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a b s t r a c t

The transport of fine-grained particles in estuarine and coastal waters is influenced by flocculation

processes (aggregation and floc breakup). As a consequence, the particle size varies with time in the

water column, and can be orders of magnitude larger than those of primary particles. In this study the

variations in floc size is simulated using a size-resolved method, which approximates the real size

distribution of particles by a range of size bins and solves a mass balance equation for each bin.

To predict the size distribution both aggregation and breakup processes are included. The conventional

rectilinear aggregation kernel is used which considers both turbulent shear and differential settling.

The breakup kernel accounts for the fractal dimension of the flocs. A flocculation simulation is

compared to the settling column lab experiments of Winterwerp [1998. A simple model for turbulence

induced flocculation of cohesive sediment, Journal of Hydraulic Research, 36, 309–326], and a one-

dimensional sediment transport model is verified with the observed variations in floc size and

concentration over tidal cycles in a laboratory flume experiment of Bale et al. [2002. Direct observation

of the formation and break-up of aggregates in an annular flume using laser reflectance particle sizing.

In: Winterwerp, J.C., Kranenburg, C. (Eds.), Fine Sediment Dynamics in the Marine Environment.

Elsevier, pp. 189–201]. The numerical simulations compare qualitatively and quantitatively well with

the laboratory measurements, and the analysis of the two simulation results indicates that the median

floc size can be correlated to the sediment concentration and Kolmogorov microscale. Sensitivity studies

are conducted to explore the role of settling velocity and erosion rate. The results are not sensitive

towards the formulation of settling velocity, but the parameterization of erosion flux is important.

The studies show that for predicting the sediment deposition flux it is crucial to include flocculation

processes.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Suspended fine-grained sediments (o63mm) in estuaries often
exist in the form of flocs (Eisma et al., 1994). Flocs are capable of
adsorbing organic carbon, nutrients and anthropogenic contami-
nants (Syvitski et al., 1995). Thus, they play a key role in the
transport of the suspended matter to the bottom. The main
difficulties in predicting the fate and transport of the suspended
matter are the spatial and temporal variations in the floc size and
hence their settling velocity (Mikkelsen et al., 2005). The floc size
can vary from a few micrometers to hundreds, even thousands of
micrometers (Hill et al., 1998; Fugate and Friedrichs, 2003;
ll rights reserved.

ces, University of Illinois at
Traykovski et al., 2004; Uncles et al., 2006). Typically, large flocs
sink much faster than their component grains. The variations in
floc size are primarily due to flocculation processes, such as
aggregation and breakup. A better understanding of these
processes is critical to predict the transport of fine-grained
sediments.

Flocculation is affected by many factors, including suspended
sediment concentration (SSC), turbulence-induced shear, differ-
ential settling of flocs and sticky organic matter in the water
column (Dyer and Manning, 1999; Geyer et al., 2004). The
individual contribution of these factors to the floc size is unclear.
The floc growth rate appears to depend on SSC in a nonlinear way.
Kranck and Milligan (1992) found that the floc size increases with
increasing SSC. However, the floc size is not always positively
correlated with SSC. For example, Hill et al. (2000) found that the
floc size was uniform despite a wide variability in concentration.
They suggested that highly turbid water might limit floc growth.
Turbulence can increase particle collisions and form flocs; on the
other hand, turbulent shear may tear large floc apart and limit

www.sciencedirect.com/science/journal/csr
www.elsevier.com/locate/csr
dx.doi.org/10.1016/j.csr.2008.09.001
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maximal floc size under energetic conditions (Hunt, 1986). Under
low-to-moderate energy environments, the floc size is possibly
controlled by forces exerted on sinking flocs by the relative
particle–fluid motion (Hill et al., 2001). Differential settling
describes the process that large particles sink faster than smaller
ones and may capture the small particles during settling. Sticky
organic matter in the water column affects the particle stickiness,
that is, the probability that two particles will adhere once they
have collided, which has a large natural variability, ranging from
O(10�3) to O(1) (Hill and Nowell, 1995).

The importance and complexity of particle aggregation have
triggered numerous numerical modeling in various fields of the
atmospheric sciences, environmental sciences and in engineering.
Smoluchowski (1917) originally proposed a coagulation equation
for particles colliding due to Brownian motion. After that other
physical mechanisms, such as shear and differential settling,
have been proposed to influence the particle size distribution
(Pruppacher and Klett, 1980). Regarding the coagulation in open
ocean environments, Farley and Morel (1986) numerically solved
the coagulation equation for a single pulse input of colloidal
particles (size o1mm) in a well-mixed (zero dimension) system
by assuming spherical particles with constant density. Burd and
Jackson (1997) updated the model of Farley and Morel (1986) by
including effects of fractal structure and hydrodynamic interac-
tion. Their study shows that the fractal structure alters the floc
density and settling velocity, and the simulation results are
sensitive to the variations in fractal dimension. On the other hand,
the hydrodynamic deflection of particles around each other does
not have a significant impact.

Sediment transport models involving flocculation processes
are few (Lavelle, 1993). A ‘characteristic’ settling velocity for flocs
is commonly used for simulation of SSC profiles (e.g., Orton and
Kineke, 2001; Warner et al., 2005). The merit of this approach is
that only one parameter needs to be calibrated. Power law
parameterizations are also widely used to describe variations in
settling velocity with SSC. However, the parameters for the power
law can vary considerably from site to site (Spearman and Roberts,
2002). Power law with dissipation parameter function, which
includes the effect of increasing turbulence on floc breakup, was
suggested by van Leussen (1994). A simple flocculation model
incorporating turbulence-induced growth and breakup of flocs
was proposed by Winterwerp (1998). The model estimates the
equilibrium median floc size and applies a fractal treatment
to modify the Stokes’ law relating settling velocity to floc size.
The flocculation model was implemented in a three-dimensional
hydrodynamic model to simulate the turbidity maximum in the
Ems estuary (Winterwerp, 2002). These model studies have
clearly demonstrated the importance of including flocculation
processes in sediment transport models.

The objective of this study is to develop a flocculation model
which explicitly predicts the particle size and concentration
distributions in estuarine and coastal environments. In Section 2,
we simulate flocculation processes using a size-resolved method
which is mass-conserved and computationally efficient. The
flocculation simulation is compared with published laboratory
observations. Both aggregation and breakup processes are
included, considering the effects of turbulent shear. The breakup
kernel calculation accounts for the fractal dimension of the flocs.
Sensitivity tests are performed to inspect the influence of fractal
dimension and particle stickiness. Section 3 presents a one-
dimensional (1-D) sediment transport model and the comparison
of the simulation results with laboratory observations published
in the current literature. We also explore the sensitivity of the
model towards model parameters like the parameterizations of
settling velocity and erosion rate. Section 4 concludes our
findings.
2. Flocculation

Our size-resolved method for understanding flocculation of
sediment particles is based on the Smoluchowski framework. This
framework considers mass conservation for particles in different
size bins, which approximates the real size distribution of
particles. For each bin, a balance equation for the mass density
is solved. A basic form of the equation is (Hill and Nowell, 1995;
Bott, 1998):

qnðm; tÞ

qt
¼

1

2

Z m

m0

nðmc ; tÞKðmc;m
0Þnðm0; tÞdm0

�

Z 1
m0

nðm; tÞKðm;m0Þnðm0; tÞdm0

þ

Z 1
m0

Q ðm;m0ÞPðm0Þnðm0; tÞdm0 � nðm; tÞPðmÞ, (1)

where n(m,t) is the particle number density as a function of time t

and mass m, m0 is the mass of particle in the first bin, K(mc,m
0) is

the aggregation kernel describing the rate of particle contacts
(mc ¼ m�m0), P(m) is the breakup kernel due to turbulent shear,
and Q(m,m0) represents the number density function for the
fragments formed by the breakup of a parent particle of mass m0.
The integrals on the right hand side of Eq. (1) represent: the gain
rate of particles of mass m by collision of two smaller particles;
the loss of particles with mass m due to collision with other
particles; the number increase of particles with mass m from
breakup of larger flocs; and the loss of particles with mass m due
to breakup.

Theoretical and numerical investigations on floc breakup
dynamics have been reported in the literature (Spicer and
Pratsinis, 1996; Zhang and Li, 2003; Maggi, 2005), but experi-
mental data are rare. Three distinct breakage distribution
functions, binary, ternary and Gaussian distribution, were
proposed by Spicer and Pratsinis (1996). Numerical experiments
by Zhang and Li (2003) showed no significant differences in
the results of the steady-state size distributions from the three
breakage functions. The simplest binary breakup is used in the
present study. Q(m,m0) is defined as (Zhang and Li, 2003):

Q ðm;m0Þ ¼
2 ðm ¼ m0=2Þ

0 ðmam0=2Þ:

(
(2)

The breakup kernel, P, is a function of shear rate and floc size.
The flocs are considered to be composed of primary particles.
Assuming a fractal treatment, the breakup frequency can be
written as (Winterwerp, 1998):

Pi ¼ E

ffiffiffiffiffim
Fy

r
G1:5
ð2riÞ

ri � r1

r1

� �3�nf

, (3)

where m is the dynamic viscosity, nf is the fractal dimension, and
FyE10�10 Pa is the estimated yield strength. The fractal dimension
of flocs is defined as (Winterwerp, 2002)

nf ¼ lim
L!1

lnðNðLÞÞ

lnðLÞ
, (4)

where N(L) is the number of self similar primary particles and L is
the linear particle size. The typical value of nf varies from about
1.4 for fragile flocs to about 2.2 for strong estuarine flocs
(Winterwerp, 1998). nf ¼ 2 is applied in calculating breakup
kernel.

The aggregation is due to turbulent shear and differential
settling. Brownian motion is neglected because it is only
important when the particle size is less than 1mm (Winterwerp,
2002). The concentration of particles of this size is negligible in
estuaries. The rectilinear aggregation kernel is K ¼ a(Kts+Kds)
(Burd and Jackson, 1997), where a is the particle stickiness, and
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Table 1
Parameters and results in the three test cases (adopted from Winterwerp, 1998)

Test no. C0 (g l�1) G (s�1) D50 (mm)

T71 0.65 7.3 270

T69 1.17 28.9 241

T73 1.21 81.7 140

C0 is the total mass concentration, G is the shear rate, and D50 is median particle

size at equilibrium.
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the kernels Kts and Kds estimate the collision rate per unit volume
caused by turbulence shear and differential settling (Hill et al.,
2001). Specifically, the kernels Kts and Kds are given by:

Kts ¼
4
3Gðri þ rjÞ

3 (5)

and

Kds ¼ p � ðri þ rjÞ
2
� jws;i �ws;jj, (6)

where ri and rj are the floc radius, ws,i and ws,j are the settling
velocity of flocs in bin i and j. The shear rate is defined as
G ¼

ffiffiffiffiffiffiffiffi
�=n

p
, where e is the turbulent dissipation rate and n is the

kinematic viscosity of fluid. The settling velocity is calculated as a
function of particle size from Sternberg et al. (1999),

ws;j ¼ 347:5602ð2rjÞ
1:54, (7)

where rj is in m, and ws,j is in m s�1. Eq. (7) is an empirical
relationship obtained by the regression between measured size
and settling velocity of suspended flocs. It incorporates the effects
of variable floc densities due to the fractal structure. Substituting
Eq. (7) into the Stokes’ Law, the floc effective density
Dr ¼ rfloc�rwater can be estimated as a function of floc size,
i.e., DrpD�0.46. Sternberg et al. (1999) found their results
comparable with several other measurements with the exponent
between Dr and floc size varying from �1.40 to �0.46. The effect
of fractal structure of flocs is implicitly included in Eq. (7).
The differential settling kernel (Eq. (6)) is further multiplied
by a factor of 5 to include the fact that irregular floc shapes can
increase the efficiency of floc contacts. The empirical factor 5 is
selected, which best fits the lab flume experiment.

For the numerical solution of Eq. (1) we use the flux method by
Bott (1998), which has been successfully used in predicting the
coagulation of cloud droplets (Riemer and Wexler, 2005).
We introduce the mass density function g(y,t) by

gðy; tÞdy ¼ mnðm; tÞdm,

nðm; tÞ ¼
1

3m2
gðy; tÞ (8)

where y ¼ ln r and r is the radius of flocs with mass m. When
Eq. (8) is substituted into Eq. (1), a balance equation for the mass
density is obtained:

qgðy; tÞ

qt
¼

1

2
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y0
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m2
c m0

gðyc ; tÞKðyc; y
0Þgðy0; tÞdy0

�

Z 1
y0

1

m0
gðy; tÞKðy; y0Þgðy0; tÞdy0

þ

Z 1
y0

m

m0
Q ðy; y0ÞPðy0Þgðy0; tÞdy0 �

1

3m2
gðy; tÞPðyÞ. (9)

To solve Eq. (9) numerically, we use a logarithmically equidistant
mass grid,

mkþ1 ¼ bmk; k ¼ 1; . . . ;n, (10)

where b is an arbitrary number (b41) and n is the total number of
bins for particle size spectrum. Thus, the y grid is equally spaced,
Dyk ¼ ln rkþ1 � ln rk ¼ lnb=3. Typically, b is set to be 21/x with x is
an integer. This yields a doubling of the particle mass after x bins.
It has been shown that the increasing value of x decelerates the
evolution of the floc spectrum (Bott, 1998). To achieve a reason-
able compromise between numerical accuracy and efficiency,
b ¼ 21/4 is applied in the study.

As a result of the discretization, the collision of floc of mass mi

with floc of mass mj will produce a new floc whose mass
m0 ¼ mi þmj which in general falls between mk and mk+1. To
conserve particle mass a two-step procedure is used. In the first
step, the newly formed floc with mass m0 is added to grid box k. In
the second step, an advection equation is solved to move a certain
fraction, proportional to (m0�mk)/(mk+1�mk), of the floc mass
from grid k to k+1. A higher-order positive definite advection
scheme (Bott, 1989) is used to prevent numerical diffusion.
A detailed description of the numerical implementation of the
flocculation model is given in the Appendix A.

Winterwerp (1998) performed a settling column lab experi-
ment to measure floc size variations with turbulent shear and SSC.
Initially, a certain amount of particles with primary particle size
(Dp ¼ 4mm) is placed into a cylinder where a homogenous
turbulence field is generated through an oscillating grid. The
particles are initially homogeneously mixed, and measurements
are taken at the bottom when the system reaches equilibrium.
Three test cases (T71, T69, and T73) with experimental parameters
and results are listed in Table 1.

We carry out a flocculation simulation to verify the size-
resolved method described above. Our simulation applies
the same initial concentrations, shear rates, and primary particle
size as in the experiments. Effects of differential settling on the
aggregation rate are not considered, i.e., Kds ¼ 0.

We run the simulation until the floc size distribution reaches a
dynamic steady state. The variations in median floc size (D50) with
time and the floc size distribution at steady state for the three
tests are shown in Fig. 1. The floc size distributions at steady state
(the lower panel of Fig. 1) show D25�D75E0.5D50, where D25 and
D75 are the upper and lower quartile of floc size by mass.
The median floc sizes are about 209, 199, and 157mm at steady
state, and the flocculation time scales (Tf), defined as the time
scale for 95% of particles to reach their equilibrium values
(Winterwerp, 2002), are about 6000, 900 and 200 s for test T71,
T69 and T73, respectively. The model results are comparable with
the experimental values (see Table 1 and Fig. 4 in Winterwerp,
1998).

Fig. 2 shows temporal evolution of the floc size distribution for
the test case T69. At the beginning of the simulation, aggregation
dominates and quickly shifts the flocs towards larger sizes. As the
flocs become larger and more fragile, breakup becomes more
important and starts to decelerate the growth of flocs. Finally,
equilibrium between aggregation and breakup and a steady state
of the particle size distribution is achieved. We note that the
wiggles in the small floc size at t ¼ 300 s in Fig. 2 are caused by
the simulation starting with all particles in the first bin.
At t ¼ 300 s the simulation has not reached a steady state and
there are some primary particles and small flocs left. We have
conducted another simulation with an initial log–normal
distribution of flocs, and the wiggles are eliminated (not shown).

To test the sensitivity of the model towards fractal dimension
and particle stickiness, two sets of numerical experiments were
done. For the first set, the fractal dimension (nf) in the expression
for the breakup frequency varies from 1.8 to 2.2, with the other
settings the same as in the base case. The resulting median floc
sizes are listed in Table 2 and show that the floc size increases as
fractal dimension increases. The reason is that the increase of nf

reduces the breakup frequency (Eq. (3)), and allows the formation
of larger flocs.
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Fig. 1. Variations of median floc size (D50) with time (upper panel), and floc size

distributions at steady state (lower panel) for three test cases of flocculation

simulation.

Table 2
The median floc size (mm) under different fractal dimension (nf) simulations

Test no. nf ¼ 1.8 nf ¼ 1.9 nf ¼ 2.0 nf ¼ 2.1 nf ¼ 2.2

T71 145 172 209 256 322

T69 139 165 199 245 307

T73 112 132 157 190 236

Table 3
The median floc size (mm) under different particle stickiness (a) simulations

Test no. a ¼ 0.05 a ¼ 0.1 a ¼ 0.2 a ¼ 0.4 a ¼ 0.7 a ¼ 1.0

T71 56 80 113 158 209 249

T69 55 76 107 151 199 238

T73 43 60 85 119 157 187
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Fig. 3. Regression of median floc size (D50) with C0/G0.5; the line indicates a linear

regression fit (g2
¼ 0.99).
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For the second set, the particle stickiness a is taken as 0.05, 0.1,
0.2, 0.4, and 1.0 with the other settings identical to the base case.
Table 3 shows the results for the median floc size for different a
values. The floc size generally increases with increased a.

D50pa0.5 is found using unconstrained nonlinear optimization
(g2
¼ 0.93). Also, as a decreases, the flocculation time scale

increases due to the longer time required to reach equilibrium.
Winterwerp (1998) proposed a relationship for the median floc

size,

D50 ¼ Dp þ
kAC0

kB

ffiffiffiffi
G
p , (11)

where kA and kB are aggregation and breakup coefficients,
respectively, determined from fitting the experiment results.
To evaluate this relationship with our model results, five
additional model runs are completed with different values for
C0=

ffiffiffiffi
G
p

to increase the data range. Excellent regression (g ¼ 0.99)
is obtained (Fig. 3). However, in our regression fit, the constant
(Dp) is about 1�10�4 m, and the slope is about 4�10�4 m4 kg�1

s�0.5. From Winterwerp (1998), Dp is about 4�10�6 m, and the
slope is about 4�10�3 m4 kg�1 s�0.5. In our simulation the particle
size distributions are slightly skewed to the right (lower panel in
Fig. 1). Thus the D50 is larger than the floc size in one-floc
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approach in Winterwerp (1998) that assumes symmetrical
distribution.
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Bale et al. (2002).
3. A 1-D sediment transport model

In the following section we investigate the interplay of
flocculation processes with vertical transport. The governing
equation for this 1-D simulation is

qgðy; tÞ

qt
�
qws;jgðy; tÞ

qz
¼

q
qz

K3
qgðy; tÞ

qz

� �
þ flocculation, (12)

where z is the vertical dimension and K3 is the vertical eddy
diffusivity. Eq. (12) describes the change in the mass density
distribution due to vertical transport and flocculation. Settling,
turbulent diffusion and flocculation are considered, while vertical
advection is ignored (small compared to settling). The flocculation
term is as in Eq. (9). The eddy viscosity/diffusivity follows the
Prandtl mixing-length theory, and the Prandtl Schmidt number is
assumed to be unity. The diffusivity K3 and turbulent dissipation
rate e are calculated (Orton and Kineke, 2001; Hill and McCave,
2001):

K3 ¼ ku�zð1� z=HÞ and � ¼ u3
�=kz, (13)

where k is von Kármán’s constant (k ¼ 0.4), and u* is the friction
velocity. The settling velocity ws,j is calculated from Eq. (7). The
bottom erosion mass flux Es,i of particle in bin i is modified from
Warner et al. (2005),

K3
qgi

qz

����
bottom

¼ Es;i ¼ E0
tb

tc
� 1

� ��
i; when tb4tc (14)

where E0 is a bed erodibility constant. The bed shear stress
tb ¼ ru*

2, where r is the fluid density, 1010 kg m�3. tc is the critical
shear stress for erosion and is set to 0.12 Pa in the study (Righetti
and Lucarelli, 2007). The constant E0 ¼ 0.001 kg m�2 s�1 is used
(Ariathurai and Arulanandan, 1978). Eq. (14) is an empirical
approach to account for the fact that larger particles are more
difficult to erode than smaller ones. This is accounted for by the
bin number i in the denominator. Eq. (12) is solved in two steps.
First, the mass density function (g(y,t)) is updated at each vertical
grid point via flocculation. Next, sedimentation and turbulent
diffusion terms are applied on the vertical distribution of flocs of
each bin.

The 1-D simulation results are compared with the observed
size distribution over tidal cycles in a laboratory flume experi-
ment of Bale et al. (2002). In the flume, oscillating currents are
generated via a stirring plate. The current velocities range from
0.05 to 0.45 m s�1 over a period of 2 h, i.e., a full tidal cycle is 4 h.
SSC and the particle sizes are measured. The experimental results
show that SSC and median particle size vary periodically over the
tidal cycles. Sediment erosion occurs when a critical velocity is
exceeded. SSC increases quickly before the entire sediments are
resuspended into the water column. The median size of particles
is smallest near the minimum velocity, increases with erosion, but
then decreases with the increasing of current velocity. As the
velocity decreases, the median size of particles increases again,
and SSC starts to decrease due to deposition.

We carry out model simulations of the flume experiment. The
same parameters are used in both the simulation and experiment.
The water column is 0.28 m deep, the initial SSC is 3520 mg l�1,
the primary particle size is 30mm, and the density of the primary
particles is 2650 kg m�3. The lab experiments were carried out for
different salinity, but the results are not sensitive. Our model
simulation corresponds to salinity of 0.2 psu. We use 70 size bins
to represent the particle size distribution, ranging from 30 to
1562mm. The particle stickiness is 1.0. The sediment effects on
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water density are ignored due to low SSC. Friction velocity is set to
be sinusoidal cycles with a period of 4 h.

The simulation is integrated for three tidal cycles. Fig. 4 shows
the contours of the floc median size in the water column during
the last two tidal cycles. Typically, the floc size is smaller near the
bottom due to the high turbulent level and dominant breakup
process near the bottom. Fig. 5 compares the variations in floc size
and SSC over the tidal cycles at the height of 0.1 mab (meter above
bottom) between model simulation and lab experiment; the half
hourly lab data are interpolated from Fig. 2 of Bale et al. (2002).
The results of the model simulation are in good agreement with
the experiment. The floc size is small during peak tidal currents
even though SSC is high, due to the dominant breakup process
caused by high turbulent shear. The floc size then starts to
increase as tidal currents decrease, and reaches its maximum near
slack tides due to dominant aggregation. After that, the floc size
decreases rapidly due to preferential settling of large flocs
coincident with an abrupt decrease of SSC. The floc size and SSC
increase again when erosion occurs with the increased tidal
currents.

The individual contributions to the temporal change of the floc
mass density distribution (qg/qt) at hour 4.5 and 5.5 at 0.1 mab are
separated to evaluate the effects of aggregation, breakup, diffu-
sion, sedimentation, erosion and deposition on floc size variations
(Fig. 6). The SSC is lower at hour 5.5 (Fig. 5), and hence,
the magnitudes of qg/qt are smaller at hour 5.5 than at hour 4.5.
Fig. 6a shows that aggregation moves the mass from smaller sizes
to larger sizes, while breakup has the opposite effect. The net
effect of aggregation and breakup is shown in Fig. 6b. Production
of large flocs (D4100mm) and depletion of small flocs (Do100
mm) are observed at hour 4.5. As the aggregation proceeds, the
maximum of the floc growth rate moves towards larger sizes as
Fig. 6. The temporal changes of floc mass density distribution at 0.1 mab by (a) breakup

by aggregation and breakup processes, (c) changes by diffusion (solid line) and sedime

erosion (solid line) and deposition (dash line) at hours 4.5 (left) and 5.5 (right).
seen at hour 5.5. qg/qt due to diffusion and sedimentation are
shown in Fig. 6c. At hour 4.5, the mass of small flocs (Do100mm)
increases due to a dominant upward diffusive flux, while the mass
of large flocs (100oDo200mm) decreases due to a downward
diffusive flux. At 0.1 mab, sedimentation contributes to the increase
of large flocs (D4150mm). Thus, both diffusion and sedimentation
contribute to the transport of large flocs towards the bottom where
floc growth is mainly controlled by breakup processes. The
simulation supports the hypothesis that the floc size throughout
the water column can be limited by near-bed turbulence (Hill et al.,
2001). The sum of the temporal changes by the above four
processes indicates that the overall floc size increases at hour 4.5,
but decreases at hour 5.5 (Fig. 6d). Erosion only occurs when the
critical shear stress is reached. At hour 4.5, erosion and deposition
rate balance each other at the bottom (Fig. 6e). At hour 5.5, the
deposition rate increases because particles are mostly in the form
of large flocs with high settling velocity.

The deposition rate describes the reduction of SSC throughout
the water column with time. It is calculated in the lab experiment
by fitting the observed concentration decline with time to an
exponential function. In the laboratory experiment a deposition
rate of 17.12 g m�2 min�1 is obtained for an initial SSC of 3780 mg
l�1 (Table 1 in Bale et al., 2002). The deposition rate calculated
from the simulation is 19.47 g m�2 min�1 using d=dt

R
c dz where c

is local SSC and the integration is through the entire water column
during the period when the total concentration decreases, e.g.,
from hour 5.5 to hour 6. Another simulation with initial SSC of
830 mg l�1 is performed for further comparison. The calculated
deposition rate is 4.46 g m�2 min�1, which compares well with the
experimental value of 3.31 g m�2 min�1 (see Table 1 in Bale et al.,
2002). These comparisons reinforce the model’s fidelity in
simulating of particle size and SSC variations.
processes (solid line) and aggregation processes (dash line), (b) the sum of changes

ntation (dash line), (d) the sum of changes by the above four processes, and (e) by
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The simulation has shown that the floc size distribution
changes depending on SSC and turbulent shear conditions. The
relationship between median floc size, SSC and G can be explored
(Fig. 7). In the previous study, we found that D50 is proportional to
C0=

ffiffiffiffi
G
p

. For a regression fit for D50 and C0=
ffiffiffiffi
G
p

of 1-D study we
obtain a correlation coefficient g2

¼ 0.52. The decrease in
correlation may be due to the 1-D floc sizes not in equilibrium,
hence Eq. (11) is not valid. A much better regression, on the other
hand, is obtained between D50 and C0/G (g2

¼ 0.90), suggesting
that the effect of turbulent diffusion is more important. Since
G ¼

ffiffiffiffiffiffiffiffi
�=n

p
¼ n=l2

0, where l0 is the Kolmogorov microscale of
turbulence, the inverse relationship between D50 and G is
consistent with the observations that floc size is characterized
by the Kolmogorov microscale (Fugate and Friedrichs, 2003).

A simulation without flocculation processes is carried out to
highlight the effects of flocculation on sediment transport. For this
simulation we need to specify the floc size, which is kept constant
throughout the whole simulation. To create conditions that are
comparable to the simulation with flocculation we use the tidally-
averaged floc size of 138mm. For a fair comparison of the
simulations with and without flocculation, we also change back
the bottom erosion flux to its original form,

Es;i ¼ E0
tb

tc
� 1

� �
; when tb4tc , (15)

where E0 ¼ 5�10�5 kg m�2 s�1 and tc ¼ 0.05 Pa (Warner et al.,
2005). Fig. 8 shows variations in SSC with tidal currents at
0.1 mab. The maximum SSC is about 3520 mg l�1 during high tidal
currents, and the minimum SSC is about 250 mg l�1 near slack
tides. The timing difference between maximum current and SSC is
due to the settling lag of particles (Friedrichs et al., 1998; Cheng,
2007). In both cases, all particles are eroded into the water column
during maximum currents, hence, similar maximum SSCs are
expected in the simulations with and without flocculation. Also,
the constant floc size, 138mm, is chosen to be the same as the
averaged floc size from the case with flocculation. Thus, the same
minimum SSCs are expected as both have the same averaged
settling velocity. Simulation tests with a larger or smaller floc size
cannot produce the expected SSC distribution. Hence, without the
‘right’ floc size, the simulation without flocculation will not
produce the correct SSC. For these two scenarios (with and
without flocculation) the difference comes from the variations in
the settling velocity. Without flocculation the deposition rate
during the time when the SSC declines sharply is only about 50%
of that for the simulation with flocculation (Note the much
sharper drop in SSC in the simulation with flocculation, Fig. 8.).
With flocculation the floc size increases sharply as the currents
decrease, whereas without flocculation the particle size remains
the same.

Two sensitivity studies are performed to explore the effects of
settling velocity and erosion rate on the floc size distribution and
SSC. In the first numerical experiment, the settling velocity
parameterization from Eq. (7) is replaced by a modified Stokes’
law (Winterwerp, 2002),

ws;j ¼
2ðrs � rwÞg

9m
� r1rj (16)

where rs and rw are the densities of the primary particles and
fluid, m is dynamic viscosity of the fluid, 0.001 Pa S, and r1 is the
radius of primary particles. The results are similar to the base
case, except that the maximum median floc size is slightly smaller,
160mm versus 190mm in the base case (not shown). For floc sizes
o400mm the settling velocity from Eq. (16) is larger than that
from Eq. (7) (Fig. 9). The larger settling velocity contributes to a
faster sinking of the flocs. As a result, the maximum floc size
becomes smaller. Also, SSC is near zero near slack tides.
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In the second experiment, the bottom erosion flux is changed
to Eq. (15). All other settings are the same as in the base case. The
variation patterns of the median floc size and SSC are qualitatively
similar to the base case (Fig. 10). However, the maximum median
floc size is much larger �270mm, due to the increase in erosion
flux of the larger particles. Also, the secondary peak of the median
floc size becomes more pronounced.
4. Discussions

We have developed a size-resolved flocculation model to
simulate the variations in floc size and SSC distributions. The size-
resolved model is evaluated with published laboratory measure-
ments. The flocculation simulation results are comparable with
Winterwerp (1998). Varying the particle stickiness indicates that
the median diameter and stickiness are related by D50pa0.5. Floc
size variations over tidal cycles are simulated in the 1-D study in
which sedimentation, diffusion, deposition and erosion are
considered besides flocculation. The results are in good agreement
with Bale et al. (2002). Analysis of the temporal changes of the floc
mass density distribution shows the interplay of particle floccula-
tion and vertical transport. The high turbulence intensity during
the peak currents limits the maximum floc size. Diffusion and
sedimentation influence the distribution of suspended particles in
the water column. Large flocs are moved to the bottom and
destroyed by intense near-bed turbulence. The competition
between erosion and deposition controls the SSC. The study
clearly demonstrates the need to include transport and floccula-
tion simultaneously for sediment simulation.

The sensitivity test suggests that the floc formation is sensitive
to the erosion flux and the availability of bottom sediments. Since
most previous erosion model studies have dealt with a single
particle size, it is not clear whether our simple generalization to a
size-dependent erosion flux (Eq. (14)) is adequate in real world
applications. The settling velocity formulation, on the other hand,
does not appear to have significant effect for the floc size range
considered in this study. For large aggregates (D4500mm)
different settling velocity formulation could become critical.

In a study of the turbidity maximum in the upper reaches of
the Tamar estuary, UK, Bass et al. (2007) and Manning et al. (2007)
found that over a tidal cycle the maximum floc size was over
600mm at SSC ¼ 4.2 kg m�3 and t ¼ 0.38 Pa, and decreased to
about 220mm at SSC ¼ 0.04 kg m�3 and t ¼ 0.01 Pa. The corre-
sponding median floc size was about 380 and 150mm (see Figs. 5
and 7 of Manning et al., 2007). Using the regression relationship
(lower panel of Fig. 7) derived from our model simulations, we
obtain the median floc size of 393 and 143mm, respectively.
Considering the large temporal variations of the median floc size,
the excellent agreement with field observations is probably
fortuitous.

The sediment transport modeling results are generally con-
sistent with the observations of floc size in estuaries. Traykovski
et al. (2004) described the suspended sediment size distribution
at 1.5 mab over eight tidal cycles in the Hudson Estuary. On both
flood and ebb tides, the particle size was small with means around
40mm during maximum currents, but became significantly larger
with means around 250mm as currents decreased. Measurements
of floc size in the turbidity maximum of the Ouse Estuary, UK,
showed that near mid-depth the median floc size was about
500mm at high water slack, but decreased to about 100mm on the
ebb and about 70mm on the flood (Uncles et al., 2006). Estimates
of floc size from the estimates of settling velocity in the York River
Estuary suggested that the floc size was limited by the
Kolmogorov microscale under peak tidal currents (Scully and
Friedrichs, 2007). In the 1-D simulation, the floc size variation
shows qualitatively the same temporal patterns with tidal
currents as the observations. The size range, which depends on
local tidal currents and total SSC, is different from the observa-
tions.
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Appendix A. Description of the size-resolved flocculation model

The flocculation model solves two processes, aggregation and
breakup.
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A.1. Aggregation processes

For the treatment of the aggregation processes, we use the
method by Bott (1998). The particle mass density function g(y,t) is
the prognostic variable. In discretized form, a change in the mass
distributions gi and gj is calculated by the aggregation of flocs with
mass mi with flocs of mass mj.

giði; jÞ ¼ gi � gi

Kði; jÞ

mj
gjDyDt, (A1)

gjði; jÞ ¼ gj � gj

Kði; jÞ

mi
giDyDt, (A2)

where gi and gj are the mass distribution functions at bin i and j

before aggregation while gi(i,j) and gj(i,j) are the new mass
distributions after aggregation. New flocs with mass m0

(m0 ¼ mi+mj) are produced by aggregation of smaller flocs in bin
i and j. The new mass distribution is the sum of the second term
on the right hand side of Eqs. (A1) and (A2):

g0ði; jÞ ¼
m0ði; jÞ

mimj
giKði; jÞgjDyDt. (A3)

However, usually the newly-formed m0 is not fit in the pre-defined
mass bins (Eq. (10)), and

mkpm0pmkþ1. (A4)

Then the mass density g0(i,j) has to be split into bin k and k+1.
A two-step procedure is applied to accomplish the partitioning.
First, all g0(i,j) is added to bin k and yields

g0kði; jÞ ¼ gk þ g0ði; jÞ. (A5)

Second, a certain fraction of the new mass g0(i,j) is moved to bin
k+1. The distribution can be expressed as

gkði; jÞ ¼ g0kði; jÞ � f kþ1=2ði; jÞ

gkþ1ði; jÞ ¼ gkþ1 þ f kþ1=2ði; jÞ. (A6)

fk+1/2(i,j) is the mass transported from bin k to k+1. A upstream
scheme called upstream flux method (UFM) in Bott (1998) is used
to calculate fk+1/2(i,j),

f kþ1=2ði; jÞ ¼ ckg0ði; jÞ, (A7)

where ck is defined as

ck ¼
lnðm0ði; jÞ=mkÞ

3Dyk

. (A8)

Note that 3Dy ¼ 3ðlnb=3Þ ¼ lnb ¼ lnðmkþ1=mkÞ. Hence if ck is
about one, all new flocs go into bin k+1, otherwise only a
percentage of new flocs is moved to bin k+1.

A.2. Breakup processes

In discretized form, the floc mass distributions due to breakup
is updated by

g0i ¼ gi � PigiDt

g0j ¼ gj þ PigiDt (A9)

where g0 i and g0j are the floc mass density functions in bin i and j

after breakup, and Pi is the breakup kernel defined in Eq. (3). We
assume one large floc is broken up into two flocs with equal mass.
According to Eq. (10) and b ¼ 21/x, floc mass is doubling after
every x bins. Thus the mass of broken-up flocs, is moved to bin
j ¼ i�x. The breakup procedure starts from flocs in bin i ¼ x+1. The
mass is transported to bin 1. In the next step, the broken flocs in
bin i ¼ x+2 is moved to bin 2. The calculation is continued until
the breakup of the largest flocs.
The flocculation code is available by contacting the authors
(fanxu@ic.sunysb.edu).
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