights and periods, and relatively short.
Although the major sediment source of the study site is the Atchafa-
laya Shelf, the cycles of resuspension/deposition of sediment during
westward advection from the shelf, resulting lower long term accu-
mulation rates at the study site, and the effect of local relict material
may cause the differences in the response of fluid mud to waves, i.e.,
viscosity of the fluid mud layer. The net wave dissipation rate across
the transect (Eq. (2), Dx = 940 m between ADV-1 and ADV-4) shows
an overall increasing trend throughout the modeled interval (Sher-
emet et al., 2011a), especially after the start of settling throughout
the water column and consolidation of the fluid mud layer (March
1st, 00:00, Fig. 7b), and reaches its maximum in the end (Fig. 7d).
Therefore, the most efficient mud-induced dissipation was observed
when the resuspended sediment settled into a fluid mud layer that
has a thickness and a viscosity (black circles in Fig. 8) between those
that are associated with an initially consolidated seafloor (small
thickness and large viscosity, blue circles in Fig. 8) and a high con-
centration layer formed due to strong wave action (large thickness
and small viscosity, red circles in Fig. 8). The net dissipation rates ob-
served (mostly 0.2–0.6 km�1) are of the same order of magnitude as
those observed by Elgar and Raubenheimer (2008) close to the pres-
ent study site (see the dissipation rates within 3–4 m depth range in
Fig. 2 in their study) and Sheremet et al. (2011a) on the Atchafalaya
inner shelf.
5. Conclusions

Interaction of surface waves with a muddy seafloor on a shal-
low, mild-slope (0.1%) shelf was studied with field measurements
of flow and near-bed conditions along a 1 km transect (average
water depth of 3.5 m), and modeled with a spectral wave model
and a bottom boundary layer model for muddy seafloors. The wave
model accounts for nonlinear energy transfers across spectrum,
which were shown to be essential in investigation of frequency-
dependent mud-induced dissipation of waves (Sheremet et al.,
2011a). The model was used in an inverse manner (Rogers and Hol-
land, 2009; Sheremet et al., 2011a; Tahvildari and Kaihatu, 2011)
in order to estimate the viscosity of the fluid mud layer which is
a key parameter that controls mud-induced wave dissipation.

Observations suggested a strong coupling between flow (waves
and currents) and near-bed fluid mud layers. Estimates of vertical
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structure of sediment concentration and boundary layer model
computations of near-bed flow parameters that are not directly
available (e.g., bottom shear stress) have been included first time
in a wave-mud interaction study to infer about bed properties dur-
ing a wave event. By using these observations, estimates and the
model results, the event of interest could be divided into three
stages that support the previous findings: (i) resuspension due to
high bottom shear stresses and increasing swell energy, (ii) thick-
ening of the fluid mud layer due to decline in wave energy, and (iii)
settling of resuspended sediment, and start of consolidation of the
fluid mud layer as swell energy and bottom shear stress decrease
further. The near-bed concentrations observed were as high as
12 g/L, which is of the same order of magnitude as the convention-
ally accepted limit of fluid mud (Mehta, 1989; Winterwerp and van
Kesteren, 2004). The most substantial dissipation effect of the fluid
mud layer (with dissipation rates of the same order of magnitude
as those reported in nearby locations, Elgar and Raubenheimer
(2008); Sheremet et al. (2011a)) was observed when the resus-
pended sediment settled to form a fluid mud layer. This is in agree-
ment with the observations and model results of Sheremet et al.
(2011a). The mud viscosities estimated during this peak-dissipa-
tion interval are smaller than those estimated for the initially con-
solidated bed, and higher than those estimated for the mud layer
that is likely to be soft during the strong wave action. The fluid
mud layer properties, even by assuming a simple viscous rheology,
were shown to vary an order of magnitude throughout a wave
event. As it might be expected, estimates of viscosity of the fluid
mud layer in the central chenier-plain coast were higher than
those obtained under more energetic conditions on the Atchafalaya
Shelf (Sheremet et al., 2011a) which experiences higher long term
accumulation rates. Therefore, assuming a constant representation
for fluid mud layers under different forcing conditions and coastal
settings may be misleading. The effect of wave direction was not
included in this study, to which model overestimation of wave en-
ergy at infragravity band is attributed (Fig. 5d); further work will
concentrate on this topic.
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Appendix A. Calibration of PC-ADP backscatter

The calibration involves estimation of a PC-ADP ‘system con-
stant’, and search for an optimized, depth-independent, ‘effective’
floc size that yields the best agreement between concentrations
measured by an independent instrument (OBS, herein) and PC-
ADP estimates. The acoustic backscatter is corrected for spherical
spreading, and attenuation due to water and sediment (Thorne
and Hanes, 2002). The system constant was shown to be insensi-
tive to floc size (Sahin et al., accepted for publication); therefore,
a constant floc size of 200 lm, the common peak of size distribu-
tion data collected on the Louisiana Shelf under varying conditions
(Safak, 2010; Safak et al., 2012), is used for estimation of the sys-
tem constant. Once the system constant is determined, floc size
that gives the best agreement between the estimated and
measured concentrations is searched in the range of 50–350 lm,
based on the previous floc size measurements (Safak, 2010; Safak
et al., 2012). The reader is referred to Sahin et al. (accepted for pub-
lication) and Sahin et al. (2012) for further details of the calibration
procedure. The calibration is done by using the data collected be-
tween 19–28 February, during which the two OBSs provided sedi-
ment concentration at two vertical levels within the profiling range
of the PC-ADP. The vertical structure of suspended sediment con-
centration is estimated for the event of interest. The estimates
from three PC-ADP measurement intervals of 10 min starting every
20 min, coinciding with each ADV measurement interval of 51 min
starting every two hours, are averaged to obtain one vertical profile
of sediment concentration for each ADV measurement interval.
The average normalized root-mean square error between esti-
mates and measurements is 13%, with a correlation coefficient of
r2 = 0.97.
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