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In steady uniform boundary layers, the dynamics of sediment resuspension and
transport are controlled by near-bed turbulence, often quantified by bed shear
stress, 1. Over the past few decades, various methods have been developed to
infer bed shear stress using noninvasive, high-resolution flow observations from
acoustic instruments. However, there is room for improvement in these
methods. This study adopts an inertial dissipation method for sediment
(IDM_Sed) to improve the accuracy of shear stress estimation from suspended
sediment concentrations (SSC) and to evaluate IDM_Sed performance in
cohesive sediment environments by incorporating more accurate, time- and
elevation-varying settling velocities. Comprehensive observations were
conducted on the Songdo tidal flats over more than one month in 2023, using
both acoustic and optical instruments. Our results suggest that the improved
IDM_Sed enhances the accuracy of computed shear stress. In cohesive
environments, this method captures trends in shear stress induced by current
velocity and incorporates influences from sediment concentration. Moreover,
the enhancement of shear stress calculation in IDM_Sed, incorporating SSC and
in-situ observed shear velocities, proposes a novel method to compute time-
varying settling velocities from shear stress.

bed shear stress, settling velocity, inertial dissipation method, suspended sediment
concentration, cohesive sediment
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1 Introduction

Bed shear stress is a fundamental factor in controlling sediment
resuspension, and near-bed turbulence acts as a primary
mechanism of flocculation, including particle aggregation and
break-up. With point measurements of turbulence, bed shear
stress can be estimated using methods such as Reynolds stress
(Launder et al., 1975; Shih et al., 1995; Stacey et al., 1999) and the
turbulent kinetic energy (TKE) method (Soulsby, 1983; Pope et al.,
2006), both of which utilize velocity fluctuation components. These
approaches are commonly applied in local bed shear stress
investigations. An alternative approach is the inertial dissipation
method (IDM_Flow), which leverages the spectra of turbulent
fluctuations and has been modified for conditions with coexisting
waves and currents and low Reynolds numbers (Grant et al., 1984;
Huntley, 1988; Stapleton and Huntley, 1995). Comprehensive
reviews of widely used methodologies, including their strengths
and weaknesses, have been conducted by Kim et al. (2000);
Boudreau and Jorgensen (2001), and Biron et al. (2004).

While previous studies have significantly advanced our
understanding of shear stress estimation, many methodologies for
shear stress estimation tend to overlook the substantial influence of
suspended sediment on turbulence dynamics. A notable exception
is Lee et al. (2003), who proposed an IDM for passive tracers
(hereinafter referred to as IDM_Sed), specifically for non-cohesive
sediment, capable of estimating the shear stress by incorporating
constant sediment properties such as settling velocity. However, this
approach focuses primarily on non-cohesive sediments and relies
on a fixed settling velocity.

Cohesive sediments exhibit dynamic properties that evolve over
time due to flocculation processes, encompassing both aggregation
and break-up (van Leussen, 1988). Among these properties, settling
velocity holds particular significance for cohesive sediments (Maa
and Kwon, 2007). Settling velocity is influenced by various factors,
including particle size, turbulence and sediment concentration (van
Leussen, 1994; Winterwerp, 1998; Fornari et al., 2016). Under low
turbulence conditions, particles settle more slowly, with Brownian
motion playing a significant role. This can lead to differential
settling, where particles of different sizes and densities separate
vertically and may aggregate under certain conditions (van Leussen,
1994; Winterwerp, 1998). In contrast, in high turbulence
environments, continuous mixing and resuspension of particles
occur, resulting in reduced or variable settling velocities and
influencing sediment distribution through particle aggregation
and breakup (Fornari et al, 2016). Additionally, as suspended
sediment concentration increases, settling velocity exhibits a non-
linear increase, particularly under turbulent conditions (Ha and
Maa, 2010).

Early attempts to measure settling velocity directly used Owen
tube calculations (van Leussen, 1999) and in situ settling chambers
(Syvitski et al., 1995; She et al., 2005). Technological advancements
have led to direct observation methods using video systems, such as
floc cameras, which calculate settling velocity based on snapshots of
individual particles (Smith and Friedrichs, 2011; 2015; Shen and
Maa, 2016). However, direct observations are limited by spatial and
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temporal coverage, prompting researchers to develop indirect
methods for estimating settling velocity. Some studies have
formulated settling velocity based on sediment concentration (C)
using the equation, wy = KC™, where K and m are constants related
to turbulence, sediment type, and salinity (Krone, 1962; Mehta,
1989; Winterwerp, 2002; You, 2004). Other methods balance the
downward flux with averaged settling velocity against the diffusive
upward flux related to sediment concentration and eddy diffusivity
(Fugate and Friedrichs, 2002). While previous studies have
introduced effective methodologies for estimating settling velocity,
both direct and indirect methods have limitations. Direct
measurements, such as those from floc cameras, allow for the
observation of time-varying settling velocity but are constrained
by temporal and spatial limitations. Indirect methods often provide
a constant value for settling velocity over time, even when using
sequential data of velocity and suspended sediment concentration
(SSC). Consequently, it is necessary to develop a methodology to
overcome these challenges.

To address these limitations, this study examines the
applicability of IDM_Sed to cohesive sediment environments with
observed settling velocity to improve the estimation of shear stress
and time-varying settling velocity. The specific objectives include: 1)
implementing the IDM_Sed in cohesive sediment environments
and comparing it with alternative methods for shear stress
calculation, 2) assessing the significance of applying realistic
settling velocity in shear stress calculations through a comparative
analysis of estimated and observed settling velocities, and 3)
evaluating settling velocities obtained through the inverse process
of the IDM_Sed with cohesive sediment.

The structure of this paper is as follows. Section 2 introduces the
background of estimating important parameters such as bed shear
stress and settling velocity. Section 3 describes the study site, the
Aam tidal channel, and the field experiment, including data
collection. Data processing and analysis are presented in Section
4. Observation results are shown in Section 5. Section 6 discusses
the application of IDM in cohesive sediment environments and the
estimation of settling velocity from IDM. Finally, the conclusions of
this study are drawn in Section 7.

2 Background

Bed shear stress (t) and shear velocity (u.) are fundamental
parameters in sediment dynamics, affecting resuspension,
deposition of sediment, and the diffusion of SSC in the water
column. The relationship between bed shear stress (t) and shear
velocity (u-) is given by T = puZ, where p is the density of seawater.
To accurately calculate bed shear stress, it is essential to remove
noise caused by oscillatory turbulence from gravitational waves, as
this turbulence can obscure the actual stress induced by underlying
currents. Separating different timescales allows for the evaluation of
shear stress induced solely by true turbulence. Moreover, the flow is
assumed to be neutrally stratified, horizontally homogeneous, and
stationary (Kim et al, 2000). Under these conditions, three
representative methods are available to estimate bed shear stress
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from high-resolution velocity observations. Two of these methods
utilize horizontal and vertical velocity fluctuations, while the third
method involves using spectra of either velocity fluctuations or SSC.

2.1 Estimating bed shear velocity from
observed velocity fluctuations

High-resolution velocity observations (u) can be decomposed
into mean component (#) and fluctuating velocity (w). The
Reynolds stress, calculated using the cross-product of observed
velocity fluctuations in the streamwise (uw/) and vertical (w/)
directions, provides an estimate of bed shear velocity (ugg):

Uspg = \/ (~uwi) )

where <> denotes the burst average. This method is ideal as
covariance provides an unbiased estimation of bottom stress.
However, potential error, including contamination from intra-
tidal frequency flows like secondary flows, must be considered
(Kim et al., 2000).

The turbulent kinetic energy (TKE) method also uses turbulent
measurements, using the three components of velocity fluctuation:

1 -
UxTKE = \/5 Cy(u? +v? +w"?) (2)

where v’ represents the lateral direction of velocity fluctuation,
and C, is a proportionality constant (C, = 0.19) (Soulsby, 1983).

2.2 Estimating bed shear velocity from
observed spectra of velocity and SSC

The inertial dissipation method (IDM) involves spectral fitting
on the velocity spectra within the inertial subrange to estimate bed
shear velocity. IDM assumed that (1) measurements are made in
steady, spatially uniform, unstratified constant stress layer; (2)
sufficient separation must exist in the inertial subrange between
the scales of turbulence production and dissipation; and (3) the
characteristic lifetimes of turbulent eddies in the inertial subrange
are much larger than the characteristic time required for eddies to
advect past the point of Eulerian measurement (Lee et al., 2003). In
IDM, shear velocity is determined by assuming a first-order balance
between shear production (P) and energy dissipation (&), utilizing
the 1D spectrum applicable to the inertial dissipation range
(Huntley, 1988; Kim et al., 2000):

___0U
—-P+e=uwl—+¢€=0 (3)
dz

where U is the current speed at depth z, averaged over wave and

turbulent time scale. From the Reynold stress (u? = —u/w/) and
_ u

logarithmic profile (g—z = K—Z), the shear velocity can be expressed as:

uy = (eKz)’ (4)

where k is the von Karman’s constant (= 0.4). In the inertial
subrange, where sufficient separation exists between turbulence
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production and dissipation, the energy flux from lower to higher
turbulence levels must be balanced by the dissipation rate (g), given
the absence of local sources or sinks for energy. This leads to the 1D
spectrum (Tennekes and Lumley, 1972):

¢a(k) = ek (5)

where k is the eddy wave number, and o; denotes the 1-D
Kolmogorov constant (o; and o, for horizontal components =~ 0.51
and oy for the vertical component = 0.69) (Huntley, 1988; Green,
1992). ¢;(k) is the spectral density of ith velocity component.
Combining Equations 4 and 5 results in:

e = o 0,09000%] ©

With the condition of % < 1, the wave-number spectra can
be translated into frequency spectra, assuming k¢;;(k) = £¢;,(f) with
k = 2nf /U, where f is frequency. Then Equation 6 becomes

13 1/2
tapv_tow = |05 £ 93(0)2mrcz/ V) )

To avoid the influence of wave, the vertical velocity from the
Nortek Vector, less affected by waves than horizontal velocity, was
utilized to calculate ¢;(f) and as U.

In well-developed turbulent flows, scalar quantities such as
passive tracers typically exhibit a consistent distribution of
spectral density across an inertial subrange of wave numbers or
equivalent frequencies. By applying the analogy between other
passive tracers and suspended sediment, Lee et al. (2003)
suggested the new inertial dissipation method for estimating bed
shear velocity from the suspended sediment concentration and
settling velocity (IDM_Sed). The dissipation rate of turbulence
fluctuation is introduced in Equation 8, with the balance between
the production of concentration variance and its dissipation, where
¢/ is the concentration fluctuation and C is the time-averaged SSC at
elevation z above the bed:

ES:—W/C/z (8)

In Equation 8, the vertical turbulence of sediment in a
horizontally uniform and fully developed turbulent flow can be
described in terms of eddy diffusivity (K) as:

oC

- 1 9C
wicl 3, 9)

Also, the vertical gradient of SSC can be expressed by the time-
averaged sediment diffusion in steady and horizontally uniform
conditions, where wy is the settling velocity, assumed to be constant
over time and height above the bed. In this approach, molecular
diffusivity (generally on order of 10" m?/s) is disregarded due to its
relatively small influence compared to eddy diffusivity (generally on
order of 10 m?/s).

9C_wi
9z K

(10)

With dimensional considerations and assuming uniform shear
stress in the z-direction, the eddy diffusivity near the bottom
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boundary layer can be described as (Tennekes and Lumley, 1972):
K =xu,z (11)

Substitution of Equations 9, 10, and 11 into Equation 8 results
in the relationship between the dissipation rate and the SSC and
settling velocity.

g, = (w,C)*/ xuyz (12)

Applying the analogy between other passive tracers such as
temperature and SSC, dimensional considerations lead to general
relationships similar to Equation 5:

o(k) = aeePEP (13)

where ¢,(k) denotes the spectral density of sediment
concentration and ¢ is an empirical constant (o = 0.71 in
atmosphere and marine boundary layer) (Sharples et al., 2001). The
similarity between Equation 5 for velocity and Equation 13 for SSC
was proven in Soulsby et al. (1984) in a tidal flow. By substituting
Equation 12 into Equation 13 and rearranging it into shear velocity
(uy) in terms of frequency spectra (such as Equation 7):

tapm_se = (WO { 0N} 2miz/UYP) 2 (15)

@s(f) is the TKE frequency spectra of SSC. The method in
previous studies (Lee et al, 2003) utilized a constant settling
velocity, failing to account for time-varying settling velocities.
Therefore, to emphasize the importance of observed settling
velocities, Equation 15 will be evaluated using two settling
velocities: a single settling velocity value calculated with Equation
16 and varying settling velocities measured by the floc camera, as
described in Section 3.

2.3 Estimating the settling velocity

The settling velocity can be calculated using Equation 10 by
applying the eddy diffusivity (K) and the profile of SSC (%5).
However, due to the challenge of directly acquiring eddy
diffusivity, Equation 10 cannot be used directly. Instead, we
decomposed the concentration (C) into its mean (C) and
fluctuating components (C’) and applied the turbulent diffusion
of sediment to obtain the settling velocity through an alternative
formulation, as shown in the equation below (Fugate and
Friedrichs, 2002; Lee et al., 2003):

wicl

Weest = T (16)

In this equation, the settling velocity is represented as the
reciprocal of the gradient, indicating the relationship between
sediment concentration and vertical turbulence of sediment. This
estimation allows the calculation of settling velocity using SSC and
vertical velocity, but only yields a constant value over time with
sequential datasets of velocity and SSC. The calculated constant
settling velocity was applied in IDM_sed (us«ipp_sed,est) and
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compared with the shear velocity computed using directly in-situ
observed settling velocities, Wy obs (UDM_Sed,obs)-

A new method to estimate time-varying settling velocity is
suggested in Equation 17, by rearranging Equation 15 based on
IDM_Sed. This approach is based on the idea that if IDM, utilizing
the actual settling velocity, effectively estimates shear velocity, then
it should also enable the calculation of time-dependent settling
velocity through shear velocity derived from other methods (TKE,
Reynolds stress). With the time-varying shear velocity, this method
calculates time-dependent settling velocity using sequential
observations of velocity and SSC:

Uy
Clow{ o)} 'f 3 2miz/UY/3) 2

In evaluating Equation 17, we use the shear velocity obtained by
using the TKE method.

WsIDM _Sed = 17)

2.4 Summary of background

In this section, we have summarized the existing methods for
calculating bed shear velocity and settling velocity. High-resolution
velocity data allow for decomposing velocity into mean (@) and
fluctuating (u’) components, facilitating bed shear velocity
calculation using Equations 1 and 2. The spectral density of
velocity, balanced between shear production (P) and energy
dissipation (¢) in the inertial subrange, enables boundary layer
flow intensity estimation, represented by shear velocity in Equations
3-7. This spectral approach extends to passive tracers, particularly
for SSC, as outlined in Equations 8-15. Settling velocity
determination can be influenced by the balance between the
vertical gradient of SSC and the downward settling flux of
sediment, incorporating eddy diffusivity as described in Equation
10. Given the challenges in estimating eddy diffusivity, Equation 11
utilizes the covariance of vertical velocity fluctuations. In this study,
we propose a new approach using IDM_Sed to estimate time-
varying settling velocity.

3 Study area and field experiment

The Aam tidal channel, extending over a length of 4.5 km, is a
semi-enclosed artificial waterway covering an area of 2 km?® in
Incheon, South Korea (Figure 1). Originally open-ocean tidal flats
in the Gyeonggi Bay until 2003, the artificial Aam tidal channel was
formed as part of the Songdo International Business District
development project, with breakwaters constructed on the
northern and southern sides and the land between them
reclaimed in 2006 (Lee et al., 2024). This reclamation led to the
formation of the tidal channel between the reclaimed land and the
pre-existing seawalls to the north and east. The channel now has a
flipped L-shape, with its seaward side connecting to the tidal flat of
Gyeonggi Bay, while its landward side is enclosed by a sluice gate
connecting to the Aam waterfront lake. The width of the tidal
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FIGURE 1

Location map of the Aam tidal channel and observation sites. (A) Map of South Korea showing the location of the Aam channel. (B) Photo of the
system support where mooring and casting surveys were conducted. (C) Photo of the instruments used for casting surveys, including the floc
camera system for observing settling velocity, the Seabird 19Plus for measuring temperature, salinity, and depth, the OBS for turbidity
measurements, and the water pump. (D) Photo of a Nortek Vector mounted on an H-frame. (E) Satellite image of the Aam channel taken before
land reclamation in 2003. (F) Satellite image of the Aam channel taken after land reclamation in 2024, indicating the observation station. The inset
shows a photo of the scaffolding platform used for casting observations.

channel varies from 30 to 100 m, and the main channel depth
ranges from 2 to 3 m.

Gyeonggi Bay is classified as a macrotidal, semi-diurnal system,
with a maximum tidal range reaching 10 m during a spring tide and
a mean tidal range of 6.5 m. The climate of the Aam tidal channel is
dominated by the East Asian monsoon. The climate is characterized
by gentle southeasterly winds and heavy precipitation during
summer, while relatively strong northwesterly winds prevail
during the dry winter. The wave climate is also controlled by the
East Asian monsoon, with wave heights inside the channel rarely
exceeding 1 m due to wave energy dissipation in the Gyeonggi Bay
(Lee et al,, 2019). Sediment within the Aam tidal channel primarily
originates from the Han River, particularly during summer,
characterized by high freshwater discharge due to intensified
precipitation (Lee and Kang, 2018; Shin et al, 2019). The
entrance of the Aam tidal channel is predominantly composed of
sand deposits, with a substantial quantity of oyster shells extending
from the channel entrance to the channel bent. In contrast, fine
sediments are primarily deposited inside the Aam tidal channel,
where the energy regime is relatively low compared to the entrance.

Field measurements were conducted using mooring observations
and casting to obtain various hydrodynamic and sediment
parameters in 2023. Current velocity, acoustic signal strength, and
settling velocity were measured through mooring observations, while
SSC was obtained from water samples collected during casting
surveys (Table 1). The first mooring observation was conducted
from April 4% o May 9th, 2023, inside the channel where cohesive
sediments dominate (Figure 1). Two additional mooring observations
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were carried out for both from May 13™ to May 22" and from June
2" to June 23" at the same observation point. A Nortek Vector was

TABLE 1 Time and instruments used for mooring observations and
casting observations.

. : Variables
Mooring Time Instruments
measured
2023-04-04 ~
Mooring 1
05-09
loci
, 2023-05-13 ~ Velocity
Mooring 2 Vector Turbulence
05-22 .
Amplitude
2023-06-02 ~
Mooring 3
06-23
Casting Time Instruments  Variables measured
. 2023-04-16
Casting 1
12:00 ~ 16:30
. Suspended
Water sampling . .
2023-04-24 sediment concentration
Casting 21730 ~ 12:30
i 2023-05-13 CTD with OBS Temperature,
Casting 3 . - ‘3
08:00 ~ 12:30 (Seabird 19+) salinity, Turbidity
2023-06-02
Casting 4
16:00 ~ 18:00
Casting 5 2023-06-16 Floc-camera Density, settling velocit
i ity, ing v i
& 14:00 ~ 17:00 (PICS) 7, settiing veloclty
Casting 6 2023-06-17
& 14:00 ~ 18:00
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deployed on the H-frame to measure current velocity and acoustic
signal strength. The Nortek Vector was installed 45 cm from the
sediment bed and collected current velocity at a sampling rate of 8 Hz
with a burst interval of 30 minutes. Each burst consisted of
4096 samples.

To measure in-situ settling velocity and SSC, 6 casting
observations were conducted over a system scaffolding platform
near the mooring station. In the profiling observation, a Seabird
SBE 19plus SEACAT profiler equipped with a Seapoint OBS was
employed in conjunction with a water pump for water sampling.
The Seabird SBE 19 plus conducted measurements of conductivity,
temperature, and depth profiles at a frequency of 4 Hz every 30
minutes during the downcast. Simultaneously, the Seapoint OBS
observed the turbidity profile, and 3 L water samples were collected
at the surface, middle, and bottom layers of the water column using
a pump to calibrate the OBS and acoustic signal strength from the
Nortek Vector. The floc camera system was deployed to capture
snapshots of settling particles to observe settling velocity. Snapshots
of settling particles were captured during 30-second intervals at 8
frames per second (Smith and Friedrichs, 2011), resulting in a total
of 240 frames and 326 MB of data per sample/observation.

4 Data analysis

All observed variables underwent rigorous quality control
procedures before being used in the analysis. Current velocity data
from the Nortek Vector were utilized to calculate both velocity
fluctuations (v, v, w’) and the dominant flow speed (U = Vu? +v*
) for the IDM. The correlation value, representing the consistency of
the acoustic signal in detecting particle movement on a scale from 0 to
100, was used to assess the reliability of the current data. Only data
with a correlation of over 80% were considered acceptable, and values
exceeding three times the standard deviation for each variable were
excluded to remove noise and statistically insignificant values.

70 A)

60

50
r=0.76

water sample (mgf1)

SSC

112 114 116

Vector Amplitude

118

FIGURE 2

y=5.64x-611.47

120

10.3389/fmars.2024.1475565

Furthermore, to ensure consistency, the current velocity data were
rotated to align the u-velocity with the major axis direction.

Acoustic signal strength that met the velocity quality control
criteria was converted to SSC by calibrating with in-situ water
samples. The water samples were subjected to vacuum filtration
using membrane filters, then dried and weighed in the laboratory to
determine the SSC. This SSC data was used to establish a regression
curve for converting acoustic backscatter to SSC. The regression
analysis yielded the equation SSC = 5.64X - 611.47, with a
correlation coefficient of 0.76 (Figure 2).

To apply the IDM for the bed shear velocity, there must be
sufficient separation between the scales of turbulent production and
dissipation in the inertial subrange. Spectrum analysis was
conducted on qualified current velocity and SSC data to examine
this separation. An example of the spectrum density of current
velocity and SSC is shown in Figure 3. The time-series data for
velocity and SSC were transformed into the frequency domain using
Fourier transforms. Frequency spectra exhibiting a -5/3 slope were
then selected for calculating the bed shears stress by the IDM. To
mitigate wave influence, the w-component of the velocity data was
used (Lee et al., 2003).

The Turbulent Kinetic Energy (TKE) method was used to
validate the IDM calculations by comparing the results from both
methods, given TKE’s known accuracy in estimating bed shear stress.
The TKE method integrates the vertical component of turbulence,
which more accurately reflects the influence of turbulence on bed
shear stress and on the settling velocity of sediments (Kim et al,
2000). Kim et al. (2000) demonstrated that TKE provided consistent
results across different heights, indicating its potential for reliable
application in various conditions. Additionally, due to turbulence’s
inherently three-dimensional nature, the TKE method captures a
broader range of spatial components of shear stress, whereas the RS
method is limited to specific stress elements, which may restrict its
application under varying turbulent conditions (Soulsby, 1983; Grant
and Madsen, 1986). In this study, spectral analysis of the w

B)
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(A) Calibration of Vector amplitude against water sample-derived SSC. (B) Settling velocity calculations using Reynolds concentration flux versus

sediment concentration.
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Spectra of vertical turbulent velocities (A) and SSC (B) measured at 45 cm above the bed. A -5/3 slope line is indicated in red for comparison. The

gray lines indicate the 95% confidence level.

component was applied to select data suitable for removing
oscillatory stress effects induced by waves, supporting the
appropriateness of the TKE method, which includes the w
component in shear stress calculations. Experimental and
numerical model validations have shown that TKE maintains a
high level of consistency between estimated and measured bed
shear stress, further supporting its accuracy in hydrodynamic
modeling (Nelson et al., 1995). These comparisons thus reinforce
the use of the TKE method over the RS method in validating IDM
bed shear stress estimates across various conditions (Gargett, 1989;
Lacy and Sherwood, 2004).

The performance of IDM was evaluated using two error
statistics: the correlation coefficient (r), representing the goodness
of fit, and root mean square error (RMSE). The RMSE was
calculated as:

RMSE = \/%Eil(u*TKE ~ Uge, 1oM)” (18)

To assess the significance of incorporating the time-varying
observed settling velocity into IDM, both the observed settling
velocity by the floc camera system and the averaged settling velocity
estimated by the balance between the downward flux and the
upward diffusive flux were utilized. Among the 46 observations
conducted by the floc camera, only 23 met the predefined criteria
for the fractal model approach, which are necessary for determining
key parameters such as fractal dimension (F), particle density (p),
and settling velocity (Ws). These criteria include a density range of
700-2600 kg/m3 and structural self-similarity, which are essential
for reliable analysis. A meticulous examination of the floc camera
videos revealed factors like vortex-induced whirling, turbulence,
platform instability, and potential valve malfunctions that caused
unusually high particle densities, leading to the exclusion of
unreliable data. Therefore, our analysis focused on a selected
group of 23 observations, comprising approximately 36,000 flocs/
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particles, which met our predefined criteria for reliable results
(Figure 4). The observed settling velocity during the period when
qualified data were available was input for the calculation of bed
shear velocity, and the averaged value of qualified settling velocity
was substituted for periods when it was not available.

A new method presented in Equation 17 was applied to estimate
settling velocities, which were validated through comparison with
field-observed velocities obtained from a floc camera. Using quality-
controlled velocity data, shear stress based on the TKE method was
calculated and then substituted into Equation 17 to estimate the
settling velocities (ws,JDM_Sed). These estimates were compared
with in-situ observations from the floc camera (ws,obs) for 19
samples, where calculated TKE shear stress and observed settling
velocities overlapped (Figure 4). For a quantitative evaluation,
correlation analysis, histogram-based distribution comparisons,
and statistical assessments using box plots were conducted.
Additionally, the Root Mean Squared Error (RMSE, Equation 18)
and Mean Absolute Percentage Error (MAPE, Equation 19) were
calculated to analyze the agreement between the estimated and
observed settling velocities.

1 Wi ops = W.
MAPE = ﬁzil s,0bs s,IDM _ Sed «100 (19)

Ws,obs
5 Results
5.1 Flow, SSC and settling velocity
The time-series of observed water depth, current velocity and
SSC are shown in Figure 5. Water depth at the measurement station
ranged from approximately 3.7 m during spring tide to 1.7 m during

neap tide. The average current velocity along the major axis, which
flows from the northwest to the southeast, was 0.09 m/s. During ebb
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camera observations overlap with quality-controlled TKE data, used for comparing settling velocities.

(]

La A) Depth + Qualified Flow data * Qualified Sediment data
S ll nstrithestAhe | bty
e o A
,\-g:g C) Minor axis velocity (v)
féi 02 1“11\“*”’”'“"r’f'rhpf RN R Ry Py Iy T A T O B P T LV IR YT
- 883 D) Vertical velocity (w)
E o, I it vt g s ik agaat [ jh i eagenmg i

Bl gt ot

- 0.04 F) Shear velocity

U.TKE °®U«RE  ® UsIDM_Flow

Eoory it s gl esoniec i) A e

+0/04 G) Shear Velocity —— U,TKE ® UxIDM_Sed_est ® UxIDM_Sed_obs
2 sl a3 & . i, . i .
£ 0.02 ” ST aeatils j i i Srass o . Sl !
= J r :I"-’f'.”l"'.'.""l }.”'ig ol [ ;’l Iy !"' 1, ljl n’, I}J I“H"Hr” ‘I‘.Illl-r,i”hljl_lH‘,l,?lll”"ll"ll"l
0 ; ;
04/09 04/14 04/19 05/14 05/18 05/22 06/03 06/08 06/13 06/18 06/23

Date (2023)

FIGURE 5

Time series of water depth, current velocity, SSC, and shear velocity. (A) Water depth. Red crosses indicate bursts qualified by IDM_Flow, while blue dots
indicate bursts qualified by IDM_Sed. (B) Major axis current velocity. (C) Minor axis current velocity. (D) Vertical velocity. (E) SSC at 45 cm above the
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tide, the velocity increased to 0.18 m/s, slightly higher than the flood
velocity of 0.10 m/s. The minor axis velocity averaged 0.04 m/s, with
0.05 m/s during ebb tide and 0.03 m/s during flood tide. The vertical
velocity was an order of magnitude smaller than the horizontal
velocities. SSC varied with the tides, peaking at approximately 110
mg/l during spring tide and dropping to a minimum of 12 mg/l
during neap tide, with an average SSC of 32 mg/l over the
observation period. Overall, both velocity and SSC were
significantly influenced by tides, with stronger velocities observed
during ebb tide compared to flood tide. The velocity asymmetry is
attributable to the artificial channel morphology, where wide tidal
flats within the channel facilitate stronger ebb currents (Lee
et al., 2024).

To evaluate the significance of in-situ sediment properties in
IDM_Sed, constant settling velocities were estimated based on the
balance between turbulence fluctuations and SSC using Equation 16
and were then compared with observed settling velocities obtained
from a floc camera during the casting survey (Figure 4). Figure 2B
illustrates this balance, with the settling velocity determined by the
slope of the relationship. The analysis shows that as SSC increases,
turbulence fluctuations decrease. Using this relationship, the
settling velocity was calculated to be 0.135 mm/s. During the
casting survey, a total of 25 sets of qualified data for SSC, floc
density, and settling velocity were obtained from the floc camera
system (Figure 4). The in-situ SSC averaged 37 mg/l, closely
matching the overall mean of 32 mg/l observed throughout the
study period. Floc density was measured at 1,945 kg/m?®, lower than
the typical particle density of non-cohesive sediment like sand
(2,650 kg/m?). The in-situ settling velocity ranged from 0.06 mm/
s to 0.36 mm/s, with an average of 0.197 mm/s, slightly higher than
the calculated value of 0.135 mm/s from Equation 16. These in-situ
settling velocities were incorporated into IDM_Sed with realistic wy
to improve the estimation of bed shear velocity.

5.2 Estimation and comparison of
shear velocities

We performed spectrum analysis on the pre-processed vertical
velocity and SSC data to investigate the separation of production
and dissipation within the inertial subrange. An example of the
spectrum density of current velocity and SSC is shown in Figure 3.
Among 3012 bursts of preprocessed velocity data, approximately
11% (324 bursts) corresponded to a slope of -5/3, indicating their
inclusion within the inertial subrange. The mean slope of the
spectra of vertical velocities within the frequency range of 0.3 to 2
Hz is -1.61 + 0.13 SE (95% standard deviation). For SSC, 125 bursts
were validated, yielding a mean slope of -1.59 + 0.18 SE.

The bed shear velocity, as determined using both the TKE
(uerke), Reynolds (u«gg), IDM_Flow (wqpm pow)> IDM_Sed with
constant, estimated w, (Wipm sedest)> and IDM_Sed with varying
observed w; (UWqppm_sed,obs) €xhibit significant variation influenced
by tidal cycles (Figure 5). The shear velocities derived from the
current velocity spans similar ranges with averaged value of 0.010
m/s for uepgg, 0.012 for u.gg, and 0.014 for wqpy_pow (Figure 5F).
The shear velocity obtained from IDM_Sed which considered
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concentration and settling velocity showed a smaller value than
obtained from the current velocity (Figure 5G). The IDM_Sed with
constant settling velocity showed an average of 0.021 m/s,
indicating the least accurate results among the methods. On the
other hand, the IDM_Sed with varying observed settling velocity
has an average of 0.013 m/s which is similar to the results from the
shear velocity obtained from the current velocity.

In this study, we compared methods for calculating shear
velocity in environments dominated by tides and composed of
cohesive sediments. For statistic comparison between the methods,
the Reynolds method (u«gg), TKE method (u«rkg), IDM_Flow
(w1pM_Flow)> and IDM_Sed methods applying both a constant
settling velocity (U«pm sedest) and varying, observed settling
velocities (Uspm_sed,obs) Were utilized. The commonly used
Reynolds stress and TKE methods demonstrated a correlation of
0.90 and an RMSE of 0.0038 m/s. Based on previous studies
showing that the TKE method, which incorporates vertical
velocity fluctuations, is more accurate than the Reynolds method
(Kim et al., 2000), the TKE method was used as a benchmark for
comparing the other methods (Figure 6). The shear velocity
estimated using the IDM_Flow method showed a correlation of
0.83 (Figure 6B), indicating that it better captured the temporal
variations in shear velocity compared to the Reynolds method
(Figure 6A). However, it exhibited a slightly increased RMSE of
0.0035 m/s. The comparison between shear velocities estimated
using the observed realistic settling velocity of cohesive sediments
and a constant settling velocity in the IDM_Sed method is presented
in Figures 6C, D. Despite using more data points, the shear velocity
estimated with a constant settling velocity (R=0.77, RMSE=0.0059
m/s) was less accurate than that estimated by the IDM_Flow
method (R=0.83, RMSE=0.0035 m/s) (Figure 6C). However, when
the varying, observed settling velocity was applied, the accuracy of
the IDM_Sed (R=0.80, RMSE=0.0045 m/s) was similar to that of the
IDM_Flow method (Figure 6D).

6 Discussion
6.1 Importance of settling velocity

Estimating shear stress is crucial for understanding sediment
dynamics, and numerous methods have been developed to calculate
it (Soulsby, 1983; Huntley, 1988; Shih et al., 1995). Different
methods have been compared based on available equipment and
environmental conditions (Kim et al, 2000), with attempts to
incorporate sediment concentration and settling velocity into the
Inertial Dissipation Method (IDM) (Lee et al., 2003). While
previous studies have explored shear stress calculations in various
energy environments (Bowden et al., 1959; Soulsby et al., 1993;
Nielsen and Callaghan, 2003), they have often neglected specific
sedimentary environments, focusing predominantly on non-
cohesive sediments (Lee et al, 2003). Due to the difficulty of
directly observing settling velocity, a single, static settling velocity
has frequently been used for shear stress calculations. However, in
cohesive sediment environments, settling velocity varies over time
and exhibits diverse characteristics (Winterwerp, 1998; Ha and
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One to one comparison of shear velocity estimates. (A) Shear velocities estimated by the Reynolds stress (u,gr) against those estimated by the TKE
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represents the one-to-one line, and the black solid line represents the regression line.

Maa, 2010). This study underscores the importance of
incorporating observed in-situ settling velocities into the IDM for
accurate shear stress estimation.

Figure 6 shows that shear velocity estimates based on a constant,
static settling velocity are less accurate compared to those obtained
using IDM, which relies on flow velocity data. This suggests that
using inaccurately estimated or incorrect settling velocities in
cohesive sediment environments compromises the reliability of
shear velocity estimates. To improve accuracy, it is crucial to use
time-varying settling velocities. This is further illustrated in
Figure 7, where shear velocity estimates using a constant settling
velocity are lower than those from IDM_TKE and IDM_Sed with
realistic wy, which use in-situ observed velocities. This discrepancy
arises because the constant settling velocity (0.135 mm/s)
underestimates the time-varying velocities observed in the results.
Conversely, IDM_Sed with realistic w;, which incorporates
observed settling velocities, aligns more closely with IDM_TKE,
reflecting both the changes in shear velocity with flow velocity and
the effects of time-varying settling velocities and suspended
sediment concentrations. Significant differences are observed
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during flood and ebb tides when current velocities are higher,
affecting turbulence and cohesive sediment characteristics.

The improved results from using in-situ observed settling
velocities highlight the importance of capturing turbulence effects
on bed shear stress. Additionally, the in-situ observed settling
velocity strongly reflects the turbulent characteristics of that
setting. Settling velocity is influenced by turbulence and its
associated small-scale interactions, as demonstrated in various
studies. Weak turbulence can increase the settling velocity of
heavy particles, with this effect becoming more pronounced as the
turbulent Reynolds number rises due to enhanced interactions with
small turbulent scales (Wang et al., 2018). In estuarine
environments, both velocity gradients and suspended sediment
concentration (SSC) significantly impact the equilibrium settling
velocity of cohesive particles. When both velocity gradient and SSC
are simultaneously considered, the explanatory power for settling
velocity improves significantly, highlighting the combined influence
of these factors on settling dynamics (Pejrup and Mikkelsen, 2010).
For cohesive sediments, turbulence can significantly increase
settling velocity, but excessive turbulent shear stress (>0.14 Pa)
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can disrupt flocs and reduce it (Ha and Maa, 2010). Thus,
incorporating in-situ observed settling velocities into the IDM is
crucial for more accurate bed shear stress estimation.

6.2 Development of a new method for
estimating settling velocity

Despite the significance of observed in-situ settling velocities in
cohesive sediment dynamics, their application has been limited due
to the challenges of observation. Direct measurement of time-
varying settling velocity requires specialized equipment (Smith
and Friedrichs, 2011; 2015; Shen and Maa, 2016) or extensive
laboratory experiments (van Leussen, 1999). This study proposes
a new method for estimating time-varying settling velocity by
leveraging the similarities between IDM using observed settling
velocities and other shear stress calculation methods (Equation 17).

Using the new method, shear stress calculated by the TKE
method was substituted into Equation 17 to estimate settling
velocities, which were then compared with field-observed
velocities from a floc camera (Figure 8). The estimated settling
velocities ranged from 0.05 mm/s to 0.38 mm/s, closely matching
the field-observed range of 0.07 mm/s to 0.37 mm/s. The histogram
shows that the frequency distributions of the observed (w; o) and
estimated (Wgpm_sea) settling velocities align closely across most
velocity intervals, indicating similar patterns in data occurrence
(Figure 8E). Additionally, the box plot further supports this, with
comparable median values and interquartile ranges, suggesting that
both datasets share a similar central tendency and spread
(Figure 8F) (Table 2). Furthermore, the Root Mean Squared Error
(RMSE) of 0.0625 and Mean Absolute Percentage Error (MAPE) of
24.34% quantitatively demonstrate the close match between the
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observed and estimated settling velocities (Table 2). The correlation
coefficient of 0.697 also indicates that the new method effectively
captures temporal variations in settling velocities. This similarity in
statistics and distribution suggests that the new method successfully
replicates the natural variability observed in the field data.

This method contributes to more accurate estimation of time-
varying settling velocity for cohesive sediments, addressing a gap in
previous studies. The findings demonstrate a clear relationship
between turbulence intensity and the settling velocity of cohesive
sediments, where settling velocity remains stable in low turbulence
but significantly increases under moderate turbulence due to
enhanced floc formation (Winterwerp, 1998; Dyer and Manning,
1999). This observation aligns well with laboratory findings,
showing that weak turbulence supports stable sedimentation,
while moderate turbulence promotes aggregation and accelerates
settling rates. The improved estimation by this method is due to
IDM_Sed’s ability to account for turbulence dissipation within the
inertial subrange (Huntley, 1988; Lee et al., 2003). This approach
integrates the impact of shear stress on settling velocity and the
influence of turbulence dissipation, aligning with previous studies
(Partheniades, 1993; Winterwerp, 2002). Furthermore, the new
method for calculating time-varying settling velocity, combined
with previous research that investigated the relationship between
turbulence and settling velocity based on the size of cohesive
sediments (Yuan et al, 2008), contributes to understanding the
temporal relationship between cohesive sediment size, settling
velocity, and turbulence. Thus, this new method provides an
efficient and reasonable estimation of time-varying settling
velocity with minimal observations. It will be valuable for future
research on cohesive sediments and turbulence, as it will
contribute to a better understanding of the characteristics of
cohesive sediments.
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6.3 Future studies for the IDM_Sed method
in cohesive sediment environments

This study utilized the IDM with SSC to estimate bed shear
stress in cohesive sediment environments, highlighting the crucial
role of accurate settling velocity. However, several limitations and
areas for further research have been identified. One key limitation of
the IDM is its reliance on stable flow conditions for accurate
application. While the study area, shielded from significant wave
events, proved suitable for this method, environments with

TABLE 2 Summary statistics for W, 1pm_sed and W, ops.

Statistic Ws, IDM_Sed WS, obs
(mm/s) (mm/s)
Minimum 0.087 0.116
25th Percentile (Q1) 0.173 0.182
Median (Q2) 0.241 0.218
75th Percentile (Q3) 0.270 0.268
Maximum 0.365 0.381
Mean (M) 0.228 0.228
Standard Deviation (SD) 0.080 0.081
Root Mean Squared Error (RMSE) 0.062 mm/s
Mean Absolute Percentage
Error (MAPE) 24.34%
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substantial wave impacts or shallow depths characterized by flow
instability or high turbulence may produce erroneous bed shear
stress estimates (Grant, 1978; Soulsby and Clarke, 2005).

Previous research has explored modified IDM approaches to
address wave-current interactions, considering the periodicity and
variability in time and space (Huntley, 1988). One straightforward
method involves using observed or empirically derived wave
periodicity to segment each wave cycle and compute averages,
thereby eliminating wave-induced fluctuations (Trowbridge and
Elgar, 2001). Additionally, techniques such as wavelet transform or
spectral analysis can extract dominant wave frequencies from the
environment, enabling the removal of specific frequencies and
mitigating wave influence on turbulence (Grant and Madsen,
1979; Soulsby, 1983). Furthermore, modeling vertical turbulent
eddy diffusivity at wave-current boundaries using IDM
characteristics based on turbulence energy distribution has also
been explored (Lee et al., 2003). Due to the study area’s lack of wave
influence, this research could not assess the impact of waves on
IDM when using observed realistic settling velocity. Future studies
should investigate the applicability of this method in environments
where waves and currents interact.

Methods for calculating shear stress using turbulence, including
the Inertial Dissipation Method (IDM), have inherent limitations
when applied to slow flow velocities. This is due to the reduced
turbulence intensity in such conditions, which makes accurate
measurements and calculations more challenging. As a
continuation of this, another limitation is related to the tidal
cycle; while the IDM is suitable during flood and ebb tides, it is
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less effective during slack tides when current velocities are weak and
turbulence is minimal. Figure 7A shows that most qualified data
were collected during flood and ebb tides, with limited data
available during slack tides for shear stress calculations. Previous
research has applied eddy diffusivity profiles in weak current
environments using combined wave-current shear velocities (Lee
et al., 2003). Future research should address shear stress estimation
in low-energy environments with weak currents, variable cohesive
sediment conditions, and restricted wave influence.

This study’s limitations, stemming from observations conducted at
asinglelocation, underscore the need for further research to generalize
the findings and broaden our understanding of hydrodynamic
processes. To extend these findings and improve our understanding
of broader hydrodynamic phenomena, it would be beneficial to
integrate insights from similar environments through prior studies,
allowing for a more comprehensive analysis of local characteristics and
variability. Furthermore, additional research on the floc properties in
this region is essential, as these characteristics significantly impact
sediment settling velocity and bed shear stress calculations. Given that
this study site is a tidally dominated, semi-enclosed, human-modified
channel, its specific environmental conditions may limit the broader
applicability of the findings. Therefore, future studies should apply the
same methodology across diverse hydrodynamic and sedimentary
settings to validate its reliability and accuracy. By analyzing the
relationships between various environmental factors and bed shear
stress in different contexts, this research approach could be generalized,
providing valuable insights into shear stress estimation in varied
environmental conditions.

7 Conclusion

The goal of this study was to improve the accuracy of shear velocity
estimation using SSC and to evaluate the performance of IDM in
cohesive sediment environments. The following key conclusions
were drawn:

1. To assess the performance of IDM_Sed in cohesive
sediment environments, we compared it with the Reynold
stress and IDM_Flow methods, using shear velocity
calculated by the TKE method as a reference. The results
showed that IDM_Flow outperformed the Reynold stress
method in estimating shear velocity. IDM_Sed performed
similarly to IDM_Flow but demonstrated improved
accuracy by reflecting changes in both flow velocity and
variations in suspended sediment concentration and
settling velocity in cohesive environments.

. To highlight the significance of using in-situ observed settling
velocities, we calculated shear velocity using both constantand
temporally varying observed settling velocities. The findings
indicated that using a constant settling velocity could lead to
overestimation or underestimation of shear velocity due to
discrepancies with the actual settling velocity. Constant
settling velocities failed to adequately reflect changes in
sediment characteristics within cohesive sediment
environments. Conversely, using temporally varying settling
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velocities accurately captured these changes and produced
more reliable results. This underscores the importance of
utilizing observed data when applying IDM in environments
influenced by varying flow velocity and SSC.

3. Despite the critical role of in-situ observed settling velocities,
estimating temporally varying settling velocity remains
challenging due to observational and methodological
limitations. The IDM method, which incorporates
suspended sediment and in-situ observed settling velocities,
has shown improved shear stress estimation. This study
presents a novel approach for deriving temporally varying
settling velocities. The calculated settling velocities using
IDM_Sed not only fell within a similar range as data from
simultaneous observations but also accurately reflected
trends. These results suggest that by calculating time-
varying settling velocity through shear velocity derived from
TKE or velocity spectra, we can enhance our understanding of
cohesive sediment behavior in such environments.
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