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Abstract Cohesive sediments exist as flocs of different sizes, which are built and destroyed through
flocculation processes including both aggregation and breakup. This study investigates sediment
flocculation processes in wave-driven Langmuir turbulence that is commonly observed in coastal ocean
through embedding a size-resolving flocculation model into a turbulence-resolving hydrodynamic model.
The specific research questions are how Langmuir turbulence affects flocculation processes and how
flocculation processes impact the spatial and size distributions of suspended cohesive sediment. The
results show that Langmuir turbulence suspends flocs in the water column and organizes flocs of different
sizes. By modulating the encounter of flocs and redistributing flocs in the turbulence field, Langmuir
turbulence enhances the aggregation and breakup rates of flocs that are located in similar regions with
high turbulent dissipation rates and suppresses those of others. As an outcome of modulated flocculation
processes, floc size distribution changes with depth and floc mass concentration profiles change with floc
size. The addition of wave breaking increases the shear rate near the surface and reduces the median floc
size and averaged settling velocity, leading to increase in total floc mass concentration in the whole water
column. Wave breaking also increases cross-shelf sediment transport by more than 15% under the
simulated conditions, which is comparable to that due to Langmuir turbulence compared to shear
turbulence. Both floc size distribution and floc concentration vary with wind and wave conditions.

1. Introduction

The transport of suspended sediment in the coastal ocean plays an important role not only in shaping coastal
topography (e.g., Schwab et al., 2013) but also in a variety of problems in oceanography related to ocean color
remote sensing (D’Sa et al., 2018), coral reef ecology (Bannister et al., 2012), oxygen and nutrient dynamics
(Moriarty et al., 2018), and the sequestration of aquatic pollutants such as spilled oil (Passow et al., 2012).
In sediment transport modeling, settling velocity is one of the key parameters (e.g., Chen et al., 2010; Dyer,
1989; Geyer et al., 2004; Harris & Wiberg, 2002; Harris et al., 2005; Sherwood et al., 2018). Sediments can
be characterized as noncohesive and cohesive. For noncohesive sediment with negligible impact of electro-
chemical or biochemical attraction (Son & Hsu, 2011), primarily composed of sand and gravel-sized material
(Shrestha & Blumberg, 2005), the settling velocity is mainly controlled by the physical properties including
particle size, shape, and density (e.g., Dietrich, 1982; Ferguson & Church, 2004; Rubey, 1933). In contrast,
for cohesive sediment, which is primarily the fine-grained mixture includingsilt, clay, fine sand, and organic
matter, the additional cohesive characteristic due to electrochemical or biochemical attraction enables indi-
vidual sediment particles to stick together to form an agglomeration of mineral and/or organic particles
called floc or aggregate (Maggi, 2005; Mehta, 2013; Son & Hsu, 2011; Winterwerp & Van, 2004). Floccula-
tion processes, which include aggregation and breakup, increase the complexity in determining the settling
velocity and other properties (e.g., size, shape, and density) of cohesive sediment (e.g., Droppo et al., 2004;
Dyer, 1989; Droppo, 2006; Mehta, 2013; Strom & Keyvani, 2011; Winterwerp & Van, 2004). Flocculation
processes are also important for suspended sediment concentration (SSC) in the water column available
for horizontal transport (e.g., Droppo et al., 1998; Sherwood et al., 2018; Verney et al., 2011). Therefore, an
accurate prediction of cohesive sediment transport requires a better understanding of flocculation processes.
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Aggregation refers to the physical process forming the flocs through bonding of smaller aggregates
and primary (clay) mineral particles (Mehta, 2013; Son & Hsu, 2011; Strom and Keyvani, 2016). The
rate of aggregation is dependent on the frequency that particles collide, particle size, salinity, and
pH (e.g., Burd & Jackson, 2009; Mietta et al., 2009; Winterwerp, 1998). As aggregation causes the
growth of sediment flocs, it also reduces the residence time of sediment particles in the water col-
umn (Burd & Jackson, 2009). Breakup refers to the separation of parent flocs into primary particles
or smaller daughter flocs by turbulent shear or interparticle collision (Dyer, 1989; Son & Hsu, 2011),
and is inversely related to yield strength of the floc (e.g., Son & Hsu, 2011; Verney et al., 2011;
Winterwerp, 1998).

Flocculation processes have been studied through field observation, laboratory experiments, and numerical
models. Particularly, a series of laboratory and field studies (e.g., Braithwaite et al., 2012; Keyvani & Strom,
2014; Strom & Keyvani, 2016) have been conducted to establish the relationship between flocculation pro-
cesses and turbulent shear rate (defined as G = \/e/_v =v/n?, with e the turbulent kinetic energy dissipation
rate, v the kinematic viscosity, and # the Kolmogorov length scale Kolmogorov, 1941). Turbulence not only
increases the growth rate of flocs by enhancing interparticle collision but also increases breakup rate by
increasing the shear stress on the floc. Braithwaite et al. (2012) measured the characteristics of turbulence
and suspended particles in an energetic tidal channel for multiple tidal cycles, and found that over each tidal
cycle, the median particle size varies approximately by a factor of 3, with the largest particles observed dur-
ing low turbulence environment at slack water. Keyvani and Strom (2014) examined the effect of repeated
cycles of high and low shear rates on the equilibrium floc size in a laboratory mixing chamber and found
that the final equilibrium floc size in the experiment depends only on the turbulent shear rate. Strom and
Keyvani (2016) measured the transient evolution of floc size in a decaying shear field representative of
generic conditions in an extended river mouth plume. They found that median floc size in decaying turbu-
lence is smaller than the equilibrium median floc size under the same shear rate. In addition to shear rate
(G), other factors including fractal dimension, floc yield strength, salinity, pH, biological content, and SSC
also affect flocculation processes (e.g., Maggi, 2007; Mietta et al., 2009; Son & Hsu, 2009; Tran et al., 2018).
Maggi (2007) proposed a power law function based on laboratory data to describe the decreasing fractal
dimension with floc size during floc growth and showed that the aggregation and breakup rates can change
to a factor of 2 or more compared to models with constant fractal dimension. Based on observations in a
variety of shear rate, pH, salinity, and organic matter content, Mietta et al. (2009) found that the median
floc size increases as the salinity increases in saline suspension at pH = 8 and also increases with increasing
organic matter content if other conditions are identical. Son and Hsu (2009) derived an analytic formulation
for variable floc yield strength and incorporated it into a flocculation model with variable fractal dimension,
with improved performance in predicting temporal evolution of floc size. Tran et al. (2018) investigated the
evolution of floc size under both steady and decaying concentration conditions when turbulent shear rate
remains constant in laboratory mixing tanks, and found that under steady concentration condition, the equi-
librium floc size linearly increases with concentration (within the range 50-400 mg/L), but the dependence
is weak at high shear rate (G=50s71). They also found that floc sizes drop quickly as a response to decay in
concentration at high shear rate (G=50s71).

Floc size distribution (FSD) is an important indicator to quantitatively examine the effect of flocculation
processes, since its temporal variation stores the dynamical information on participating flocs in the floc-
culation processes and sediment transport (Lee et al., 2012; Shen & Maa, 2017). For instance, bimodal FSD
with one peak at clay/silt size and the other at sand side indicates either the aggregation of silt and/or clay
or intense erosion events of sand (Lee et al., 2012). Moreover, for realistic sediment modeling, knowledge
of FSD is important for the selection of subordinate unimodal lognormal FSDs (e.g., Lee et al., 2012; Shen,
Lee, et al., 2018; Shen, Toorman, et al., 2018), and the median floc size (D), which is a crucial parameter.

Flocculation models have been developed based on theoretical considerations and laboratory experiments
and can be categorized into three types. The first is the single-size model: It describes the rate of change in
floc size through a linear combination of aggregation and breakup rate terms in a Lagrangian framework
and allows a characteristic floc size (e.g., median floc size) dynamically evolve with various turbulent shear
rates and initial sediment concentration (e.g., Winterwerp, 1998). The second is the model based upon a
predefined sediment distribution (Maerz & Wirtz, 2009). The second model assumes that particle size dis-
tribution follows an exponential distribution and calculates the temporal variation of the average floc size
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under various shear rate conditions. This type of model has a small number of state variables, which is effi-
cient when coupled with large-scale biogeochemical models (Maerz et al., 2011). The third type of model is
based on the population balance equations (PBEs, or size class-based model; e.g., Verney et al., 2011). This
type of model calculates the concentration of multiple sediment sizes, allowing the dynamic evolution of
FSD. The first two types of models are relatively easy to solve, but their applicability is restricted to unimodal
sediment size distribution and cannot be extended to investigate the dynamic evolution of a bimodal distri-
bution (e.g., Benson & French, 2007). Flocculation models have been coupled with hydrodynamic models
to study flocculation processes in estuarine and coastal environments (e.g., Son & Hsu, 2011; Shen et al.,
2018a; Shen et al., 2018b; Sherwood et al., 2018; Winterwerp, 2002; Xu et al., 2008, 2010). Winterwerp (2002)
implemented a single-size flocculation model (Winterwerp, 1998) in a one-dimensional vertical model to
reproduce the vertical profiles of SSC observed in a turbidity maximum in the Ems estuary. Xu et al. (2008)
implemented a size-resolving PBEs model in a one-dimensional vertical model. The same authors applied
the model in the three-dimensional Princeton Ocean Model to simulate fine-grained particle trapping in an
estuarine turbidity maximum (ETM) of the Upper Chesapeake Bay. In the same study, it was shown that
flocculation processes are the main mechanisms to cause strong tidally asymmetric SSC. Son and Hsu (2011)
incorporated a single-size flocculation model that allows variable fractal dimension and floc yield strength
(Son & Hsu, 2009) in a one-dimensional vertical model to simulate cohesive sediment suspension in the
Ems/Dollard estuary. They found that variable critical shear stress is necessary to accurately represent the
sediment supply from the bed. Lee et al. (2011) developed a two-class PBEs model to simulate the bimodal
flocculation of marine or estuarine sediments. Shen et al. (2018a) improved Lee et al. (2011)'s model to a
three-class PBEs model coupled with the three-dimensional TELEMAC-3D (Janin et al., 1992) and later
applied the model to investigate the biomediated flocculation in Belgian coasts (Shen et al., 2018b). Recently,
the flocculation model (FLOCMOD) developed by Verney et al. (2011) was implemented in the Coupled
Ocean-Atmosphere-Wave-Sediment Transport (COAWST) Modeling System (Warner et al., 2010), and was
applied in a test case of a two-dimensional salt-wedge estuary to examine the cohesive sediment deposits
beneath the ETM (Sherwood et al., 2018). The simulation showed that the ETM with floc dynamics extended
further upstream and had much smaller SSC in the bottom layer compared to that without floc dynamics.

Our study focuses on flocculation processes and their effects on the distribution of suspended sediment
in wave-driven Langmuir circulations (LC; or Langmuir turbulence) that span entire water, over shal-
low continental shelf. Langmuir circulations are along-wind counterrotating vortex pairs and arise from
the interaction between ocean surface gravity waves and wind-driven currents (D’Asaro, 2014; Leibovich,
1983). They influence the flocculation processes of sediments in two ways: One is through modifying tur-
bulent shear rate (G) in the water column, and the other is through redistributing sediments. To our best
knowledge, no study has examined flocculation processes in Langmuir turbulence that is distinctly differ-
ent from turbulent flows in laboratory environment. The specific objectives of this study are (1) to develop a
coupled-turbulence-flocculation model which resolves the floc size and concentration distributions in con-
tinental shelf, (2) to examine the effect of Langmuir turbulence as well as wave breaking on flocculation
processes, and (3) to study the effect of flocculation processes on the fate of suspended cohesive sediment
transport due to Langmuir turbulence. The rest of the paper is organized as follows. Section 2 describes
the coupled-turbulence-flocculation model and its configuration. Section 3 presents the results of a bench-
mark model run that includes flocculation processes, wave-driven Langmuir turbulence, and wave breaking.
Section 4 discusses the effects of wave breaking, turbulence type, erosion fluxes, and settling velocities on
floc distribution through comparing results from benchmark case and those from systematically varying
different processes. Section 5 is conclusions.

2. Model Description and Configuration

2.1. Model Description

A coupled large eddy simulation (LES) floc model is developed. The model resolves the three-dimensional
turbulence structure, temporal and spatial variations of floc size and concentration. The details of this model
are described in this section.

2.1.1. LES Model

Turbulent flow in the oceanic surface boundary layer is simulated using the National Center for Atmospheric
Research LES model (McWilliams et al., 1997; Sullivan & McWilliams, 2010). The model solves the filtered
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wave-averaged Navier-Stokes equations (e.g., McWilliams et al., 2012; Suzuki & Fox-Kemper, 2016):
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where u; = (u,v,w) are the resolved (filtered) velocity components along x (downwind), y (crosswind), and
z (positive upward) directions, respectively; ey is the Levi-Civita symbol; z = :éo + %e + %[(u o+ u;?t)z —u;u;]
is the generalized pressure field (e.g., Sullivan et al. 2007) with resolved pressure p, and Stokes drift ujs.‘ =
(us,0,0) along x, y, and z directions, respectively; e is the subgrid-scale (SGS) turbulent kinetic energy cal-
culated following Sullivan et al. (2007); the SGS viscosity is calculated without the near-surface correction
(Sullivan et al., 1994); (w,, ®,, ;) =V X (U,v,w) are the resolved vorticities; Ty are the SGS fluxes related
to the SGS turbulent kinetic energy using equation (2) (Sullivan et al., 1994); and instantaneous turbulent
kinetic energy dissipation rate e is calculated following Sullivan et al. (1994) (see their equation (11)). The
seawater density is assumed constant in this study. While wave breaking is not explicitly simulated, its inte-
gral effect on turbulent kinetic energy is modeled as input forcing W¥ that is obtained by using the stochastic
breaking wave model of Sullivan et al. (2007). In the breaking wave model, the breaking wave energy flux
(W1 in equation (2)) is calculated using the formula proposed by Terray et al. (1996) and is a function of
wind stress and wave age. Similar approach has been used in McWilliams et al. (2012).

The model has been extensively applied to study the ocean surface boundary layer turbulence driven by a
variety of surface and lateral boundary conditions (e.g., Hamlington et al., 2014; Harcourt, 2015; Liu et al.,
2018; McWilliams et al., 2012, 2014; Sullivan et al., 2012; Van Roekel et al., 2012) and produces results that
agree with in situ observation (e.g., Fan et al., 2018; Liang et al., 2017). It has also been applied to study
neutrally (e.g., Smith et al., 2016) and positively buoyant tracers (e.g., Brunner et al., 2015; Liang et al., 2018).
2.1.2. Sediment Model With Flocculation Processes

The balance equation for the mass density of flocs based on the Smoluchowski framework (Burd & Jackson,
2009; Jackson & Burd, 2015; Von, 1916) is as follows:

67—’(7?,F,t)_1/r m>
ot "2 ) m2m/
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™ 3)
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where F(X,T, t) is the mass density function (Berry, 1967) at spatial position X = (x, y,z) and time ¢ for mass
grid I' =In r with r the radius of flocs of mass m (see equation (13) for the relationship between I" and m),
I', is the first mass grid, K is the aggregation kernel that describes the rate of floc collision, Q is the size
distribution of daughter flocs, P is the breakup frequency, and wy is the settling velocity of the floc. For the
flocs of mass m, the first term on the right-hand side (RHS) of equation (3) represents the increase in the flocs
due to the aggregation of flocs of mass m, and m' (m=m,+m’); the second term represents the decrease
in the flocs due to aggregation with flocs of other sizes; the third term represents the increase in the flocs
due to breakup of larger flocs; and the fourth term represents the decrease in the flocs due to breakup per
se. The rest of terms on the RHS represents advection, SGS diffusion (Sullivan et al., 1996), and settling of
flocs, respectively. As shown in section 4, the mean floc mass concentration in the water column is below
O(1) gL, and therefore, the interaction between sediment and turbulence (e.g., Ozdemir et al., 2010) is
ignored. The balance equations for multisize particulate tracers have previously been implemented in the
LES model to study gas bubbles (Liang et al., 2011, 2012, 2013).

Aggregation occurs when particles collide. There are mainly three collision mechanisms: Brownian motion,
differential settling, and the effect of turbulent flows (e.g., Maggi, 2005; Winterwerp, 1998). Random motions
of particles can cause the mutal collision (Brownian motion). Settling flocs with higher settling velocity are
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able to sweep the small suspended flocs with lower settling velocity to the bed while growing/diminishing
in size (differential settling) (e.g., Lick et al., 1993; McCave, 1984). The flocs carried by the turbulent eddies
may collide with other flocs in the water column. The last among the three is the most important in estuaries
and coastal areas (Winterwerp, 1998). The aggregation kernel K in equation (3) (unit: m3s~!) is a linear
combination of Brownian motion, differential settling, and turbulent shear effects (Burd & Jackson, 1997;
Maggi, 2005):

K= a,(Ky+ Kp+Kp) (4)
with
kT, (ri+71,)°

Ip=2e ®)

3 u Ry
Kp =7+ 1)’ w] —w|, (6)

Kr= 4G 3
T=3 (ri+1r), @)

where a;; is the collision efficiency (the probability that flocs would aggregate during collision) (Droppo
et al., 2004); Ky, Kp, and K are the collision rates due to Brownian motion, differential settling, and tur-
bulence shear (Hill et al., 2001; Maggi, 2005), respectively; kg is the Boltzmann constant; T, is the absolute
temperature; r; and r; are the radius of flocs in size bin i and j, respectively; w] and wj are the settling veloc-
ity of flocs in size bin i and j, respectively (Xu et al., 2008). While the collision efficiency is usually assumed
as a constant in previous studies (e.g., Verney et al., 2011; Xu et al., 2008), here it is calculated as a function
of floc size and shear rate following Soos et al. (2007) to account for the hydrodynamic effect due to floc size
(e.g., Bibler et al., 2006; Kusters, 1991):

exp(_Al(l - :_;)2) ri + rj Az A
ai,j = al,l (rr—)Az exp —< A4 ) G s (8)
il'j
2

1

where «, ; is the aggregation rate prefactor for doublet formation (Kusters, 1991; Soos et al., 2007), and
values of parameters (A4;, A,, A5, A,, and A;) are estimated by fitting the model to the published laboratory
experimental data at equilibrium state (see the appendix and cf. Table 1 in Soos et al., 2007). The effect of
Brownian motion is negligible in estuaries and coastal regions (e.g., McCave, 1984; van Leussen, 1994). The
effect of differential settling is important only when turbulence is weak and is mostly observed during slack
tide (e.g., Eisma & Li, 1993; Lick et al., 1993). Therefore, the effects of Brownian motion and differential
settling are not considered in this study (i.e., Kz = 0 and K}, = 0) (e.g., Verney et al., 2011; Xu et al., 2008).

Settling velocity wy is calculated as a function of floc size following Sternberg et al. (1999):
w,; = 0.0002(D;)"*, 9)

where D; is the floc diameter in pm and wy; in mm s7L. Here equation (9) is the best fitting curve between the
measured settling velocity and suspended floc size obtained from in situ observation, whereby the sediment
sample contained approximately 67% silt and 23% clay (Sternberg et al., 1999). The measurement was taken
in relatively low turbidity (~70 mgL~! at 100 cmab (cm above bed)) and energetic flow (an average cur-
rent speed of 11.6 cms™! at 100 cmab and a mean tidal range of 1.4 m) environments (Ogston & Sternberg,
1999). Similar relationship between the observed settling velocity and floc size has also been reported in
other relatively low turbidity environments (e.g., Hill et al., 1998; Mikkelsen et al., 2007). In this study, the
simulated median floc size in the benchmark run is between 200 pm and 300 pm and is within the size range
(130-740 pm) of particles used to derive equation (9) (Sternberg et al., 1999). Equation (9) implicitly includes
the effect of fractal structure of flocs on the floc density. However, we are not able to obtain the actual frac-
tal dimension from this observation taken in the realistic turbulent environment, and we assumed fractal
dimension is 2.0 following previous studies (e.g., Xu et al., 2008). Alternative relationships between settling
velocity and floc size are available in the literature, with modifications for the fractal structure of flocculated
sediment (e.g., Khelifa & Hill, 2006; Strom & Keyvani, 2011; Winterwerp, 2002). Sensitivity tests on settling
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velocity are conducted in this study (section 4.3), since small uncertainties in the floc size can lead to sig-
nificant differences, which are as large as 2-3 order of magnitude, in settling velocity measured from both
fields and laboratory (e.g., Strom & Keyvani, 2011).

The breakup frequency P (unit: s71) is calculated as (Xu et al., 2008):

®; o 3—Nf
m=o(2) (1) (10)
N, T, ry

where £ is a tunable breakup parameter (see Table A2); 7, = uG is the turbulence-induced shear stress, with
w the dynamic viscosity; 7, = F, / 4rl.2 is the strength of the floc, with F, » 1071° N the estimated yield strength
(Winterwerp, 1998; Xu et al., 2008); Ny is the fractal dimension, and ¢; the power of the ratio of (z,/ ry).
Breakup frequency increases with parameter ¢;. In Xu et al. (2008), ¢; is 0.5. In this study, a modification on
the coefficient g; is applied following Kuprenas et al. (2018) considering that the equilibrium size of flocs is
limited by the Kolmogorov length scale:

Di
(pi=C1+C27, (11)

where C, and C, are constant, D, is the diameter of the floc with mass m;,and y = (v*/€)'/* is the Kolmogorov
length scale (Kolmogorov, 1941). Equation (11) reduces to ¢ = C; =0.5, similar to equation (3) in Xu et al.
(2008) when D; < 5. The second term on the RHS of equation (11) leads to a significant increase in breakup
frequency when D, approaches n (Kuprenas et al., 2018), which results in better comparison with laboratory
measurements.

The binary breakup is used as the size distribution of daughter flocs in this study, which is defined as (Zhang
& Li, 2003) follows:
ml
2 ,when m = —,
QI = 2 (12)
0, otherwise.

The effect of the size distribution of daughter flocs on floc dynamics has been investigated theoretically
and numerically (e.g., Maggi, 2005; Spicer & Pratsinis, 1996; Zhang & Li, 2003). Zhang and Li (2003) tested
three types of distribution functions of daughter flocs including binary, ternary, and normal distributions
and found that the choice of distribution function of daughter flocs did not cause significant difference in
the steady-state FSD. Sensitivity tests showed that ternary breakup leads to smaller median floc size (less
than 15%) compared to that due to binary breakup, consistent with the results of Zhang and Li (2003).

The mass of floc in each size bin i (diameter D) is calculated as (Kranenburg, 1994) follows:
DM
=, Ip3( =L
mt—PS6Dp<Dp> , (13)

where p, = 2,650 kgm~3 is the density of primary particle and D, is the diameter of the primary particles.
Equation (13) includes the effect of fractal structure of the flocs. Primary particles are the individual particles
that have a size range 0.25-4 pm (Shen et al., 2018a). In this study, the diameter of primary particle in this
study is selected as 0.5 pm (D), = 0.5 pm), which is uniform in our computations.
The density of floc in size bin i is calculated following the relation proposed by Kranenburg (1994):
Dp 37Nf
Pri=p+ps—p) D , (14)
i

where p;; is the density of floc in size bin i and p is the density of seawater.

Following Xu et al. (2008), equation (3) is discretized on a logarithmically equidistant mass grid:
My = Amy, k=1,..,n, (15)

where n is the total number of bins for floc size spectrum and 4 = 2 meaning floc mass doubles every size bin.
Thus, the interval between I" grid is a constant, thatis, AI', = d(Inr) = Inr, —Inr, =InA/N - The values
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for parameters in flocculation models are still under debates (e.g., Burd & Jackson, 2009; Son & Hsu, 2009;
Verney et al., 2011; Xu et al., 2008). Here we select the parameters (Table A2) based on the best comparisons
we obtain by comparison with available laboratory results (Table A1l).

Zero-flux boundary condition is imposed at the surface for equation (3), and the bottom boundary condi-
tion is specified as erodible seabed, whereby the net vertical sediment flux at the seabed is the difference
between the erosion (E,;) and deposition (E,;) fluxes. Erosion flux is calculated following Ariathurai and
Arulanandan (1978):

Tcr,i .
Eg; = Ey(1 — p)————,if Typ > T (16)

Tgr —
Tcr,i

where for each floc size bin i, E; is the surface erosion mass flux (kgm=2s7!), E, is the bed erodibility
(kgm~2s71), ¢ is the porosity, 7, is the critical shear stress (Pa) calculated following Soulsby et al. (1997),
and 7 is the total skin friction bottom stress (Pa) calculated following Warner et al. (2008). The fraction
of each sediment class is evaluated from published in situ observation in an inner-shelf region (Law et al.,
2008, T35 in Figure 3B), and interpolated into each size bin.

Deposition flux is calculated as follows:
Eyi =wg,C, 17)

where C; is the mass concentration of floc in size bin i at the bottommost grid cell. Equation (17) implies
the assumption that there is no concentration gradient in the bottommost computing grid. The assumption
is valid for large particles and may not be true for fine particles (e.g., Sanford & Halka, 1993). Equation (17)
also suggests that the deposition flux is dependent on the vertical resolution of the bottommost grid since
the bottom boundary layer often shows high gradients in C; (e.g., Sherwood et al., 2018; Warner et al., 2008;
Schulz & Umlauf, 2016). However, this does not qualitatively affect the model results.

To avoid the unphysical oscillation in scalar field associated with the use of spectral method and retain
the high accuracy of pseudospectral method for the velocity field, a hybrid spectral/finite-volume scheme
(Chamecki et al., 2008) is implemented in the National Center for Atmospheric Research LES model for
this study. In the scheme, tracer equation is discretized on a finite-volume grid, and dynamic equation is
discretized on a pseudospectral and finite-difference grid and then interpolated to the finite-volume grid
for tracer equation. Here we briefly describe the procedure by Chamecki et al. (2008) for velocity interpola-
tion (only horizontal components needed for interpolation because of the staggered grid for velocity) from
the spectral grid onto the finite-volume grid. The local derivatives (e.g., % and %, where U and V are
the horizontal velocity components at the center of the cell faces) are calculated using the nonlocal (spec-
tral) derivatives (e.g., (Z—z)slf’eC and (3—)‘2)5?“) instead of the spectral velocity field (u and v), which makes the
conservation of mass satisfied on the finite-volume grid. Applying the above scheme to all the cells along
the horizontal direction given that the interpolated velocities (U and V) are shared by the two neighboring
cells, a linear system of equations for interpolated horizontal velocity are obtained, and can be solved by
imposing the average of interpolated horizontal velocity with the averaged original (u and v) velocity along
the same direction (for more details, refer to Chamecki et al., 2008). The tracer equation is simulated by
finite-volume method with the advection term using the bounded third-order upwind interpolation scheme
SMART (Gaskell & Lau, 1988) following the implementation approach by Waterson and Deconinck (2007).
The hybrid spectral/finite-volume scheme has been applied to study the evolution of spilled oil in ocean
surface boundary layer turbulence by Yang et al. (2015).

2.2. Model Configuration

The model is configured on a rectangular computational domain of 100mXx100mx15m with
100 x 100 x 96 grids. The horizontal grids are evenly spaced and the vertical grids are stretched with the
finest resolution close to both boundaries. Increase in grid resolution and domain size does not change
the flow dynamics. The time step is dynamically determined by the Courant-Friedrichs-Lewy condition
(Sullivan et al., 1996). In this paper, we choose 10ms™! as the wind speed at 10 m above the surface, cor-
responding to a wind stress () of 0.159 Nm~2, and a surface friction velocity (u.) of 0.0126 ms™, using
the drag law by Liu et al. (1979). No-slip boundary condition is applied at the bottom. Earth's rotation is
not considered following previous LES studies of coastal ocean turbulence (e.g., Grosch & Gargett, 2016;
Tejada-Martinez & Grosch, 2007). There are 27 floc size bins ranging from 0.5 pm to 4096 pm, with floc
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Table 1

Model Configuration for Different Simulations

Case Flocculation Wave breaking Langmuir turbulence Erodibility E, [x10™* kgm=2s71] Settling velocity W, [ms™!]
BM Included Included Included 5 Equation (9)

Bl — Included Included 5 Equation (9)

B2 Included — Included 5 Equation (9)

B3 Included Included — 5 Equation (9)

S1 Included Included Included 0.5 Equation (9)

S2 Included Included Included 50 Equation (9)

S3 Included Included Included 5 0.1 x Equation (9)

S4 Included Included Included 5 10 x Equation (9)

Note. The benchmark experiment (Case BM) includes flocculation processes, and is driven by both wind and equilibrium wind wave including wave breaking.
Cases B1, B2, and B3 are the experiments excluding flocculation processes, wave breaking, and wave-driven Langmuir turbulence, respectively. Cases S1 and
S2 are the sensitivity tests on erosion fluxes. Cases S3 and S4 are the sensitivity tests on settling velocities. Em dash (—) denotes processes that are excluded.

density ranging from 2,650.0 kg m~3 to 1,025.7 kg m~3. The density of the primary particle (D, =0.5 ym) is
2,650.0kgm~3. Flocs are assumed to be composed of primary particles, and mass of flocs larger than the
maximum bin size is added to the largest size bin. In our simulations, further increase in the largest floc size
does not affect the results. A series of simulations are conducted to assess their individual role on floc size
and spatial distributions, and are summarized in Table 1. The benchmark experiment (Case BM) includes
flocculation processes and is driven by both wind and equilibrium wind wave including wave breaking. Case
B1, B2, and B3 are the experiments that exclude flocculation processes, wave breaking, and wave-driven
Langmuir turbulence, respectively. As mentioned previously, parametric sensitivity tests are conducted due
to inherent uncertainty in the adopted flocculation model. Cases S1 and S2 are the sensitivity tests on ero-
sion fluxes by decreasing/increasing the erodibility by a factor of 10, respectively. Cases S3 and S4 are the
sensitivity tests on settling velocities through decreasing/increasing the settling velocities by a factor of 10,
respectively. Only one factor was changed in each sensitivity test, while other model parameters are kept
the same as those in the benchmark case. The initial suspended mass concentration is set to 0 for all size
bins. The water column is well mixed. All the simulations start from a fully turbulent field, which comes
from a spin-up run without flocs. All the statistics are averaged over 10 hr after equilibrium is reached.
The turbulent Langmuir number [La = (u./u,)?, u, = us(0)] is 0.31 for wave-driven Langmuir case, and
the Stokes drift uS(z) is calculated based on linear wave theory without shallow or deep water approxima-
tion (see equation (3) in Lentz & Fewings, 2012). The wavelength is 24.94 m with significant wave height
H;=1.63 m and peak wave period T, =4.0s.

3. Results

To understand the effect of flocculation processes on floc distribution, we begin the analysis by first examin-
ing the instantaneous flow field and floc distribution (section 3.1), followed by statistical moments of total
floc mass concentration (section 3.2) in the benchmark case (Case BM), which gives an overview on how
wave-driven Langmuir turbulence affects the spatial distribution of flocs. The moments are based on tempo-
ral and horizontal average and denoted by angle brackets (( )), including the mean, variance, and skewness
for floc mass concentration. Then the size and vertical distributions of floc mass (section 3.3) are presented
to demonstrate the effects of flocculation processes on FSD as well as spatial distribution of floc mass. Bud-
get profiles of floc mass concentration are shown to interpret the role of flocculation processes (section 3.4).
The effects of turbulence on aggregation and breakup rates are discussed in the end (section 3.5). For the
convenience of analysis, a resolved field y is decomposed into a temporal average over horizontal (both x
and y) directions (y), and the deviation (y') from (y), that is, y = (w) + y'; average of y over the water
column is denoted by subscript v, thatis, y, = ﬁ /ho(w)dz, where |h| is the water depth (15 m) of the compu-
tational domain; and a variable normalized by its depth-averaged value is denoted by hat, thatis, { = v /y,,.
We use C; = F; - dInr to denote the mass concentration (g L") of flocs in individual size bin i, and use C; to
indicate the SSC, that is, the sum of floc mass concentration for all size bins.

3.1. Instantaneous Fields of Vertical Velocity and Floc Mass Concentration
Langmuir turbulence in shallow water has been extensively investigated in existing studies (e.g., Kukulka
et al., 2012; Shrestha et al., 2018; Tejada-Martinez & Grosch, 2007). We here show only the instantaneous
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Figure 1. Three-dimensional instantaneous snapshots of (a) normalized vertical velocity (w/u-), (b) normalized
dissipation rate (¢|h|/ ui ), and (c) normalized total floc mass concentration including all size bins (C/C;,,, where C;, is
the depth-averaged total floc mass concentration) in Case BM. The vertical depth (z) is normalized by |h|, while L, and
L, are the lengths of the computational domain along downwind (x) and crosswind (y) directions, respectively. The
arrow in panel (a) indicates the deviation of horizontal velocity from the average over the horizontal plane.

snapshots of normalized vertical velocity (w/u.) (Figure 1a, and also see Figure S1 in the supporting infor-
mation) and normalized turbulent kinetic energy dissipation rate (¢, referred to as dissipation rate for short
hereafter, normalized by u?/|h|) (Figure 1b) in Langmuir turbulence to facilitate the discussion of its effect
on flocculation processes. The full-depth wave-driven Langmuir cells are shown as alternating downward
(negative) and upward (positive) vertical velocities in y-z plane and streaks of downward velocities in x-y
plane (Figure 1a). In addition, there are enhanced downwind flows close to the seabed below the down-
welling branch (not shown), consistent with previous studies (e.g., Gargett & Wells, 2007). The presence of
wave breaking greatly increases the dissipation rate (¢) mainly near the surface, at which the dissipation
rate is higher in the downwelling region than that in the upwelling region (cf. Figures 1a and 1b). The dis-
sipation rate away from both boundaries is relatively low compared to that close to the surface and seabed
(Figure 1b). Therefore, turbulent shear rate (G= \/e/_v, here € is the local value calculated from the LES
model) is spatially nonuniform in Langmuir turbulence, different from the homogeneous turbulence in a
laboratory experiment. High turbulent shear rate increases both the floc collision rate (equation (7)) and
breakup frequency (equation (10)), which leads to the change in floc size and spatial distributions, in addi-
tion to the rates of aggregation and breakup. When the Langmuir circulation occupies the entire water depth,
the near-bed convergence zone below the upwelling branch serves to sweep suspended sediments into down-
wind rows along the seabed. Some of the collected suspended sediments are mixed into the water column
by the upwelling flow. Consequently, higher total concentration of suspended sediments (Figure 1c) is in
the form of upwelling plume and collocates with the upward branch of Langmuir circulation that reaches
the seabed, consistent with previous observations (Gargett et al., 2004).

Figure 2a shows the near-bed instantaneous snapshot of normalized total floc mass concentration
(és(x, y)=C,(x, y)/C,,). Floc distribution in Langmuir turbulence is strongly nonhomogeneous and is dif-
ferent from the usual laboratory setting where flocs are well mixed. Near the seabed, suspended flocs are
mainly concentrated in the stripes in the downwind direction. The stripes are located in the near-bed conver-
gence zone (below the upwelling branch of Langmuir circulation), characterized by the transitional region
between positive and negative normalized crosswind velocity fluctuation (v' /u.), for example, at around
¥/L,=0.5 (L, is the length of the computation domain along crosswind direction) in Figure 2b. The total
floc mass concentration is relatively small in the near-bed divergence zone (below the downwelling branch
of Langmuir circulation), indicated by the transitional region between negative and positive normalized
crosswind velocity fluctuation (e.g., at approximately y/L, = 0.75). The horizontal distribution of floc mass
concentration is different for different floc sizes. For instance, the horizontal distribution of primary parti-
cles (D, = 0.5 pm, Figure 2c) are more homogeneous near the seabed than other flocs (Figures 2d-2f). This
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Figure 2. Two-dimensional instantaneous (x-y plane) near-bed (z =-14.85m, that is, 0.15 m above the seabed) snapshots of (a) normalized total floc mass

concentration (Cy(x, y)=C,(x, y)/

s,V

C,,» Where C;, is the depth-averaged total floc mass concentration), (b) normalized crosswind velocity fluctuation W )/ us),

and normalized floc mass concentration (C(x, y)/C;,) in individual size bin, including: (c) D= 0.5 pm, (d) D=181.0 pm, (¢) D= 362.0 pm, and (f) D=724.1 pm
in Case BM. Here L, and L, are the lengths of the computational domain along downwind (x) and crosswind (y) directions, respectively.

is mainly because primary particles have larger erosion flux and smaller settling velocity than other flocs.
Since the largest size of flocs eroded from the seabed is 90.5 pm in the benchmark case (the erosion flux in
individual size bin is available in Figure S4 in the supporting information), local concentration of flocs larger
than 90.5 pm (e.g., D=181.0 pm in Figure 2d) is determined by the aggregation of smaller flocs, breakup
of larger flocs, floc settling, and transport due to Langmuir turbulence. In addition, higher total number of
flocs in the near-bed convergence zone leads to more floc collisions and potential for faster growth of flocs
and thus larger median floc size than that in the near-bed divergence zone. Therefore, concentration for
D =181.0 pm (Figure 2d) is smaller than that for D = 362.0 pm (Figure 2e) in the near-bed convergence zone
but is larger in the near-bed divergence zone. For flocs even larger (e.g., D=724.1 pym in Figure 2f), they
settle to the seabed rapidly due to fast settling velocity. Since they are more easily to be torn apart by turbu-
lent eddies, the mass concentration for D =724.1 pm is small and there is a large gap of low concentration
between near-bed convergence zones.

The size-dependent horizontal nonhomogeneity of floc mass concentration due to Langmuir turbulence and
flocculation processes is important for the transport of nutrients (e.g., Moriarty et al., 2018) and pollutants
(e.g., Passow et al., 2012) in coastal areas, because it is possible that those materials attached to flocs of differ-
ent sizes can either be trapped in the near-bed region, or suspended into upper column through upwelling
plumes by full-depth Langmuir turbulence and transported toward the shoreline by onshore currents. The
depth-dependent flocculation dynamics in Langmuir turbulence is also important for the vertical distribu-
tion of frazil ice (e.g., Drucker et al., 2003) and phytoplankton (e.g., Dierssen et al., 2009), which may further
affect the light penetration and carbon export.

3.2. Statistics of Floc Mass Concentration

In this subsection, profiles of concentration statistics are used to characterize the floc distribution in Lang-
muir turbulence. The normalized total floc mass concentration ((és) =(C)/C;,) is the lowest near the
surface (z/|h| > -0.1) and is the highest near the seabed (z/|h| < —0.9) (Figure 3a). Away from both bound-
aries (0.9 <z/|h| <-0.1), (és) is generally uniform (Figure 3a). The total concentration in the midregion
can be as high as approximately two thirds of that near the seabed, which results from strong nonlocal
vertical mixing due to coherent LC structures (Figures 1a and 1c). The normalized variance of total floc
mass concentration ((C:SZ,) = (Csz, Y/ CS%V) is the smallest near the surface and is the largest near the seabed
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Figure 3. Vertical profiles of (a) normalized mean floc mass concentration ((C;)=(C,)/ Cs,» Where Cg , is the
depth-averaged total floc mass concentration), (b) normalized variance of floc mass concentration fluctuation

((C;z, )=(C3)/C2,), and (c) skewness of floc mass concentration fluctuation ((C3)/(C2)3/2). Vertical axis is the depth
normalized by |h|.

(Figure 3b), implying that floc mass is horizontally more homogeneous near the seabed than away from
it. The skewness ((CS3,) / (CSZ, )3/2) of total floc mass concentration is positive throughout the water column
(Figure 3c), indicating the region of low concentration is broader than the region of high concentration
(Figure 1c).

3.3. Size and Vertical Distributions of Floc Mass

Figure 4a shows vertical profiles of FSD. There are three regions that have different FSDs due to difference
in hydrodynamic conditions (e.g., dissipation rate e, Figure 1b): (1) near-surface region (z/|h| > —0.1) where
the median floc size is smaller than that away from the surface because of the enhanced dissipation rate (or
shear rate) due to wave breaking; (2) near-bed region (z/|h| < —0.9) where the median floc size is larger than
that in near-surface region as a result of smaller dissipation rate; and (3) midregion (-0.9 <z/|h| <—0.1)
where the median floc size is larger than that near the surface and seabed because dissipation rate is rela-
tively low compared to that in the other two regions (vertical profile of mean dissipation rate is available in
Figure S5 in the supporting information).

Although normalized total floc mass concentration is small near the surface and large near the seabed
(Figure 3a), similar to the vertical distribution of noncohesive sediment without flocculation processes (e.g.,
Warner et al., 2008), the profile of normalized mean mass concentration of flocs in individual size bin
(C)= (C;)/C;,,, where C; , is the depth-averaged mass concentration in corresponding size bin i) can be very
different from that of total flocs ((és)) because FSD changes with depth (Figure 4a). For primary particles,
(C’i) increases with depth (Figure 4b). The value of (éi) in the upper part of the water column is less than
10% of that near the seabed. The large difference in (C,) between the midregion and near-bed region is a
result of source from bed erosion. Without the bed source, the distribution would be uniform with depth as
settling speed for the primary particles is small (~6.9x10~5 mm ™). For D = 16.0 um (Figure 4c), (C,) profile
is similar to that of primary particles. For both D =90.5 pm (Figure 4d) and D =181.0 um (Figure 4e), (éi)
near the surface is higher than that in the midregion. For D =362.0 pm (Figure 4f), there is a sharp gradi-
ent in (éi) near the surface as the dominant floc size near the surface is smaller than 300.0 pm (Figure 4a).
For D=724.1 pm, (C’i) is smaller near the surface and seabed and is relatively high and more uniform in the
midregion (Figure 4g), because smaller shear rate (G) in the midregion leads to increase in larger flocs.

When flocculation processes are not considered (Case B1), the shape of (éi) profile is similar for all floc size
bins, and (é’i) increases with water depth (not shown). For flocs larger than 90.5 pm, the mass concentrations
are zero without flocculation processes (Case B1) as no source from bed erosion available. In this regime, the
concentration distribution mainly depends on the flow structure, settling velocity, and bed erosion. When
flocculation processes are considered, however, not only the concentrations for flocs (larger than 90.5 pm)
are nonzero, but also (C,) profiles are reshaped (Figures 4e-4g). The aggregation of smaller flocs contribute to
the growth of larger flocs, which have higher settling velocity and thus sink to the seabed more rapidly. In this
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Figure 4. (a) Vertical distribution of horizontal mean floc mass density (F;) [gL~! dlnr~!] in individual size bin in Case BM. Vertical profiles of normalized
horizontal mean concentration ((C;)=(C;)/C;,) with floc size of: (b) 0.5 um; (c) 16.0 pm; (d) 90.5 pm; (e) 181.0 pm; (f) 362.0 um; and (g) 724.1 pm in Case BM.
Vertical axis is the depth normalized by |Aa]|.

regime, the vertical profile of floc mass concentration is affected by the competition between aggregation,
breakup, turbulent transport, and floc settling, which will be discussed in next section.

We then examine the effect of flocculation processes on the vertical distribution of floc number density
(n=7;/m;) [number m~3 dln r~1] (Figure 5). Although primary particles have the largest number density in
the water column, its mass concentration is relatively low because of small floc mass. Near the seabed, higher
floc number density for D <90.5 um is primarily due to bed erosion. Large number density also suggests
the potential for collision and the higher aggregation rate for small flocs. In addition, the higher number
concentration for flocs of 100.0 pm < D < 200.0 pm compared to larger flocs near the surface suggests that
higher shear rate near the surface reduces large flocs and increases small flocs.

1014

1012

1010

108
10° 161 162 | 103

Figure 5. Vertical variation of floc number density n [number m~3 dln r~!] in individual size bin in Case BM. Vertical
axis is the depth normalized by |h|.
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breakup (red, see the second term on the LHS of equation (18)), turbulent transport (the third term on LHS of equation (18), blue), and settling (the fourth term
on LHS of equation (18), black) with floc size of: (a) 0.5 pm; (b) 16.0 pm; (c) 90.5 pm; (d) 181.0 pm; (e) 362.0 pm; and (f) 724.1 pm for Case BM. Vertical axis is

the depth normalized by |h]|.

In summary, the variability of FSD when flocculation processes are considered suggests the impact of
hydrodynamic conditions (e.g., shear rate) on flocculation processes and thus the equilibrium floc size. Par-
ticularly, the near-surface, near-bed, and midregion exhibit different hydrodynamic and suspended cohesive
sediment characteristics. Therefore, in Langmuir turbulence, the FSDs need to be analyzed at different
depths in order to better represent the size distribution characteristics of suspended cohesive sediment in
the water column.

3.4. Floc Mass Concentration Budget

The floc mass budget is examined to understand the role of flocculation and transport processes in floc
distribution. After averaging equation (3) both in time and x-y plane, we can rewrite the budget equation as
follows:

ow,F(%.T, 1)

o, ) =0, (18)

A+ B <%(ujr + ) +
J
where A represents the effect of aggregation (i.e., the temporal and horizontal average of the first two terms
on the RHS of equation (3)); /3 represents the effect of breakup (i.e., the temporal and horizontal average of
the third and fourth terms on the RHS of equation (3)); the third term on the left-hand side represents the
contribution due to turbulent transport (resolved+SGS); and the last term on the left-hand side denotes the
contribution due to floc settling.

Flocculation processes play different roles in the distribution of flocs of different sizes at different depths
(Figure 6). The dominant balance for primary particle (Figure 4a) is between the sink due to aggregation
and the source due to turbulent transport associated with Langmuir turbulence throughout the water col-
umn (Figure 6a). The aggregation sink is the largest close to the seabed where floc number concentration is
the highest (Figure 5) and is relatively low in the water column. Close to the surface, dissipation rate is sub-
stantially larger than in the water column (Figure 1b), leading to higher aggregation rate than in the water
column. The contributions of floc breakup and settling are negligibly small compared to the other two pro-
cesses. Since binary breakup is assumed, only flocs that are slightly larger than primary particle contribute
to the breakup source. Eddies that can break up those flocs have to be smaller than 0.7 pm and is uncom-
mon in the water column given the Kolmogorov scale in the ocean is 56 ~ 10* pm (based on the dissipation
rate 10719 ~ 10! m2 s~3, Thorpe 2005). The budget for flocs of diameter between 10 pm and 20 pm (referred
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to as flocculi in van Leussen 1994, Lee et al. 2012) is similar to that for primary particles, and the contri-
butions of floc breakup and settling are negligible as well (Figure 4b). This is consistent with observations
showing that flocculi, which are the basic clay-based building blocks of flocs besides primary particles, are
relatively stable and hardly break up even at a coastal region with high turbulent shear (Lee et al., 2012;
van Leussen, 1994). The four processes play different roles in the water column for flocs of D =90.5 pm
(Figure 4c). Near the seabed (z/|h| < —0.95), aggregation is the primary source and is balanced by turbu-
lent transport. Flocs of this size aggregate more slowly than smaller flocs because their number density is
smaller (Figure 5). Flocs formed from aggregation of smaller flocs are mixed into the water column by tur-
bulence. Away from the seabed, aggregation is the primary sink and is balanced by turbulent transport. Near
the surface (z/|h| > —0.05), the source due to breakup is larger than smaller flocs, indicating larger flocs
broke apart by the eddies. For D =181.0 pm (Figure 4d), the breakup source is much larger than the smaller
flocs and is balanced by aggregation and turbulent transport close to the surface (z/|h| > —0.05). Away from
the surface (z/|h| < —0.1), the breakup source decreases dramatically, while aggregation is the primary sink
and is balanced by turbulent transport. For D = 362.0 pm (Figure 4e), breakup is the primary sink and is
balanced by aggregation and turbulent transport close to the surface (z/|h| > —0.05). Close to the seabed
(z/|h| < —0.90), the breakup source is much larger than that in the midregion, which is from the breakup of
larger flocs and is balanced by transport sink. Away from the surface (—0.80 < z/|h| < —0.20), breakup is the
primary source and is balanced by turbulent transport. For D =724.1 pm (Figure 6f), both aggregation and
breakup are negligible due to small number concentration at the surface. Away from the surface and seabed
(-0.9 <z/|h| < —0.1), breakup is the primary sink and is balanced by aggregation source. Settling of flocs is a
sink in the upper column (z/|h| > —0.4) and is a source in the lower column (z/|h| < —0.6). Overall, the ver-
tical distribution of flocs is an outcome of turbulent transport, floc settling, and flocculation processes. The
presence of aggregation and breakup whose roles vary with floc size and depth modifies the contributions
of turbulent transport and floc settling.

3.5. Turbulence Effects on Aggregation and Breakup Rates

In Langmuir turbulence, both turbulent dissipation rate and floc mass concentration are spatially nonuni-
form and temporally evolving. Under the combined effect of turbulent transport and flocculation processes,
flocs of some sizes are preferentially accumulated at the regions of high dissipation rate while flocs of
other sizes are mostly dispersed at regions of low dissipation rate (Figures 1b and 1c and Figures 2c-2f).
For instance, flocs of D=362.0pm are concentrated in the near-bed convergence zone, while flocs of
D=181.0um are dispersed outside the convergence zone (Figures 2d and 2e). This implies that turbu-
lence either enhances or suppresses flocculation processes, by modulating the encounter of flocs and by
redistributing flocs in the turbulence field. The preferential accumulation of flocs of different sizes due to
nonhomogeneous turbulent mixing and flocculation processes is similar to the segregation of chemically
reactive species due to a heterogeneous surface forcing in the atmospheric boundary layer (e.g., Ouwersloot
etal., 2011). In order to quantify the turbulence effect on aggregation rate, we define the ratio of aggregation
rate R :

1 0 <Fi]CFj> 1 0 (Ci’CC,-)

AT, Ty T T, ey (19)

where (C;) and (C;) are the horizontally averaged mass concentration of flocs in size bin i and j, respectively;
and the numerator of the integrand represents the aggregation rate for flocs of size bin i and j when turbu-
lence is resolved, while the denominator represents the scenario when turbulence is unresolved, such as in
that in a regional ocean model (e.g., COAWST).

Contour of R, at equilibrium with floc size in Case BM is shown in Figure 7a. Here R, =1 refers to no
difference in aggregation rate due to turbulence. The region of R, <1 (e.g., when 100 pm < D; < 200 pm
and D;>300pm, where D; and D; are the diameters of two flocs that aggregate, respectively) suggests
that the aggregation rate between the two floc sizes is suppressed by turbulence. This is mainly because
flocs within the given size range are not at the same spatial locations as other sizes. For instance, in the
lower water column, flocs with D; > 300 pm are concentrated in the upwelling regions, while flocs with
100 pm < D; < 200 pm are concentrated in the downwelling regions (Figures 2d and 2e). In contrast, higher
value region of R, >1 (e.g., when D; and D; are both larger than 300 um) suggests the aggregation rates
between two flocs smaller than 90 pm as well as those between flocs larger than 300 pm are enhanced by
turbulence. This is because these flocs have similar spatial distributions in the water column, indicating
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Figure 7. Turbulence effects on (a) aggregation rate (R 4) and (b) breakup rate (Rp) in Case BM. Labels of contour are

shown in black. The horizontal (D;) and vertical (Dj) axis in panel (a) are the diameter of two flocs that aggregate,

respectively. The horizontal (D) in panel (b) is the diameter of flocs that break up, and vertical axis is the depth
normalized by |h|.

the strongly positive correlation between the concentration of these flocs. This suggests turbulence plays
a complicated role in aggregation: it enhances the aggregation rate of some flocs while it suppresses the
aggregation rate of other flocs. The value of R, suggests the bias in aggregation rate due to the use of
horizontally averaged mass concentration and dissipation rate from the regional model without resolving
three-dimensional nonhomogeneous turbulence (represented by the denominator) (e.g., COAWST, see Sher-
wood et al., 2018), compared to that due to the use of the mass concentration and dissipation rate diagnosed
through turbulence-resolving model (represented by the numerator).

In order to quantify the turbulence effect on breakup rate, we define the ratio of breakup rate R:

_(FP) _ (CP)
ET(FXP) T (exP)

(20)

where the numerator is the breakup rate estimated by instantaneous floc mass concentration and dissipation
rate and the denominator is the breakup rate estimated by horizontally averaged floc mass concentration
and dissipation rate.

Contour of Ry at equilibrium with floc size in Case BM is shown in Figure 7b. The region of Rz <1 (e.g.,
when D > 700 pm and z/|h| > -0.3, where D is the diameter of flocs that break up) suggests that the breakup
rate is suppressed by turbulence. This is mainly because the regions of higher floc mass concentration within
the given size range are not at the same spatial locations as those of high dissipation rate. For instance, flocs
with D; > 700 pm are concentrated in the midregion (Figure 4a), while dissipation rate is higher near the
surface and seabed (Figure 1b). In contrast, higher value region of R; > 1 (e.g., when 100 pm < D; < 200 pm,
and z/|h| > —0.1) suggests the breakup rates of flocs of 100 pm < D; < 200 pm are enhanced by turbulence
close to the surface. This is because those flocs have higher concentration in the downwelling region with
high dissipation rates. In the benchmark case, the turbulence alters aggregation rate by 20% to 98% for flocs
of D <64.0um. Although R, is much larger than 1 for flocs larger than 700 pm, the mass concentrations
for flocs of those sizes are small. However, we are not able to derive formulas for R, and Ry based on one
simulation. More simulations, under different wind and wave conditions, are needed to quantify the effect
of turbulence on aggregation and breakup rates.

4. Numerical Experiments and Discussion

A series of simulations (Cases B2-S4, see Table 1) are conducted to investigate the effects of forcing condi-
tions, including wave breaking, wave forcing, and erosion fluxes, and particle properties including settling
velocities on the flocculation processes and floc distribution.
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Figure 8. Profiles of (a) shear rate (G [s71]), (b) median floc size (Ds, [pm]), (f) mass weighted settling velocity (W, [mms~1]) and (g) total floc mass
concentration (Cy [gL~']), with wave breaking (Case BM, black) and without wave breaking (Case B2, magenta). Floc size distribution (Fiilg L1dInr1],
where [ denotes layer average) averaged over: (c) near-surface region (z/|h| > —0.1), (d) midregion (—0.9 <z/|h| < —0.1), and (e) near-seabed region

(z/|h| < —0.9) with wave breaking (Case BM, black) and without wave breaking (Case B2, magenta), respectively. Dashed lines indicate corresponding the
median floc size (D) in each layer at the equilibrium.

4.1. Effects of Wave Breaking

In this section, we compare the simulation without wave breaking (Case B2) to the benchmark simulation
with wave breaking (Case BM). The focus is on how wave breaking affects the FSD, floc mass concentration,
and average settling velocity in the water column.

The comparison of the shear rate (G) between with wave breaking (Case BM) and without wave breaking
(Case B2) is presented in Figure 8a. Near the surface, wave breaking greatly increases the shear rate, which
is approximately one order of magnitude larger than that near the seabed. Away from the surface, shear rate
is similar in both cases. Although the increase in shear rate due to wave breaking is only close to the surface,
the resultant decrease in the median floc size (D5,) occurs throughout the water column (Figure 8b). The
decrease in Dy, due to wave breaking is the largest near the surface and is the smallest near the seabed.

The effects of wave breaking on the averaged FSDs in the near-surface region (z/|h| > —0.1), midregion
(-0.9<z/|h| £-0.1), and near-bed (z/|h| < —0.9) region are shown in Figures 8c-8e, respectively. With
wave breaking, the peak of the FSD increases from near-surface region toward near-bed region, different
from that without wave forcing (Figures 8c-8e). This suggests that the dominant floc size of the FSD changes
with forcing conditions (e.g., with and without wave breaking). The change in forcing condition changes
dissipation rate, vertical transport, and spatial distribution of flocs. Therefore, although there is inherent
uncertainty in the parameters of flocculation model, it is necessary and helpful to couple size-resolving
flocculation model in regional circulation model to investigate the suspended cohesive sediment transport
under various hydrodynamic conditions in the nearshore, as recent attempt in Sherwood et al. (2018). In
near-surface region, the enhanced shear rate leads to decrease in concentration of large flocs and increase in
concentration of small flocs (Figure 8c). For instance, under the simulated condition, the floc mass concen-
tration with wave breaking is more than five times greater than that without wave breaking for D =181.0 pm,
while it decreases due to wave breaking, by more than a half for D = 362.0 pm. The median floc size is the
largest in the midregion (Figure 8d) due to low shear rate (Figure 8a) with and without the influence of
wave breaking. In the near-bed region (Figure 8e), the major difference in floc mass is between 100 pm and
300 pm, whereas there is little difference for larger flocs. The median floc size (Ds) is the largest near the
seabed without wave breaking. In this case, equilibrium floc size is primarily controlled by the large con-
centration near the seabed (Figure 8f), since shear rate near the surface is similar to that near the seabed
(Figure 8a).
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Figure 9. Profiles of (a) shear rate (G [s™1]), (b) median floc size (Ds, [pm]), (f) mass weighted settling velocity (W, [mms~1]), and (g) total floc mass
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denotes layer average) averaged over: (c) near-surface region (z/|h| > —0.1), (d) midregion (—0.9 <z/|h| < —0.1), and (e) near-seabed region (z/|h| < —0.9) with
wave forcing (Case BM, black) and without wave forcing (Case B3, magenta), respectively. Dashed lines indicate corresponding the median floc size (Ds) in

each layer at the equilibrium.

In order to examine the effect of wave breaking on the settling velocity of total flocs, we here define the floc
mass weighted settling velocity as follows:

N C.
W@ = Zws,j% : 21)
=1 s

where N, is the total number of floc size bin. Similar to median floc size, W; is the smallest near the surface
(seabed) with (without) wave breaking. Wave breaking reduces the floc mass weighted settling velocity (W)
in the whole water column (Figure 8f). This is because wave breaking reduces the number of larger flocs with
faster settling velocity and increases the number of smaller flocs with slower settling velocity. Specifically,
the difference in W, between with wave breaking and without wave breaking is larger near the surface and
decreases toward the seabed, respectively, under the simulated conditions.

Wave breaking increases the total floc mass concentration ((C,) [gL™']) in the water column (Figures 8g)
and reduces the vertical gradient in (C,) near the surface compared to that without wave breaking. While
horizontal currents are similar in cases with wave breaking (Case BM) and without wave breaking (Case
B2), the increase in total floc mass concentration in the water column due to wave breaking (Figures 8f) also
has important impact on the cross-shelf sediment transport. In order to quantify this effect, we calculate the
cross-shelf sediment transport flux (7, in unit of kgm=2s71) as follows:

S

0
To= / (u+u®)C,) dz. (22)
[hl Ju

Wave breaking increases the cross-shelf sediment transport by more than 15% compared to that without
wave breaking under the simulated conditions.

4.2. Effects of Wave Forcing

In addition to wave-driven Langmuir turbulence, turbulence in continental shelf water can also arise purely
from current shear, and has different characteristics from Langmuir turbulence. For instance, vertical veloc-
ity and mixing in shear turbulence (see Figures S2 and S3 in the supporting information for flow structure)
is weaker and less coherent than that in Langmuir turbulence. Simulation B3 with the Stokes drift set to
zero is conducted to investigate how turbulence type influences flocculation and floc distribution.

The comparison of the shear rate (G) between the simulation with (Case BM) and without wave forcing
(Case B3) is shown in Figure 9a. Near the surface, G is similar for both cases. Away from the boundaries,
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Figure 10. Profiles of (a) total floc mass concentration (C; [gL™!]), (b) median floc size (D, [pm]), and (f) mass weighted settling velocity (W, [mms~']) in
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magenta), Case BM (1.0x E, black), and Case S2 (10x E,,, green), respectively. Dashed lines indicate corresponding the median floc size (D) in each layer at

the equilibrium.

wave forcing slightly increases G in the upper half of the water column, and decreases G in the lower half of
the water column. The median floc size (Ds,) without wave forcing is smaller than that with wave forcing
in the upper half of the water column, and is larger in the lower half of the water column (Figure 9b). It is
more uniform in the midregion with wave forcing compared to that without wave forcing, suggesting that
wave-driven Langmuir turbulence enhances vertical mixing and transport of suspended sediments.

The effects of wave forcing on the averaged FSDs over the near-surface region, midregion, and near-bed
region are shown in Figures 9c—9e, respectively. In near-surface region, the increase in the number of flocs
that are brought up by the upwelling branch of Langmuir circulation leads to faster aggregation, and thus,
increase in large flocs as shear rate is similar for both cases (Figures 9c). The difference in the mass concen-
tration mainly occurs between 150 pm and 700 pm. In the midregion (Figures 9d), the peak size of the FSD
with wave forcing is smaller than that without wave forcing, and wave forcing increases the mass concen-
tration mainly between 100 pm and 600 pm. In the near-bed region (Figures 9e), wave forcing increases the
mass concentration for 100 pm < D < 270 pm, but decreases that for 300 pm < D < 700 pm. The peak size of
the FSD without wave forcing is the same as that with wave forcing near the seabed.

Wave forcing increases the mass weighted settling velocity above z/|h| = —0.6 (Figure 9f). Wave forcing also
increases total amount of flocs in the water column (Figure 9g). The cross-shelf sediment transport with
Langmuir turbulence is more than 15% larger than that without Langmuir turbulence under the simulated
conditions.

4.3. Effects of Erosion Fluxes

Erosion is parameterized using equation (16) in simulation BM. It affects flocculation processes by changing
the mass concentration of flocs in the water column. To test model sensitivity to the parameterization, we
conduct additional experiments by decreasing/increasing the erodibility by a factor of 10 in Cases S1 and
S2, respectively.

Increase in erosion fluxes leads to increase in both total floc mass concentration (Figures 10a) in the whole
water column as expected. The increase in total floc mass concentration means the increase in the proba-
bility of floc collision and median floc size (Figures 10b), consistent with previous studies (e.g., Sherwood
et al., 2018; Winterwerp, 1998). Therefore, D, in simulation S2 is the largest, and Dy, in simulation S1 is
the smallest.
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Figure 11. Profiles of (a) total floc mass concentration (C; [gL™!]), (b) median floc size (D, [pm]), and (f) mass weighted settling velocity (W, [mms~']) in
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layer average) averaged over: (c) near-surface region (z/|h| > —0.1), (d) midregion (—0.9 <z/|h| < —0.1), and (e) near-seabed region (z/|h| < —0.9) in Case S3
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layer at the equilibrium.

The variations of averaged FSDs over the near-surface region, midregion, and near-bed region due to ero-
sion fluxes are shown in Figures 10c-10e, respectively. The peak of the FSD moves toward larger size
as erosion flux increases (Figures 10c-10e). In addition, increase in erosion fluxes increases the mass
weighted settling velocity in the whole water column, with the largest increase in midregion and the small-
est increase in near-surface region (Figure 10f). The cross-shelf sediment transport in Cases S1 and S2 are
about 30% and 320% of that in Case BM under the simulated conditions, respectively. Considering that the
increase/decrease in the erosion fluxes compared to the benchmark case is scaled by a factor of 10, the
cross-shelf sediment transport due to presence of flocculation processes increases/decreases approximately
by a factor of 3, which is disproportionate to the change in the erosion fluxes.

4.4. Effects of Settling Velocities

Settling velocity is parameterized using equation (9) based on in situ observation (Sternberg et al., 1999).
There are a number of other formulas for settling velocity (e.g., Khelifa & Hill, 2006; Strom & Keyvani, 2011;
Winterwerp, 2002). To test the sensitivity test of model results to w,, we conduct additional experiments by
decreasing/increasing settling velocities by a factor of 10 in Cases S3 and S4, respectively.

Increase in settling velocities of the flocs reduces the total amount of flocs in the water column (Figure 11a)
due to reduced residence time. The decrease in total floc mass concentration means the decrease in the
probability of floc collision and median floc size (Figure 11b). The median floc size in simulation S4 is more
nonuniform than thatin simulation S3. The variations of averaged FSDs over the near-surface region, midre-
gion, and near-bed region due to erosion fluxes are shown in Figures 11c-11e, respectively. The peak of the
FSD moves toward larger size as settling velocity decreases. In addition, increase in settling velocity of flocs
in individual size bin increases the mass weighted settling velocity in the whole water column (Figures 11f).
The cross-shelf sediment transport in Cases S3 and S4 are about 440% and 70% of that in Case BM under the
simulated conditions, respectively.

As total SSC once equilibrium is reached is dependent on the settling velocity and erosion flux, increase in
the settling velocity decreases the total floc mass concentration and median floc size, which is similar to the
effect when erosion flux decreases.
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5. Conclusions

In this study, we use a LES model to investigate the effect of flocculation processes on suspended cohesive
sediment in Langmuir turbulence. We also examine the impact of Langmuir turbulence on flocculation
processes. The analysis was conducted by examining instantaneous snapshots of flow and floc mass con-
centration, and the mean, the variance, and the skewness of floc mass concentration. Sensitivity tests
were performed to examine how different turbulence type and sediment properties influence flocculation
processes. The major conclusions of this study are as follows:

1. Wave breaking is more important for cohesive sediment transport sediment than the noncohesive sed-
iment in the coastal ocean. Although wave breaking influences dynamics close to the ocean surface, it
affects floc distribution in the whole water column. It increases the total floc mass concentration in the
water column, by reducing the median floc size and averaged settling velocity. The cross-shelf sediment
transport (~ 0.055 kg m~2 s~!) with wave breaking is more than 15% larger than that without wave breaking
under the simulated conditions.

2. In Langmuir turbulence, both turbulent shear rate and flocs are nonuniformly distributed. Consequently,
flocs experience aggregation and breakup at the rates either enhanced or suppressed by the nonhomoge-
neous turbulence. The modulated flocculation processes result in FSD that changes with depth, and floc
mass concentration profile that varies with floc size. Therefore, the FSD at a certain depth in Langmuir
turbulence is not representative of the water column.

3. Langmuir turbulence increases the total floc mass concentration in the water column, compared to shear
turbulence. It also increases the cross-shelf sediment transport by more than 15% compared to shear
turbulence under the simulated conditions, which is comparable to that due to wave breaking.

4. Flocculation processes and the FSDs are also sensitive to bed erosion and floc properties including settling
velocity. Large settling velocity, strong turbulence, and low bed erosion rate are favorable conditions for
small median floc size, while small settling velocity and high bed erosion rate are favorable conditions for
high suspended floc concentration.

The results in this study highlight the importance of full-depth wave-driven Langmuir turbulence and floc-
culation processes in the horizontal transport and vertical distribution of cohesive sediment in the coastal
ocean, and could have the following implications. First, Langmuir cells that span the whole water column
under favorable wind and wave conditions in shallow seas (e.g., Gargett et al., 2004) enhance cross-shelf
sediment transport by increasing the amount of suspended sediment. Parameterization for Langmuir tur-
bulence should be included in any regional sediment transport studies. Second, the results also suggest that
floc size changes with meteorological conditions. Prescribed settling velocity that is a common practice in
coastal sediment models is inaccurate for regions with cohesive seabed such as the northern Gulf of Mex-
ico (e.g., Safak et al., 2013; Bentley et al., 2016) because of variable meteorological and wave conditions. The
use of flocculation model in coastal sediment models (e.g., Sherwood et al., 2018) will likely improve the
prediction of sediment transport in those regions.

There are a number of future directions that require collaboration between the observational and the mod-
eling community. For example, the bottom boundary layer is not resolved in this study. When it is resolved,
sediment-induced stratification becomes a substantial sink of turbulence kinetic energy (e.g., Ozdemir
et al., 2010; Yu et al., 2013) and may modulate flocculation processes and sediment distribution. The bot-
tom boundary condition can be improved following Schulz and Umlauf (2016) to alleviate the dependence
of deposition flux for large particles on the resolution of the lowermost grid. Model realism can also be
improved by adding a bed model so that mud consolidation, swelling, and the dynamic evolution of bed
source (e.g., Sanford, 2008; Shen et al., 2018a; Sherwood et al., 2018; Warner et al., 2008) are included. Finally,
laboratory experiments and field observations on floc evolution in three-dimensional nonhomogenous tur-
bulence environment (e.g., Langmuir turbulence in coastal oceans) are currently lacking but are critical to
better constrain coupled-turbulence-flocculation model and to improve our understanding of flocculation
processes in turbulent flows in natural environments.

Appendix A: Validation of Flocculation Model

Here we evaluated the flocculation model by comparing with results from the laboratory experiments in
asettling column (Winterwerp, 1998) and a turbulent mixing tank (Tran et al., 2018), respectively. The initial
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particle size is assumed to be equal to the size of the primary particles in each experiment. The offline 0D
flocculation model (i.e., only the four terms on RHS of equation (3) are retained) is run until the FSD reaches
steady state. The results are summarized in Table Al and Figure A1. The model results agree fairly well with
the laboratory data of both Winterwerp (1998) and Tran et al. (2018).

Table Al

Parameters in Measured and Modeled Results From the Laboratory Experiments by
Winterwerp (1998) (With Label T) and Tran et al. (2018) (With Label NPS)

Case Co(gL™ G(s™) D5, measured (pm) D5, modeled (pm)
NPS1 0.1 50 117 113
NPS2 0.2 50 121 125
NPS3 0.4 50 145 142
T71 0.65 7.3 270 358
T69 1.17 28.9 241 202
T73 1.21 81.7 140 125
Table A2
A Table of Parameters Used in Flocculation Model
Symbol Description Value Unit
D, Diameter of primary particle 0.5 m
F, Floc yield strength 10710 N
Ny Fractal dimension 2.0 unitless
Ay, Ay, A3, Ay, As,and @y ;  Tunable aggregation parameters  0.02, 0.4, 3, 55, 0.18, and 0.95, respectively unitless
£,Cq, and C, Tunable breakup parameters 3.0 x 1077, 0.5, and 1.0, respectively unitless
u Dynamic viscosity 1073 kgm~!s7!
v Kinematic viscosity 106 m?s1
Ps Density of primary particles 2650 kgm™3
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Figure Al. Comparison of median floc size between measured and modeled results.
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