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ABSTRACT:

An analytical solution of the equilibrium distribution of suspended sediment concentrations (SSC) in an estu-
ary along the longitudinal axis is extended to include variable width. A turbidity maximum is formed at the
convergence of fluxes from freshwater discharge and (vertically well mixed) salinity gradients. Simple scal-
ing relationships control the longitudinal distribution of SSC and depend upon model parameters such as the
applied salinity field, depth, width, freshwater discharge, settling velocity, eddy viscosity, and horizontal dis-
persion. These scaling relationships agree well with turbidity data from the Ems estuary. The modelled de-
pendence of the SSC distribution on settling velocity (grain size) causes particles with a small settling veloc-
ity to be found preferentially in the outer estuary, while particles with a large settling velocity (large grained

sand, cohesive sediments) are trapped in the turbid zone.

1 INTRODUCTION

The classical model for an estuarine turbidity maxi-
mum holds that tidally averaged gravitational circu-
lation is balanced by freshwater discharge near the
toe of the salt wedge, forming a convergence zone in
which suspended sediment is trapped (Hansen &
Rattray, 1965; Festa & Hansen, 1978). Based on
field measurements in the Gironde estuary, Sotto-
lichio & Castaing (1999) posit that variations in
width also provide a trapping mechanism for sedi-
ments. To investigate the effect of varying width,
we extend an existing analytical model of tidally av-
eraged estuarine circulation and sediment distribu-
tion (Talke et al., 2007) to include the effect of an
exponentially varying width. We then investigate
how the distribution of suspended sediment concen-
tration (SSC) changes as width, depth, mixing, set-
tling velocity, and other model parameters vary. By
deducing length-scales that control the upstream and
downstream profile of SSC, we explain the mecha-
nisms that control the size and asymmetry of a turbid
zone. In turn, these length scales indicate how the
distribution of SSC depends on settling velocity.
The nonlinear variation of SSC distribution on set-
tling velocity provides a mechanism for the sorting
of sediments in an estuary. In the following sections
we present the model in section 2, analyze results in
section 3, and draw conclusions section 4.

2 MODEL SETUP

The model applies the rigid lid and Boussinesq as-
sumptions, and assumes that settling velocity, eddy
viscosity, eddy diffusivity, and longitudinal disper-
sion are constant throughout the model domain.
Freshwater discharge is held constant, while the sa-
linity is assumed to be well mixed vertically and de-
scribed longitudinally by a prescribed hyperbolic
tangent:

s(x) = 0.58, {1 - tanh[x;x" ]} (1)

where S+ [psu] is the maximum salinity, x. [m] is the
position of the maximum salinity gradient, and x;
[m] scales the salinity gradient. The x-axis points in
the along-estuary (upstream) direction. Further-
more, the z-axis points vertically upward, with z =0
the undisturbed water level and z = -H the bed level.
Velocity components u and w are defined along the x
and z axes, respectively. Using scaling analysis, we
find that the momentum balance from Talke et al.
(2007) remains unchanged when width varies
smoothly. Because of their corresponding small
magnitude, nonlinear terms such as u du/ckx and
wal/cz are neglected, and the tidally averaged mo-
mentum equation reads:
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where g is gravity [m/s’], p is the density [kg/m’],
is the surface slope [-], and 4, is the eddy VlSCOSlty
[m?/s]. To the momentum equation we apply the no-
slip boundary condition at the bottom and assume no
wind shear at the surface. We define the density p as
a function of both the salinity s(x) and the suspended
sediment concentration C(x,z):

p(x,2) = p,, + fs(x) + yC(x,2), 3)

in which Py is the density of water. The factors 5 ~
0.83 kg/m*/psu and y= (p; - pw )/ ps ~ 0.62 convert,
respectively, salinity and SSC into density, where p;
is the density of fine-grained sand particles. To de-
termine the residual current structure, we next apply
mass balance for water. This requires that the total
flow through a cross- sectlon equals the prescribed
freshwater discharge O [m’/s]:

0

j u(x,2)b(x)dz = O (4)

-H

where u(x,z) is the tidally averaged current and H
and b(x) are the depth and width at a position x.
Note that Q is a negative quantity in our coordinate
system.

As in Talke et al. (2007), we assume that the
downwards settling flux of particles is balanced by
the upwards diffusion of sediment, which yields an
exponential profile of SSC in the vertical direction:

c(x,2) = C, (x) exp{ _KWS (z+ H)} (5)

v

where w, [m/s] is the settling velocity, K, [m*/s] is
the constant eddy diffusivity, and Cp(x) is the (to be
solved for) suspended sediment concentration at the
bed. Egs. 1-5 are solved to yield an expression for
the tidally averaged circulation structure as a func-
tion of the bottom concentration Cy(x). When gradi-
ents of SSC are negligible, the residual currents are
described by the traditional relations for gravita-
tional circulation (e.g., Officer, 1976). When turbid-
ity gradients are on the same order of magnitude as
salinity gradients, the solution for residual circula-
tion described in Talke et al. (2007) is applied.

To solve for the equilibrium distribution of SSC,
we apply the condition of morphodynamic equilib-
rium, which states that the vertically integrated flux
of sediment over a cross-section vanishes during
equilibrium conditions:

0 b/2
j j {uC K %}dzdy 0 (6)
-H -b/2 a

in which K, [m?/s] is the horizontal dispersion coef-
ficient. Assuming that SSC is evenly distributed in

the lateral (y) direction, we solve Eq. 6 to yield the
following differential equation for the longitudinal
distribution of suspended sediment, Cp(x):

dc, __ J1(x)C, (x)
dx  J,C,(x)+J,

(7)

The full expressions for J;(x), J2, and J; used in this
paper are

H > ds 3
Jy=-1 Py Sy O ®)
48p A, dx 2 Hb(x)
H3
J, =T, -5 )
48pOAV
J,=-T.K, (10)

where J;(x) describes the vertically integrated effect
of salinity gradients and freshwater flow on sedi-
ment fluxes, J, describes the effect of turbidity cur-
rents on vertically integrated fluxes, and J; describes
the vertically integrated effect of horizontal disper-
sion on fluxes. The parameters Ts, T, Tp, and Tk
are defined in the appendix and are functions of
Pe,=w.H/K,, where Pe, is the vertical Peclet number
for suspended sediment concentration. The model is
closed by defining a constant mass of bottom sedi-
ment available for resuspension, and an equation de-
fining the width variation b(x) in the estuary:

(In

Ci = %J. L (X)b(x)dx

b(x) = B, exp(-x/L,) (12)

Where L [m] is the length of the model domain, c+
[kg/m’] is the average bottom SSC, <b> is the av-
erage width of the domain, B,[m] is the width at the
estuarine mouth, and L. [m] is the lengthscale of
convergence. The set of twelve equations (Egs. 1-
12) are solved to yield the following implicit equa-
tion for the distribution of SSC at the bed:

C,(x)=4, exp{F(x)} , (13a,b)
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F(x)=

and A4; is a constant of integration. The first term of
F(x) describes the effect of gravitational circulation
on the sediment distribution, the second term de-
scribes the effect of freshwater discharge, while the
third term describes the effect of turbidity currents.
Applying Eq. 11, we find that the constant 4; is a
function of the average SSC in the domain, c=:



A= . <b>L (14)
Bojexp(_% Yyexp{F(x)}dx

3 RESULTS

Fig. 1 shows a plot of the bottom sediment concen-
tration Cj in both a constant width model (in which
L. 2 o and <b> = 2500 m) and an exponential
width model for the case that c« 1s small (default of
0.1 kg/m’), = is large (350 kg/m?), and cx1s an in-
termediate value in-between (5 kg/m ). The values
described in Table 1 are used for all other parame-
ters. To allow for comparison, the concentration of
each model run is normalized by the maximum SSC.

When c¢+ is small, the maximum SSC is 0.24
kg/m3 (constant width model) and 0.97 kg/m3 (ex-
ponential width model). The resulting small SSC
gradients result in a negligible affect of turbidity
currents (Eq. 9) on sediment fluxes, and the effect of
dispersion (Eq. 10) dominates the morphodynamic
equ111br1um (Eq. 7) When c+ is large, the maximum
SSC 1s 469 kg/m (constant width model) and 507
kg/m® (exponential width model). The resulting
large SSC gradients cause turbidity currents (Eq. 9)
to dominate over the affect of dispersion (Eq. 10) in
the morphodynamic equilibrium (Eq. 7)

The intermediate case (c+ = 5 kg/m’) shows the
situation in which both dispersion and turbidity cur-
rents may play a role. For a constant width model,
the equlhbnum distribution of SSC (rnax1mum SSC
= 11.6 kg/m’) results in a profile that is nearly iden-
tical with dispersion dominated conditions, indicat-
ing negligible turbidity currents. By contrast, the
SSC distribution of the exponentlal width model
(max1mum SSC = 38.5 kg/m) is distinct from dis-
persion dominated conditions, and shows the addi-
tional spreading that turbidity currents provide.

Fig. 1 shows that turbidity currents can be ne-
glected for all but the muddiest estuaries such as the
Ems, where bottom SSC larger than 50 kg/m’ has
been observed (see Talke et al., 2007). Essentially
this means that for the standard parameter values in
this paper (Table 1), dispersive fluxes carry sedi-
ment away from the turbidity maximum.

3.1 Sensitivity Study

Fig. 2 shows results of a sensitivity study in which
the length scale of width convergence L. and the
width at the estuary mouth B, are varied, with all
other parameters held constant. The longitudinal
profiles of SSC are normalized by the maximum
concentration to allow comparison. As both L, and
B, increase, the flux balance at the turbidity maxi-
mum (set by J; =0 in Eq. 8) is altered and the turbid
B, increase, the flux balance at the turbidity maxi-
mum (set by J; =0 in Eq. 8) is altered and the turb-
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Figure 1. Bottom sediment concentration for ¢« =0.1 kg/m’ (K,
limit), ¢ =350 kg/m® (Uy limit), and ¢ =5 kg/m’ for both a
constant width model (a) and exponential width model (b). A
width of 2500 m is used for the constant-width model.

Table 1: Default parameters used to calculate the equilibrium
distribution of sediment. The parameters describing the salin-
ity field, flow discharge, depth and the width are average con-
ditions for the Ems estuary (see Talke et al, 2007). The tidally
averaged dispersion, diffusivity, and viscosity estimates are
typical order of magnitude estimates found in estuaries.

Description Parame- Default  Units
ter Value
Salinity Scale S« 25.1 psu
Lengthscale sa- Xr 25,000 m
linity gradient
Position maxi- Xe 46,000 m
mum salinity gra-
dient
Eddy Viscosity A, 0.001 m*/s
Eddy Diffusiv- K, 0.001 m?/s
ity
Settling Veloc- Wy 0.001 m/s
ity
Depth H 7 m
Freshwater Dis- 0 -80 m’/s
charge
Dispersion Co- K, 100 m?/s
efficient
Average sedi- C+ 0.1 kg/m’
ment concentration
Convergence L, 25,000 m
lengthscale estua-
rine width
Width of estuary at B, 15,000 m
entrance
Model Length L 100,000 m




ity maximum moves further from the estuarine
mouth. The shape of the SSC distribution varies as
well, with the largest asymmetry and breadth occur-
ring for large L. and B,. Hence sharp variations in
width—as occurs for small values of L.—appear to
result in a reduced spatial distribution of turbidity.
This is consistent with Sottolichio & Castaing
(1999), who posit sharp variations in channel width
as a trapping mechanism.

Fig. 3 shows the results of a sensitivity study in
which eight additional model parameters are varied,
using standard model parameters displayed in Table
1. Note that for comparison purposes, Fig. 3a and
3b are normalized by the maximum SSC, wh11e the
other figures are presented in units of kg/m’.

The results in Fig. 3 show that position of the tur-
bidity maximum and the distribution of SSC are
quite sensitive to model parameters in an exponen-
tially converging estuary. Both increasing sediment
supply (Fig. 3a) and greater dispersion (Fig. 3b)
cause an increased spread in the turbid zone, but do
not affect the position of the turbidity maximum.
The increased s}pread reduces the maximum SSC
from ~10 kg/m’ to ~0.4 kg/m as dispersion in-
creases from 5 m*/s to 500 m%/s. Similarly, the ratio
of the maximum bottom concentratlon (Chmax) to cx
decreases from ~10 for ¢+ = 0.2 kg/m’ to ~5 for c» =
20 kg/m indicating that turbidity currents reduce
the maximum concentration for large ¢«

Several factors cause an upstream movement of
the turbidity maximum, including increasing settling
velocity (Fig. 3¢) and depth (Fig. 3e) and decreasing
freshwater discharge (Fig. 3d) and vertical mixing
(Fig. 3f). Decreasing the salinity gradient (increas-
ing x;; see Fig 3g) and an up-estuary shifting of the
maximum salinity gradient x. also cause an upstream
migration of the turbidity maximum.

Because the estuary is funnel shaped, upstream
movement of the turbid zone focuses sediment over
a smaller cross-section, leading to an amplification
of measured SSC. In particular, large increases in
the SSC are observed as depth is increased from 5 to
10 m and as Vertlcal mixing is decreased from 0.01

m?/s to 10* m%s. The amphﬁcatron effect, however,
can be reduced when SSC is concurrently spread
over a larger longltudmal area (see e.g. decreasmg
freshwater dlscharge in Fig. 3f from —80 m’/s to —20

m’/s or increasing settling velocity in Fig. 3¢ from
0.001 m/s to 0.01 m/s). Note that for some parame-
ter values (e.g., large mixing or small settling veloc-
ity), the maximum sediment concentration occurs at
the downstream model boundary.

As the turbidity maximum moves upstream, the
distribution of SSC becomes more asymmetric (see
for example the case of increasing depth, Fig 3e).
Modelled estuaries whose width is strongly conver-
gent (small L,) display a relatively symmetric distri-
bution of SSC, while more weakly convergent (large
L.) estuaries display a more asymmetric distribution
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Figure 2. Sensitivity of modeled ETM to variations in the ex-
ponent1a1 width parameters L, and B,. The maximum SSC var-
ies from 0.03 kg/m® (L, = 50 km) to ~3.8 kg/m® (L, = 12.5 km)
in the top panel and from ~3.9 kg/m* (B, = 5 km) to ~0.7 kg/m’
(B, = 45 km) in the bottom panel. The total mass in each
model run is kept constant.

of SSC (Fig. 2a). The salinity gradient clearly con-
trols the downstream extent of the turbid zone: sharp
salinity gradients (small x;) correspond with steep
slopes in SSC, while gentle salinity gradients (large
xr) result in an increased downstream spread in SSC
(Fig. 3g). Upstream of the turbidity maximum, a
number of parameters such as Q, H, w,, and 4, ap-
pear to affect the distribution of SSC.

3.2 Scaling the turbid zone

The observations in the sensitivity study suggest that
we can construct length-scales that control the up-
stream and downstream extent of SSC. Using the
result from Fig. 1, we assume that turbidity currents
are negligible compared to dispersive fluxes (i.e., we
neglect term 3 in Eq. 13b), and evaluate the remain-
ing terms in Eq. 13.

Downstream of the turbidity maximum, the influ-
ence of freshwater discharge (term 2 in Eq. 13b) is
small compared to gravitational circulation (term 1
in Eq. 13b), and can be neglected. By estimating the
salinity distribution as a linear function ( s(x)~-Sx
x/x; ) we find that the e-folding lengthscale for the
extent of the turbid zone downstream of the maxi-
mum is:

I N T.K, . Dispersive Influence (15)
Bed s, Gravitational Influence
xL

where G,=gBH’/(48p,4,) scales the magnitude of
gravitational circulation for a given salinity gradient.
From this scaling, we find that factors which in-
crease gravitational circulation —larger salinity gra-
dients, greater depths, and decreased mixing—tend
to decrease the downstream extent of the turbid
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Figure 3: Variation of bottom SSC as a function of average sediment concentration cx (3a), dispersion coefficient K, (3b), the set-
tling velocity wy (3¢), the eddy diffusivity 4, (3d), depth H (3e), freshwater discharge O (3f), lengthscale of salinity gradient x; (3g)
and location of maximum salinity gradient x. (3h). Panel (3a), (3b) and (3¢c) are normalized by the concentration at each turbidity

maximum, while other results are presented in kg/m’.

zone. Factors which increase horizontal dispersion
(such as increased freshwater discharge) increase the
size of the turbid zone downstream of the maximum.
The vertical distribution of sediment in the water
column, defined by the vertical Peclet number Pe,
=w,H/K,, controls the downstream spread of turbid-
ity through the ratio 7x/Ts. As shown in Fig. 4a, the
ratio Tx/Tsis much larger than unity for small Peclet
numbers. Essentially, because SSC is well mixed
throughout the water column, the effect of gravita-
tional circulation on sediment flux is reduced. As
sediment settles towards the bottom with increasing
Pe,, near bottom gravitational currents become in-
creasingly important, and the ratio 7x/7Ts decreases to
a minimum of ~2.5 at Pe, =5.9. At higher Peclet
numbers, the effect of the bed (1 = 0) reduces fluxes
from gravitational circulation relative to dispersion,
and the ratio increases to 17.5 at Pe, =100. Hence,
this scaling suggests that there is a value of the set-
tling velocity that minimizes the downstream extent
of turbidity for a given depth and eddy diffusivity.
For the standard parameter values in Table 1, this
occurs for a settling velocity of w, ~ 8+ 10 mys.
When fresh water discharge dominates over
gravitational circulation, as occurs upstream of the
turbidity maximum (term 2 in Eq. 13b is larger than
term 1), we find an approximate scale for the e-
folding length-scale by first applying a Taylor ex-
pansion to the exponential width term in Eq. 13b ar-
ound the location of the turbidity maximum, x;:

exp| 2« |~ exp| 2 1+)V+’Ca2 + (16)
Pl e 7 Lt

where we introduce a new variable x, = x-x;s: Using
only the first two factors of Eq. 16 and substituting
into Eq. 13b (i.e., discarding non-linear terms), we
find that the function F(x) from Eq. 13 becomes:

=37,|0|L -
F(x)~exp g |Q = |exp Al
2[—ITTK]<hbM Lssc,u

where the first term is a constant and the length b, =
B, exp(-x)/L.) is the width at the turbidity maxi-
mum. The negative sign occurs because freshwater
discharge is negative in our coordinate system. The
e-folding lengthscale Lgsc,, which scales the spread
of SSC upstream of the turbidity maximum, is de-
fined as:

(17)

2T Kb, H Dispersive Influence
37,10

Factors which increase flux from freshwater cir-
culation such as increased discharge or decreased
width and depth tend to reduce the size of the up-
stream turbid zone. Factors which increase disper-
sion also increase the size of the turbid zone. To a
first order, the width convergence length scale L.
does not affect the upstream e-folding lengthscale of
SSC. However, the effect of width convergence en-
ters the higher order terms in the Taylor expansion

~ = 18
sscu Freshwater Influence (1%)
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Figure 4. Variation of the ratio Tx/Ty and Tx/T as a function of
the vertical Peclet number Pe,.

(Eq. 16). Hence, L. adjusts the scaling in Eq. 18 in
the manner observed in Fig. 2, which showed that
small L. (fast convergence) results in a reduced
spread of SSC. Therefore, the scaling in Eq. 18 is
an upper bound estimate of the upstream distribution
of SSC for the case of constant width (large L.).

The vertical distribution of SSC affects the up-
stream distribution of SSC through the ratio of Tk to
Ty, as 1s shown in Fig. 4b. As the Peclet number in-
creases, the ratio of Tk to Tp also increases from a
value of ~ 1 at Pe, =0.1 to a value of ~ 50 at Pe,
=100. This occurs because as sediment is concen-
trated near the bed, the sediment fluxes from fresh-
water discharge decrease relative to dispersion.
Hence factors that increase the vertical Peclet num-
ber Pe, such as increased settling velocity cause an
increased upstream spread of sediment.

From the scaling estimates (Eq. 15 & 18) we can
interpret the shapes of the turbidity profiles shown in
Fig. 3. As readily observed in Eq. 15 & 18, increas-
ing the salinity gradient (decreasing x;) causes a
sharp decrease in the extent of turbidity downstream
of the turbidity maximum, but does not affect the
upstream distribution (see Fig. 3g). By comparison,
decreasing freshwater discharge Q clearly increases
the upstream extent of turbidity, but has little effect
on the downstream distribution (Fig 3f). Thus the
differing parameters controlling the upstream and
downstream portion of the turbidity zone inherently
lead to asymmetry. Only the dispersion coefficient
K}, and transport term Tk appear equally in both Eq.
15 & 18, and thus have an equal effect downstream
and upstream of the maximum (see Fig. 3b).

3.3 Comparison with data

The dependence of the modelled profile of SSC
downstream of the turbidity maximum on the ap-
plied salinity field downstream suggests that we
compare measured longitudinal profiles of salinity
with measured profiles of turbidity (proportional to

SSC). Fig. 5 shows measured longitudinal profile of
salinity (a) and turbidity (b) taken during 3 cruises
on Sept. 28, 2005, Feb. 06, 2006, and Aug. 2, 2006
in the Ems estuary. Each cruise occurred during pe-
riods of low freshwater discharge between 25-40
m’/s. The Sept. 28, 2005 measurement was an up-
stream cruise against the ebbing tide, the Feb. 2006
measurement was a downstream cruise against the
flooding tide, while the Aug. 2006 cruise occurred in
the downstream direction with the ebbing tide.
Hence, the individual profiles of salinity and turbid-
ity are either steepened (Sept. 2005 & Feb 2006) or
lessened (Aug. 2006) compared to tidally averaged
conditions. Nonetheless, it is useful to compare the
shape and location of the salinity and turbidity pro-
files of each cruise to obtain insights into the rela-
tionship between the two. More details about meas-
urement methods can be found in Talke et al., 2007.

As can be seen in Fig. 5, the turbid zone begins
upstream of the largest salinity gradient and rises to
a maximum at the toe of the salinity field. Confirm-
ing Eq. 1 and the explicit dependence of Cy(x) on
s(x) in Eq. 13, we can fit a hyperbolic tangent to
both the measured profiles of salinity and turbidity.
The length scale parameter x;, in the hyperbolic fit to
the turbidity curves is similar for all three measure-
ments, and varies from 5.4 km (Sept. 2005) to 6.7
km (Aug. 2006). This is smaller than the length-
scale x; of the tidally averaged salinity profile for
low-flow conditions in the Ems, which is ~ 14.5 km
for a freshwater discharge of 30 m’/s. Using S«
=25.3 psu, x; = 14.5 km, and the standard values for
settling velocity, depth, mixing, and dispersion coef-
ficient (Table 1), we find that the e-folding length-
scale for the modelled SSC in the downstream direc-
tion is ~ 5.4 km. Hence, the scaling in Eq. 15 gives
the correct order of magnitude of the spread of tur-
bidity downstream of the turbidity maximum.

We also scale the upstream spread of turbidity us-
ing Eq. 18. Estimating the width of the river to be ~
350 m at the maximum at x = 70 km, we estimate an
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Figure 5. Comparison of salinity profiles (upper panel) and
turbidity profiles (lower panel) in the Ems estuary. Practical
turbidity units (NTU) are proportional to SSC.
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Fig. 6: Equilibrium distribution of settling velocities for constant width-model (6a) and exponentially converging width model (6b).

e-folding length-scale of turbidity to be ~22 km for
the Feb. 2006 and Aug. 2006 cases. Similarly, the e-
folding length-scale for Sept. 2005 is ~ 14 km.
Though the measured extent of turbidity is larger
(between 25-30 km), the scaling gives a good order
of magnitude estimate. Moreover, the scaling from
Eq. 15 and Eq. 18 are consistent with the observa-
tion that the spread of sediment is much larger in the
upstream direction, and in this way explains the
asymmetry of the turbidity zone.

3.4 Distribution of particles

As observed in Fig. 3c and shown by the scaling es-
timates in section 3.2, the longitudinal distribution of
SSC in our model depends on the settling velocity of
particles through the vertical Peclet number Pe,
Moreover, as settling velocity is increased, the posi-
tion of the turbidity maximum is moved upstream
(Fig. 3c). The dependence of the distribution of SSC
on settling velocity provides a mechanism for the
sorting of particles by settling velocity along the axis
of an estuary. Starting with 7 particle sizes with set-
tling velocities of 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 mm/s,
and 6.4 mm/s, and assuming that each is present in
equal proportions (i.e., the ¢+ defined by Eq. 11 is
equal), we calculate the equilibrium distribution of
sediment for a constant width model (Fig. 6a) and an
exponential width model (Fig. 6b). At each location
along the longitudinal axis we plot the relative per-
centage of particles with a particular settling velocity
to the combined concentration from all 7 settling
classes. For simplicity, we assume that turbidity

currents and hiding effects due to differing grain
sizes are negligible.

When width is held constant (Fig. 6a), particles
with small settling velocities are swept to the down-
stream boundary, while particles with larger settling
velocities are trapped progressively further up-
stream.  Approximately 83% of particles at the
downstream boundary derive from the two smallest
size classes (w; =0.1, 0.2 mm/s) and ~ 62% of parti-
cles at the upstream boundary derive from the larg-
est size classes (w; =1.6, 3.2, and 6.4 mm/s). For an
exponentially varying width, the particle size distri-
bution of SSC in the upstream reaches becomes
dominated by particles with large settling velocities:
nearly 100% of the particles at the upstream bound-
ary belong to the two largest settling velocity classes
(see Fig. 6b). By contrast, the distribution of parti-
cles in the downstream reaches becomes more
evenly distributed. At the boundary, ~35% of the
distribution reflects sediment from the three largest
size classes (w; =1.6, 3.2, and 6.4 mm/s), compared
to ~11 % for the constant width model. In both the
constant width model and the exponential model, a
large shift in the distribution of settling velocities
occurs between 40 km to 70 km, with settling veloc-
ity becoming larger. This shift coincides with the
maximum salinity gradients prescribed in the model,
and demonstrates the effect of gravitational circula-
tion on SSC spreading downstream of the turbidity
maximum (see Eq. 15 and Fig. 4a).

At first glance the distribution of particles pre-
dicted by the model is contradicted by observations,
which show that large grained sands (large settling



velocities) are found in the outer estuary while silt
(small settling velocity) is found trapped at the tur-
bidity maximum. However, because flocculation of
cohesive sediments increases the effective settling
velocity to 0.5-3 mm/s (see Sanford et al., 2001 and
Winterwerp, 2002), the modelled settling velocities
in the turbid zone (see Fig. 6) between km 50 and
km 90 are consistent with settling velocities at tur-
bidity maximums. As in the model results, particles
with small settling velocities are not found in turbid-
ity zones; for example, Sanford et al. (2001) found
no turbidity maximum in the Chesapeake when set-
tling velocity reduced to ~ 3-10™ m/s during the win-
ter months. Though particles with small settling ve-
locities are not measured in the field along the main
axis of an outer estuary, it is possible that these par-
ticles are trapped at mudflats along the embank-
ments by lateral circulation processes (see e.g. Huijts
et al., 2006, Fugate et al. 2007). It is also possible
that these small particles are swept to sea by proc-
esses not considered in this model but that may be
relevant in an outer estuary (tides, winds, and tran-
sient, non-equilibrium processes).

4 CONCLUSIONS

In this paper we derive an implicit solution for the
distribution of SSC in an estuary with an exponen-
tially varying width. Results show that turbidity cur-
rents can be neglected for all but the muddiest estu-
aries. A sensitivity study shows that increasing
depth and settling velocity moves the turbid zone
upstream, while increased mixing and freshwater
discharge move the turbid zone downstream.
Strongly convergent width results in a smaller spa-
tial extent of SSC. Length-scales were derived that
control the modelled distribution of SSC, and are
shown to depend greatly on the prescribed salinity
field, freshwater discharge, depth, settling velocity,
and other model parameters. The modelled varia-
tions in settling velocity were used to determine the
distribution of particles with different settling ve-
locities. The settling velocities found in the turbid
zone are consistent with reported values of the set-
tling velocity of cohesive sediments. In the future,
the model will be further improved by allowing
more parameters to be functions of the longitudinal
coordinate, and by allowing tidal motions (for a dis-
cussion of the limitations of a tidally averaged
model, see Talke et al., 2007).
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6 APPENDIX

The expressions 7y, T;, Tp, and Tk are defined as
described in Talke et al., 2007, and are functions of
the vertical Peclet number for suspended sediment
concentration Pe,= w.H/K,:

T =

s

1 {(— 48 + Pev3 —18Pe, )exp(— Pe, ) +

(A.1)
Pe,' |48-30Pe, +6Pe,’ }

T, =144Pe,” exp(-2Pe,)
1 4 2 l 3
—1+—Pe, +Pe +—Pe +
12 2

(A.2)
(— 2Pe, — Pe,’ + %Pev3 + 2) exp(PeV)+

(— 1-Pe’ + éPev3 +2Pe, j exp(ZPev)

T, = — 3 {[—1+lPeszexp(—Pev)+l—Pev} (A.3)
Pe, 2

T, = (1-exp(=Pe,)) (A.4)
! Pe,
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