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a b s t r a c t

Flocculation has an important impact on particle trapping in estuarine turbidity maximum (ETM)

through associated increases in particle settling velocity. To quantify the importance of the flocculation

processes, a size-resolved flocculation model is implemented into an ocean circulation model to

simulate fine-grained particle trapping in an ETM. The model resolves the particle size from robust

small flocs, about 30 mm, to very large flocs, over 1000 mm. An idealized two-dimensional model study

is performed to simulate along-channel variations of suspended sediment concentrations driven by

gravitational circulation and tidal currents. The results indicate that the flocculation processes play a

key role in generating strong tidal asymmetrical variations in suspended sediment concentration and

particle trapping. Comparison with observations suggests that the flocculation model produces realistic

characteristics of an ETM.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

An estuarine turbidity maximum (ETM) is a region of elevated
suspended sediment concentrations (SSC) often located at the
landward limit of the salt intrusion (salt front). An ETM is
important for stratigraphy and estuarine ecosystem on both short
and long time scales (Traykovski et al., 2004; Simenstad et al.,
1994). Suspended sediment trapping at an ETM has been well
documented, e.g. in the upper Chesapeake Bay (Schubel, 1968;
Sanford et al., 2001), the Columbia River estuary (Jay and Musiak,
1994), and the Hudson estuary (Traykovski et al., 2004). For
instance, Sanford et al. (2001) showed that in the upper
Chesapeake Bay ETM sediment trapping was very efficient during
a large flood event.

The mechanisms of particle trapping at an ETM are complex. In
general, convergence at the salt front of landward sediment flux
by the gravitational circulation and seaward sediment flux by the
river flow is considered a fundamental mechanism contributing to
ETM formation (Postma, 1967). In most estuaries, a spatially
limited pool of resuspendable particles is found near the salt front
(Sanford et al., 2001), and tidal resuspension has been recognized
as a key factor in maintaining high SSC (Schubel, 1968). Tidal
asymmetry also contributes to the ETM formation. Tidal currents
generally are surface intensified at ebb but are bottom intensified
ll rights reserved.

heric and Oceanic Sciences
at flood. Also, vertical mixing is suppressed at ebb but enhanced at
flood, due to the interaction of vertically sheared tidal currents
with the along-channel salinity gradients. Jay and Musiak (1994)
discussed the tidal pumping, an upstream net transport of
suspended sediments resulting from strong tidal asymmetry in
stratification and flow field. Geyer (1993) showed that the
suppression of turbulence by density stratification tends to keep
the particles near bed at the convergence zone. Lateral interac-
tions between currents and topography also have the potential to
enhance asymmetric sediment trapping (Geyer et al., 1998).

A number of modeling studies of ETM have investigated the
importance of the aforementioned physical mechanisms. Festa
and Hansen (1978) showed that gravitational circulation could
successfully trap particles independent of tidal forcing. Burchard
and Baumert (1998) evaluated the relative influence of residual
gravitational circulation, tidal velocity asymmetry, and tidal
mixing asymmetry on ETM using an idealized two-dimensional
(x–z) model. The first two mechanisms are found to be necessary
for ETM formation, but the tidal mixing asymmetry does not
appear to be essential. North et al. (2004) explored the effects of
wind and river pulses on ETM. They found that during pulse
events the salt front structure and circulation pattern were
significantly influenced, and so were the transport and distribu-
tion of suspended sediments. Park et al. (2008) found that the
mechanisms responsible for ETM formation were different
between low and high flow conditions. For a low flow condition,
an ETM is mainly formed by local erosion/deposition and
convergence of horizontal bottom sediment flux, while for a high
flow condition an ETM is produced by strong convergence of
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seaward sediment flux eroded from the upstream of the salt front
and landward sediment flux settled near the salt front. Warner
et al. (2007) tested the sensitivity of ETM formation to settling
velocity, tidal mixing, and sediment supply. They found that a
proper settling velocity was critical for ETM formation. In their
experimental setup, at low settling velocity (�0.01 mm s�1),
particles would suspend long enough to escape from the estuary,
whereas with high settling velocity (�0.5 mm s�1), particles
settle quickly upstream of the salt front and contribute little to
the ETM.

Flocculation has been recognized as an important process for
sediment trapping in estuaries (e.g. Geyer et al., 2004). In an ETM,
particle size and settling velocity are continuously changing in
response to environmental conditions. In situ observations of
suspended sediments have shown that a large portion of fine-
grained sediments are packed into flocs in turbid plumes. The floc
size can range from a few micrometers to hundreds of
micrometers, and flocculation can have a large impact on the
transport and deposition of suspended particles in an ETM. For
instance, in the Hudson estuary the particle size varied with tidal
phases such that flocs became significantly larger (4250 mm)
after maximum flood and ebb (Traykovski et al., 2004). In the York
River estuary, the floc size also was found to vary with the tidal
cycle (Scully and Friedrichs, 2007). Also, in Humber estuary, UK, a
pronounced SSC near the bed was found at slack tides as a result
of rapid settling of large flocs (Uncles et al., 2006).

Previous numerical model experiments have focused on effects
of the tidal and residual circulation on the ETM formation. The
cohesive sediments usually are treated as particles with constant
one representative size or multiple sizes, and the variations in floc
size due to aggregation and breakup processes of flocs with flow
conditions are ignored. For example, Geyer et al. (1998) used one
single size in their model study of the ETM in the lower Hudson
River, and Park et al. (2008) used three separate size classes of
fine, medium, and coarse particles to simulate of the ETM in the
upper Chesapeake Bay. Alternatively, the flocculation process is
included implicitly through changes in the settling velocity of fine
sediments with SSC and turbulence field (e.g. Mehta, 1986; Lick
et al., 1993; Van Leussen, 1994). Baugh and Manning (2007)
implemented an empirical floc settling velocity to simulate
sediment transport in the Lower Thames estuary, UK. Xie et al.
(2009) used an empirical relation of settling velocity with the SSC
to study sediment transport in Hangzhou Bay, China. Also,
Winterwerp (1998, 2002) developed a semi-empirical flocculation
model based on a collision efficiency function and a floc breakup
function to predict a characteristic floc size with flow turbulence.
The settling velocity is scaled as a function of the characteristic
floc size and a fixed fractal dimension. Son and Hsu (2008)
improved the Winterwerp’s model using variable fractal
dimensions.

We have developed a size-resolved flocculation model
to predict temporal evolution of full floc size spectrum
(Xu et al., 2008). The size-resolved flocculation model calculates
settling velocity directly from the predicted size spectrum. In a
one-dimensional (1-D) model study considering the particle
flocculation, settling, deposition, and erosion, the model
results revealed a large variation in floc size over a tidal cycle,
consistent with the size distributions typically observed in an
ETM. In this study, to explore further the effects of flocculation on
ETM formation, we implement the size-resolved flocculation
model into the Princeton Ocean Model (POM), and perform
numerical experiments of an idealized estuary in a two-dimen-
sional (x–z) channel. We use the Chesapeake Bay ETM as a
prototype. Our focus is to investigate the influence of flocculation
on ETM and to quantify the different processes that determine the
sediment budget during a tidal cycle. The article is organized as
follows: Section 2 presents a description of the flocculation
scheme and the coupled sediment transport model. Section 3
describes the idealized experiments. We conclude in Section 4.
2. Model description and the experiment setup

2.1. The flocculation scheme

The flocculation scheme has been introduced and tested in our
previous work (Xu et al., 2008). Following Xu et al. (2008), we
discretize the size distribution of sediment particles into a
number of size sections or bins. The following flocculation
equation describes the rate of change of mass density including
aggregation and breakup:
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where g(y,t) is the mass density as a function of time t and y, y is
the logarithm of particle radius r with mass m, y0 represents the
first bin, mc¼m�m0, yc¼y�y0, K is the aggregation kernel
describing the rate of particle contacts, P is the breakup
kernel due to turbulent shear, and Q represents the number
density function for the fragments formed by the breakup of a
parent particle of mass m’. To denote the mass concentration in
each bin, Cj (¼gjd ln r) is used. The sum of Cj over all bins is the
SSC.

The aggregation is due to turbulent shear and differential
settling. The rectilinear aggregation kernel is K¼a(Kts+Kds), where
a is the particle stickiness, and the kernels Kts and Kds estimate the
collision rate per unit volume caused by turbulence shear and
differential settling. a is assumed constant for all particle sizes for
simplicity. The kernels Kts and Kds are given by

Kts ¼
4

3
GðriþrjÞ

3
ð2Þ

and

Kds ¼ 5pðriþrjÞ
29ws,i�ws,j9 ð3Þ

where ri and rj are the floc radius, ws,i and ws,j are the settling
velocity of flocs in bins i and j. The shear rate is defined as
G¼

ffiffiffiffiffiffiffiffi
e=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, ð4Þ

where rj is in m and ws,j is in m s�1. In Eq. (3), the coefficient 5 is
used to include the fact that irregular floc shapes can increase the
efficiency of floc contacts. The choice of the empirical constants
has been verified with a lab experiment (Xu et al., 2008).

The binary breakup is used in the present study. Q is defined as

Q ¼
2 ðm¼m0=2Þ

0 ðmam0=2Þ
:

(
ð5Þ

The breakup kernel, P, is a function of shear rate and floc size.
Assuming a fractal treatment, the breakup frequency can be
written as (Winterwerp, 1998)

Pi ¼ E

ffiffiffiffiffim
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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
ð7Þ

where N(L) is the number of self similar primary particles and L is
the linear particle size. nf¼2.0 is applied in calculating breakup
kernel.
2.2. Sediment transport model description and model setup

The Princeton Ocean Model (POM) (Blumberg and Mellor
1987; Mellor 1998) is a hydrostatic, primitive equation ocean
model and has been used extensively in estuarine circulation
studies (e.g. North et al., 2004; Wang, 2006). To simulate
suspended sediment flocculation and transport processes, the
size-resolved flocculation scheme and a sediment transport
component are implemented into POM. The Upper Chesapeake
Bay ETM is used as a model prototype. The parameters interpreted
Table 1
Observed parameters in July in the Upper Chesapeake Bay interpreted from Sanford et

Channel

depth (m)

Estuarine circulation

velocity (m s�1)

Background

SSC (kg m�3)

Tidal currents

amplitude (m s�1)

12 0.2 0.03 0.4

Fig. 1. Snapshots of along-channel salinity contours (solid lines; contour interval¼1 psu

and hour 6 denotes the slack before ebb.
from Sanford et al. (2001) are listed in Table 1. We configure an
idealized estuary as a flat-bottom, rectangular channel of 25 km
long, 1 km wide, and 12 m deep. The model’s horizontal
resolution is 1 km and there are 16 uniform sigma levels
(vertical resolution is �0.8 m). Lateral variations are not
considered. At the two open ends, a constant river discharge
plus a barotropic, semidiurnal (12 h) tidal forcing is specified,
u¼�0:1þ0:4sinð2pt=TÞ(m s�1). Radiation conditions are used
for the outgoing disturbances. The initial condition includes
a longitudinal salinity gradient, s(x)¼5(1+tan h(0.2(Lx/2+
5000�x))) (psu). At the open boundaries, the inflow salinity is
specified at 0 psu at the river end and 10 psu at the ocean end.

The sediment transport model solves the equation for the mass
concentration of each particle size bin

@Cj
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@Cj

@x
þw

@Cj

@z
�
@ws,jCj

@z
¼

@

@z
K3
@Cj

@z

� �
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where u and w are the longitudinal and vertical velocity,
respectively, ws,j is the particle settling velocity in the bin j, and
K3 is the vertical eddy diffusivity. Eq. (8) describes the change in
al. (2001).

Longitudinal salinity

gradient (psu km�1)

Bottom stratification

on ebb ( km�1)

Settling

velocity (mm s�1)

0.5 0.5 0.3

) and velocity vectors from hour 0 to 10. The hour 0 denotes the slack before flood,
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SSC due to longitudinal and vertical advection, turbulent diffu-
sion, and particle settling. A small horizontal diffusion is included
only for numerical stability. The two velocity components (u and w)
and the turbulence parameters (K3 and e) are provided by the
circulation model. In POM the turbulence parameters are
calculated based on the Mellor–Yamada level 2.5 turbulence
closure (Mellor and Yamada, 1974). The particle mass flux from
bottom erosion Es,j in bin j is described as

K3
@Cj

@z

�����bottom ¼ Es,j ¼ E0,jððtb=tcÞ�1Þ=j, when tb4tc ð9Þ

where E0,j is a bed erodibility constant, assumed to be 1�10�3

kg m�2 s�1 for all size ranges. The bin number j in the
denominator is used to account for the fact that larger particles
are more difficult to erode than smaller ones (Xu et al., 2008). The
bed shear stress tb ¼ rCdu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2
p

, where r is the reference
density, 1025 kg m�3. tc is the critical shear stress for erosion and
is set to 0.05 Pa in the study (Warner et al., 2005). Considering the
rapid tidal phase change, the consolidation process can be
neglected (Uncles et al., 2006).

The sediment module is called at every internal step at the end of
the circulation model update. First, the flocculation model (Eq. (1)) is
solved using a time step, which typically is only a fraction of the
circulation model’s internal time step. After all the size bins are
updated, the sediment transport model (Eq. (8)) is solved to
redistribute the particles in space (including the sedimentation in
the bed). Because of the large bin size and small time step, the
flocculation model takes the bulk of the total model calculation.

The model starts from the rest, and reaches a quasi-periodic state
in about 2 days. Then, a vertically well-mixed constant loading,
0.03 kg m�3, of suspended primary particles of 30 mm, is imposed at
the river end. These values are typical of the Chesapeake Bay
background suspended sediments (Fig. 8 in Sanford et al. (2001) and
Sanford et al. (2005)). The total bin number n is set to be 50. Thus,
the size of flocs can vary in 30–1277 mm, which includes most of the
floc size range in estuaries. The external and internal time steps for
the circulation model are 5 and 50 s, respectively, and the time step
for the flocculation model is 0.2 s. The SSC reaches a quasi-periodic
state in about 3 days. For the flocculation model, results for day 7 are
used in the analysis while for the non-flocculation model results for
day 6 are used. For convenience, hour 0 denotes slack tide before
flood, and hour 6 denotes slack tide before ebb. (Because the tidal
period is 12 h, the phase is the same for both models.) Six simulation
tests are carried out. Simulations with or without flocculation are to
explore the influence of flocculation on sediment trapping. The other
simulations test the sensitivity of the model on particle stickiness
and fractal dimension.
Fig. 2. Along-channel velocity profiles over a tidal cycle at x¼4 km (upper panel)

and x¼20 km (lower panel). The time (in hour) is marked in each profile. Positive

velocities are flood. The hour 0 denotes the slack before flood, and hour 6 denotes

the slack before ebb.
3. Model results

3.1. Salinity and velocity

Fig. 1 illustrates along-channel variations in salinity and
velocity from hour 0 to hour 10. The instantaneous flow field is
a superposition of tidal currents and a steady gravitational
circulation; the latter can be seen convergent at the salt front.
The salt front, defined as 1 psu isohaline, moves back and forth
with tidal currents between km 12 and 16. Upstream (landward)
of the salt front the water column is fresh. Downstream of the salt
front the salinity distributions vary with tidal currents. The effect
of tidal straining is evident (Simpson et al., 2004). A well-
developed bottom boundary layer capped by a sharp pycnocline is
present at the end of flood. As the tide ebbs, the bottom boundary
layer collapses, and strong stratification is present near the
bottom. The horizontal salinity gradient at the salt front is about
0.5 psu km�1, and the vertical salinity stratification is about
0.5 psu km�1 in the pycnocline. These values are comparable to
those in the Upper Chesapeake Bay (Table 1).

Fig. 2 shows velocity profiles every 2 h at km 4 (estuary) and
km 20 (river). At km 4, strong vertical shears are present during
ebb as the tidal currents are enhanced by gravitational circulation.
During flood tide, the gravitational circulation is evident in the
strong bottom inflow. Also, at maximum flood (hour 4) a
subsurface velocity maximum is present in the middle of the
water column at the top of the bottom mixed layer. The strong
tidal velocity asymmetry agrees well with observations in the
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Fig. 3. Instantaneous SSC distributions with contours of 0.03, 0.05, 0.07, 0.1, 0.2, 0.3, and 0.4 kg m�3 (solid lines) and bottom thickness (blue line) from hour 0 to 10 with

flocculation. The red line is 1 psu isohaline, and the arrows show the currents at km 20. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Hudson River (Chant and Wilson, 2000; Trowbridge et al., 1999).
At km 20, the tidal currents are relatively homogeneous with
slight vertical shears near the bottom.
3.2. Simulation with the size-resolved flocculation model

The base case is a simulation with the size-resolved floccula-
tion model. The particle stickiness a is fixed at 0.6. Fig. 3 shows
snapshots of 1 psu isohaline, SSC and bed thickness distributions;
the salinity distribution and velocity structure are the same as
shown in Fig. 1. The bed thickness is defined as the amount of
bottom sediments divided by the density of particles rf and the
total bed surface area. The SSC and its along-channel distributions
show large tidal variations. At slack tide before flood (hour 0), the
SSC is relatively low, about 0.1 kg m�3. The ETM becomes
prominent at the flood tide (hour 2 and 4) when SSC increases
to 40.4 kg m�3. The cycle repeats for the ebb cycle. However, the
maximum SSC is significantly less at the ebb tide (hour 8), about
0.2 kg m�3. In other words, the SSC has strong asymmetry
between flood and ebb. Also, the center of the ETM is slightly
upstream of the salt front at ebb (at hour 10), while it is
further downstream at flood (hour 2 and 4). The fact that the
ETM is behind the salt front in the direction of tidal flow is
due to the tidal resuspension lag in that erosion takes place
only after tidal velocity exceeds the critical shear stress (Dyer and
Evans, 1989).

Sediment deposition occurs continuously while resuspension
only occurs when the bottom shear stress exceeds the critical
shear stress. The accumulation of sediments near the salt front
is estimated by the bed thickness (Fig. 3). A sediment pool is
formed following the salt front. There is strong variability of
resuspension and deposition within a tidal cycle. On strong flood
currents (hour 4), most particles are resuspended, resulting in the
large SSC increase. In contrast, on strong ebb currents (hour 8),
there is relatively small change in the bed thickness, and the SSC
increase is mainly due to trapping of suspended sediments. Also,
on ebb currents, the ETM zone spreads much further downstream
from the salt front.

Fig. 4 shows longitudinal distributions of median floc size
(D50). The background median particle size is about 50 mm. Large
flocs (4100 mm) are formed near the salt front due to
convergence of suspended particles. At hour 0, the maximum
D50 is about 150 mm seaward of the salt front despite the low SSC
(�0.07 kg m�3). In the subsequent flood tide, although the SSC is
increasing, the median floc size is still about 150 mm (hour 2 and
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Fig. 4. Instantaneous median floc size (D50) contours (50 mm interval) from hour 0 to 10 with flocculation. The background D50 is about 50 mm. The red line is 1 psu

isohaline, and the arrows show the currents at km 20. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 5. Left: floc size distributions of mass concentration. Right: settling flux of flocs at different tidal phases at 0.8 mab, x¼14.5 km.

F. Xu et al. / Continental Shelf Research 30 (2010) 1314–1323 1319
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Fig. 6. Instantaneous along-channel suspended sediment budget from hour 0 to hour 10 with flocculation. The solid line denotes net deposition and the dashed line

denotes horizontal advection. The mass change unit is in kg s�1.
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4) because strong turbulent mixing limits the floc growth. The
largest flocs (200�250 mm) are formed at slack tide before
ebb (hour 6) due to strong differential settling and reduced
turbulence. On ebb, due to the dominance of breakup process, the
maximum floc size is only about 100 mm.

Fig. 5a shows floc size distributions near the salt front (km 14.5)
and the corresponding settling flux at 0.8 m above bottom (mab).
At slack tide before flood (hour 0), the SSC is low (�0.1 kg m�3)
with size in the range of 30–200 mm. With increasing flood
currents (hour 3), the SSC increases (�0.4 kg m�3), the floc size
extends to 50�320 mm, and D50¼130 mm. At slack tide before ebb
(hour 6), the floc size further increases and D50¼210 mm, despite
the relatively low SSC (�0.1 kg m�3). At ebb tide (hour 9), the floc
size decreases and D50¼120 mm. The settling flux of particles
(ws,iCi) varies significantly within the tidal cycle due to the floc size
variations (Fig. 5b). For instance, settling flux at hour 6 is about two
times larger than at hour 9 even though the floc concentration at
hour 6 is comparable to that at hour 9 (Fig. 5a). The differences in
settling flux contribute to the pronounced variations in SSC over a
tidal cycle (Fig. 3).

To investigate the influence of the deposition flux, resuspension
flux, and horizontal advective flux on the SSC variations, the
suspended sediment budget in the water column is examined.
Fig. 6 shows the horizontal advection (uCx ¼ dx

RR
uC dydz) and the net

resuspension at the bottom (DE¼
RR
ð�wCþEsÞdxdy). Their

sum gives the net mass change of suspended sediments
(Ct ¼ @=@t

RRR
C dxdydz). At hour 0, advection moves sediments

seaward but the deposition flux (DEo0) is dominant, which causes
the SSC to decrease. As currents change to flood (hour 2), the
resuspension flux is about two times larger than the deposition flux,
so resuspension of previously deposited particles (DE 40) mainly
contributes to the SSC increase. In the maximum flood (hour 4), the
resuspension and deposition flux are comparable, and the advection
is dominant. At end of flood (hour 6), many suspended sediments
settle to the bed due to lack of resuspension. Resuspension becomes
dominant again with the increasing ebb current (hour 8). At late ebb
tide (hour 10), the dominant seaward advection of suspended
sediments contributes to the downstream movement of SSC.
Therefore, both horizontal advection and bottom resuspension are
important for the ETM variations over a tidal cycle, but their relative
contribution varies with the tidal phases.
3.3. Simulation without the flocculation model

We also consider a single particle size without flocculation. In this
case, the settling velocity must be carefully chosen in order to create
an ETM. Following Geyer (1993) and Warner et al. (2007), a
dimensionless trapping length, l, is applied to estimate the settling
velocity, l¼u1h1/wsL, where u1 is the tidally averaged velocity at the
upper layer of the salt front, h1 is the thickness of the bottom
boundary layer, and L is the width of the salt front. For l�1, a stable
well-defined ETM can be formed. Otherwise, if l41 the sediments
move out of the salt front with few particles trapped, and when l51
all particles are trapped in a small area at the toe of the salt front. In
the simulation, u1 is about 0.22 m s�1, h1 is about 5 m, and L is about
4 km. We choose ws¼0.31 mm s�1, corresponding to l¼0.9. The
equivalent floc size is 117 mm according to Eq. (7).

Fig. 7 shows snapshots of 1 psu isohaline, SSC, and bed thickness
distributions from the non-flocculation model. The background value
of SSC is about �0.03 kg m�3. A permanent ETM is present that
moves with the tidal currents. The ETM is slightly behind the salt
front due to the tidal resuspension lag. The maximum SSC varies
around 0.1�0.2 kg m�3 with no significant changes over the tidal
cycle. This differs significantly from the flocculation model in which
the changes in particle size (settling velocity) cause strong tidal
asymmetry in the SSC. Another major difference is the relative mass
pool between the suspended and deposited sediments. In the
flocculation model the suspended sediments tend to stay in the
water, and the net (tidally averaged) accumulation of bottom
sediment is small (Fig. 3). In contrast, in the non-flocculation model,
the suspended sediments are trapped at the salt front. The rapid
bottom sediment accumulation at the ETM is reflected in the much
larger bed thickness. Another consequence of rapid sedimentation is
that the ETM zone is narrow (�5 km) and confined to the salt front.
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Fig. 7. Instantaneous SSC distributions with contours of 0.03, 0.05, 0.07, 0.1, 0.2, 0.3, and 0.4 kg m�3 (solid lines) and bed thickness (solid black line) from hour 0 to 10

without flocculation. The red line is 1 psu isohaline, and the arrows show the currents at km 20. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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4. Discussion

In the conceptual model proposed by Sanford et al. (2001), the
gravitational circulation and tidal asymmetry combined with
asymmetrical tidal resuspension and transport of flocs are
primarily responsible for the ETM formation. At slack before
flood, only the gravitational circulation exists and the mixing is
weak. Most of the suspended sediments settle to the bed. On
flood, strong resuspension occurs due to intensified bottom
currents. Then, the suspended sediments are advected landward
toward the salt front. At slack before ebb, previously resuspended
particles settle near the salt front. On ebb, the sediments are
resuspended again and advected seaward. Seaward of the salt
front, strong stratification in the upper water column favors
particle sedimentation and subsequent accumulation to the bed.
The sediment will be resuspended again in the following flood,
repeating the cycle. The variability of SSC in the flocculation
model is consistent with the conceptual picture. Quantitatively,
the SSC on flood tide is about twice larger than on ebb tide, and
the ETM zone extends 10’s of kilometers (Fig. 3). These results are
consistent with observations in the upper Chesapeake Bay in
which the observed SSC was much larger during the flood and the
ETM is about 20 km wide (Sanford et al. 2001). In contrast, the
non-flocculation model of Park et al. (2008) shows no obvious
tidal asymmetry in the SSC and the ETM also is highly confined.
We note though in nature the environmental conditions are
complicated (e.g. North et al., 2004), and quantitative model
evaluation can be very challenging.

Sensitivity studies are performed to investigate the influence of
particle stickiness (a). The model setup is the same as in the
flocculation simulation except that a is changed from 0.6 to 0.3 and
0.9, respectively. Fig. 8 compares the tidally averaged SSC
distributions at different stickiness. At a¼0.3, the SSC is about
0.2 kg m�3, confined to the bottom between km 4 and km 14. The
median floc size is only about 50 mm with little change with tidal
currents, and settling velocity is about 0.08 mm s�1. Few particles
are trapped at low stickiness due to smaller settling velocity. At
a¼0.9, the results are similar to a¼0.6 (Base), though the
suspended particles are more constrained in the salt front from
km 10 to km 15. The median floc size varies from 200 to 400 mm
near the salt front. Through its effect on the particle size, the
particle stickiness can have significant influence on sediment
trapping, especially when the stickiness is small. Sanford et al.
(2001) suggested that the seasonal variations in sediment trapping
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Fig. 8. The tidally averaged 1 psu isohaline (thick solid line), and SSC with

contours of 0.03, 0.05, 0.07, 0.1, and 0.2 kg m�3 (solid lines) for different particle

stickiness, 0.3, 0.6 (Base), and 0.9.

F. Xu et al. / Continental Shelf Research 30 (2010) 1314–13231322
in the Upper Chesapeake Bay may be partly caused by the
variations in particle organic content and hence particle stickiness.

Xu et al. (2008) tested the sensitivity of flocculation model to
fractal dimension varying from 1.8 to 2.2. The increase of fractal
dimension reduces the efficiency of floc breakup, which favors
slightly larger floc formation. In this study, the fractal dimension
is assumed to be 2.0, following Winterwerp (1998). Two model
simulations were carried out with nf¼1.7 and 2.3 while keeping
the other settings the same as in the base run. The results are
similar to the base case (not shown), suggesting that the model is
not sensitive to variations of fractal dimension over this range.
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