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ABSTRACT

This study investigates the influence of tidal straining in the generation of turbidity maximum zones (TMZ),
which are observed to extend for tens of kilometers along some shallow, open coastal seas. Idealized numerical
simulations are conducted to reproduce the cross-shore dynamics and tidal straining in regions of freshwater
influence (ROFIs), where elliptical current patterns are generated by the interaction between stratification and a
tidal Kelvin wave. Model results show that tidal straining leads to cross-shore sediment convergence and the
formation of a nearshore TMZ that is detached from the coastline. The subtidal landward sediment fluxes are
created by asymmetries in vertical mixing between the stratifying and destratifying phases of the tidal cycle. This
process is similar to the tidal straining mechanism that is observed in estuaries, except that in this case the
convergence zone and TMZ are parallel to the shoreline and perpendicular to both the direction of the fresh-
water flux and the major axis of the tidal flow. We introduce the term minor axis tidal straining (MITS) to
describe the tidal straining in these systems and to differentiate it from the tidal straining that occurs when the
major axis of the tidal ellipse is aligned with the density gradient. The occurrence of tidal straining and the coastal
TMZ is predicted in terms of the Simpson (Si) and Stokes (Stk) numbers, and top-bottom tidal ellipticity
difference (As). Based on our results, we find that SiStk? > 3 and Ae > 0.5 provide a limiting condition for the
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required density gradients and latitudes for the occurrence of MITS and the generation of a TMZ.

1. Introduction

Density stratification has a profound influence on
circulation and sediment transport dynamics in estuaries

Denotes content that is immediately available upon publica-
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(Hansen and Rattray 1965; Burchard et al. 2013; Geyer
and MacCready 2014) and in shallow coastal seas
(Simpson et al. 1990; Stacey et al. 1999; Pietrzak et al.
2011). Riverine freshwater discharge strongly influ-
ences shallow coastal seas such as Liverpool Bay
(Rippeth et al. 2001) and the Rhine River outflow re-
gion (Simpson and Souza 1995), which are often re-
ferred to as regions of freshwater influence (ROFIs;
Simpson 1997). An important consequence of density
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gradients in estuaries and ROFIs is the generation of
subtidal residual landward sediment fluxes near the bed,
which often lead to sediment convergence and regions of
very high turbidity (Jay and Musiak 1994; Geyer et al.
2001; Burchard et al. 2013; Souza and Lane 2013). In this
work we use an idealized numerical model to investigate
the role of stratified tidal process in the generation of
coastal turbidity maxima such as those observed in the
Rhine ROFT (van der Hout et al. 2015).

In estuaries, turbidity maxima can be generated by
several hydrodynamic and sediment transport processes
(e.g., Geyer 1993; Burchard et al. 2018). A detailed re-
view of such processes is given by Burchard et al. (2018)
and includes gravitational (Burchard and Hetland 2010)
and lateral (Lerczak and Geyer 2004; Nidzieko et al.
2009) circulation and tidal straining (Jay and Musiak
1994; Burchard et al. 2013, 2018). In some estuaries,
subtidal landward sediment fluxes and the formation of
estuarine turbidity maxima (ETM) have been attributed
to tidal asymmetries in eddy viscosity generated by tidal
straining (Jay and Musiak 1994; Scully and Friedrichs
2007). Tidal straining (Simpson et al. 1990) leads to a
periodic cycle of stratification and destratification in
which the water column becomes more mixed during
flood tide. In the near-bed region, stronger mixing
during the flood enhances landward currents relative
to the ebb currents and results in upstream residual
transport (Jay and Musiak 1994; Geyer et al. 2000;
Scully and Friedrichs 2007).

Dynamics similar to those observed in estuaries fre-
quently extend out onto the shelf in river plumes
(Horner-Devine et al. 2015) and ROFI systems (Simpson
1997). Tidal straining along open coasts in ROFI systems
results in periodic variations in stratification that control
turbulence (Rippeth et al. 2001; Fisher et al. 2002; Souza
et al. 2008; Fischer et al. 2009). Characteristic features of
the tidal straining process in ROFI systems include a
semidiurnal switching in water column stratification,
cross-shore currents that are 180° out of phase between
the surface and the bottom, and high tidal current el-
lipticities (e.g., Visser et al. 1994; Simpson and Souza
1995; de Boer et al. 2006; Palmer 2010). An example of
the semidiurnal variations in stratification, current
structure, and near-bed sediment transport induced by
tidal straining is shown in Fig. 1 for a shallow site in the
midfield region of Rhine ROFI (Flores et al. 2017;
Horner-Devine et al. 2017). Although other processes,
such as the propagation of tidal plume fronts (Horner-
Devine et al. 2017; Rijnsburger et al. 2018), are also
relevant in the midfield region, the main features of
tidal straining are evident in the stratification and
current time series (Figs. 1b,c); a strongly sheared
alongshore (Fig. 1a) and cross-shore current profiles
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FIG. 1. Field measurements in the Rhine ROFI. (a) Bottom
(solid line) and surface (dotted line) alongshore velocities.
Positive velocities are directed to the northeast, and negative
velocities are directed to the southwest. (b) Bottom (solid line)
and surface (dotted line) cross-shore velocities. Positive veloci-
ties are directed offshore and negative velocities are directed
onshore. (c) Top-bottom salinity difference. (d) Instantaneous
(black line) and cumulative (gray line) near-bottom cross-shore
sediment fluxes. Negative fluxes are directed onshore, and posi-
tive fluxes are directed offshore. These measurements were part
of the Stratification Impacts on Nearshore Sediment (STRAINS)
field campaign in 2014 and were taken 10 km north of the mouth
of the Rhine River, in 18 m of water, approximately 5 km off the
coast (Flores et al. 2017; Rijnsburger et al. 2018). These mea-
surements were taken during neap tide and low wind conditions.
In all panels, bottom refers to measurements collected approxi-
mately 2m above the bed and surface refers to measurements
collected 1 m below the surface. Suspended sediment concen-
trations were measured using optical backscatter (OBS). The
reader is referred to Flores et al. (2017) for further details about
the instrumentation and deployment.

(Fig. 1b) that result from the density differences
(Fig. 1c) lead to a net landward transport of fine sed-
iment at depth (Fig. 1d). The interplay between tides,
density gradients, and bottom friction favors conver-
gence processes that may lead to the formation of
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turbidity maximum zones in ROFIs (e.g., Souza and
Lane 2013; van der Hout et al. 2015; Brown et al. 2015;
van der Hout et al. 2017). Yet the role of tidal straining
in the generation of turbidity maximum zones in
coastal regions has not been clearly established.

The occurrence of turbidity maximum zones (TMZs)
is relevant for a wide variety of ecological processes and
problems, as they are often related to the inhibition of
primary production, hypoxia and the accumulation of
contaminants (Eisma 1990; Yoshiyama and Sharp 2006).
High concentration of suspended sediments can impair
the optimal functioning of coastal engineering projects,
which may then require unplanned modifications. The
accumulation of fine sediments in estuarine waterways
and coastal regions often requires further human inter-
vention such as dredging. Thus, a better understanding
of the physical processes that determine sediment
pathways and accumulation zones is essential for
coastal region management.

In the Rhine ROFI, a persistent turbidity maximum
zone has been observed between 1 and 3km from the
coast (Fig. 2a), with peak sediment concentrations of
500-1000mg1~" located approximately 1.25-1.5km
from the coast (van der Hout et al. 2015, 2017). Based
on data collected during several measurement cam-
paigns (e.g., van Alphen 1990; Joordens et al. 2001;
van der Hout et al. 2015), this TMZ is thought to ex-
tend at least 80 km downstream of the mouth of the
Rhine-Meuse estuary (Fig. 2b), making it the one of
the main features of the fine sediment dynamics along
the Dutch coast. As a result of vertical stratification,
high suspended sediment concentrations are usually con-
fined to the lower half of the water column (Fig. 2a) and are
not detectable by remote sensing or satellite imagery
(Pietrzak et al. 2011; van der Hout et al. 2015). The
nearshore location of this TMZ is relevant for the coastal
engineering solutions implemented along the Dutch
coast in response to climate change and sea level rise
(e.g., Stive et al. 2013), and it has also been shown to
control the distribution of nutrients, plankton, and
chlorophyll a in the coastal ecosystem (Joordens et al.
2001; van der Hout et al. 2017).

In stratified coastal regions where the tide behaves
as a standing wave (e.g., Liverpool Bay; Rippeth et al.
2001; Palmer 2010), the major axis of the tidal currents is
aligned with the horizontal density gradient and the tidal
straining process is similar to that observed in estuaries.
In coastal regions where the tide behaves as a progres-
sive wave, such as the Rhine (Simpson et al. 1993), tidal
currents are not aligned with the main horizontal density
gradient. In this situation, tidal straining cannot occur
without additional processes that align the tidal shear
and the density gradients (Visser et al. 1994; Simpson
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FIG. 2. Observation of a nearshore turbidity maximum zone
along the Dutch coast. (a) Suspended sediment concentrations
along a transect off the coast at Egmond [see (b)]. These mea-
surements correspond to those of van der Hout et al. (2015).
(b) Bathymetry along the Dutch coast. Red lines represent loca-
tions were a coastal TMZ was observed in the field measurements
of van der Hout et al. (2015) and van Alphen (1990). The along-
shore extension of the TMZ has been indicated by the brown filled
area. The red dashed line indicates that the TMZ could potentially
extend to the river mouth, although no measurements have been
reported in that area.

and Souza 1995; Souza and Simpson 1996). Earth’s ro-
tation, which is often neglected in estuaries (Scully and
Friedrichs 2007; Burchard et al. 2013), plays a key role in
the generation of tidal straining in these ROFI systems
by generating tidal shear parallel to the density gradient
(Visser et al. 1994; Palmer 2010; Souza 2013).

Tidal straining in ROFIs with progressive tides is a
frictional process that relies on the anticyclonic fric-
tional boundary layer occupying the full water column
(Visser et al. 1994; Simpson and Souza 1995). When the
water column is strongly stratified, the eddy viscosity is
reduced at the pycnocline and the top and bottom layers
become dynamically decoupled (Visser et al. 1994;
Verspecht et al. 2010; Palmer 2010). This decoupling
leads to the modification of the tidal ellipses and the
development of strong cross-shore velocity shear (Visser
et al. 1994; Simpson and Souza 1995; Souza et al. 1997).
As the upper layer does not feel bottom friction, it
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develops strong anticyclonic rotation, which in turn
enhances the cyclonic character of the near-bottom
currents. The surface and bottom currents rotate in
opposite directions, leading to the high cross-shore
shear that results in the periodic cross-shore straining
of the density field (Visser et al. 1994; Souza and James
1996; Palmer 2010; Souza 2013). Tidal current ellip-
ticity (the ratio of semiminor to semimajor axes of
the tidal ellipses) is used as a measure of tidal straining
in ROFTI systems (Visser et al. 1994; Souza et al. 1997;
de Boer et al. 2006). In the Rhine, ellipticities ap-
proaching 0.4 have been observed in the field (Visser
et al. 1994; Souza and Simpson 1996; Flores et al. 2017)
and in numerical simulations (de Boer et al. 2006)
during stratified conditions. De Boer et al. (2006)
analyzed the elliptical structure of the tidal currents
in the Rhine, concluding that the increase in current
ellipticity is intrinsically tied to stratification within
the plume.

Thus, tidal straining can occur in the direction of the
major axis of the tidal flow, as in estuaries or coastal
regions where the tide behaves as a standing wave,
and/or in the direction of the minor axis of the tidal
ellipse, as in coastal systems with progressive tides.
We will refer to the tidal straining process that occurs
in progressive wave ROFI systems as minor axis tidal
straining (MITS) in order to differentiate them from
the more common tidal straining process that occurs
in estuaries and standing wave systems where the
density gradient is aligned with the major axis of the
tidal currents. We note that this term is not meant to
describe a new phenomenon, as MITS has been ex-
tensively described in the literature over the years
(Simpson et al. 1990; Visser et al. 1994; Simpson and
Souza 1995; Verspecht et al. 2010). The term is in-
troduced here in order to help differentiate the types
of tidal straining in our discussion.

In this study, we focus on the impact of MITS on the
cross-shore variability of suspended sediment transport
dynamics and the generation of turbidity maximum
zones in coastal regions. We use an idealized numerical
model designed to reproduce the cross-shore circulation
patterns set by the tidal straining mechanism, charac-
teristic of ROFI systems with progressive tides. We test
the hypothesis that tides and MITS result in the for-
mation of a coastal turbidity maximum that is detached
from the shoreline (as in Fig. 2) and investigate the
mechanisms by which cross-shore sediment conver-
gence is generated. The parameter space includes
variations in the horizontal density gradient and the
Coriolis parameter, which are thought to be the critical
parameters governing tidal straining dynamics, as dis-
cussed in section 2, and sediment particle size (Rouse
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number). Based on the results of our simulations, we
provide a parameter space for the formation of TMZs
and the occurrence of MITS in shallow coastal seas,
specified in terms of nondimensional numbers con-
trolling the buoyancy and frictional influence.

This paper is organized as follows: In section 2 we ex-
plore the scaling relationships that define the parameter
space for MITS and define the major nondimensional
numbers that are used throughout the paper. In section 3
we describe the numerical model, grid setup, simu-
lation scenarios, parameters and forcing required
to perform the hydrodynamic and sediment transport
simulations. In section 4 we use model results to de-
scribe the processes leading to the formation of a
TMZ for a base case scenario. In section 5 we discuss
the mechanism that leads to cross-shore sediment
convergence and investigate the parameter space for
the generation of a TMZ by tidal straining, including
the influence of particle size distributions. We present
our final conclusions in section 6.

2. Nondimensional parameters

To develop a predictive understanding for the occur-
rence of MITS and turbidity maximum zones in coastal
shelf seas we use nondimensional parameters that char-
acterize tidal flows subjected to the influence of horizontal
density gradients and Earth’s rotation (Simpson et al. 1990,
Monismith et al. 1996; Souza and Simpson 1996; Burchard
et al. 2013; Souza 2013). The Simpson number (Si)
quantifies the relative influence of horizontal density
gradients on the dynamics of estuarine and coastal
flows (Simpson et al. 1990; Monismith et al. 1996;
Stacey et al. 2010; Burchard et al. 2013; Geyer and
MacCready 2014):

2
si= -8 (1)

2 b
Py 0X U

where g is the gravitational acceleration, pg is a ref-
erence density, p is density, H is water depth, and
us = /CpU is the friction velocity, where Cp is a drag
coefficient and U is a tidal velocity scale. It is worth
noting that the Simpson number corresponds essen-
tially to the horizontal Richardson number (Ri,; e.g.,
Monismith et al. 1996; Stacey et al. 2001; Burchard
and Hetland 2010), and represents the ratio of buoy-
ancy input to mixing (Burchard and Hetland 2010;
Burchard et al. 2013). For small values of Si, tidal
mixing eliminates the stratification caused by tidal
straining and baroclinic mean flows, whereas for large
values of Si (Si ~ 1) the water column will stratify
(Monismith et al. 1996). For intermediate values of Si,
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strain-induced periodic stratification (SIPS) is expected to
occur (Simpson et al. 1990).

The Stokes number (Stk) quantifies the relative im-
portance of friction and inertia in oscillatory tidal flows
(Stokes 1851; Prandle 1982; Baumert and Radach 1992;
Winant 2007; Burchard and Schuttelaars 2012; Souza
2013), and is defined as the ratio of boundary layer
height to total water depth,

)
Stk = " 2)

Souza (2013) used the Stokes number to explain
frictional tidal dynamics and water column structure in
the Irish Sea, concluding that Stk ~ 1 is a good predictor
for the location of tidal mixing fronts. A Stokes
number Stk = 1 means that the frictional layer is
greater than the water depth, which in practical terms
is interpreted as a boundary layer that covers the full
water column.

ROFIs are frictional systems with strong rotational
currents (Souza et al. 1997; de Boer et al. 2006). Earth’s
rotation is accounted for when estimating the frictional
depth 6 by decomposing the tidal ellipses into cyclonic
and anticyclonic rotational components (Godin 1972;
Prandle 1982). Each component has a boundary layer
thickness given by (Godin 1972; Prandle 1982; Soulsby
1983; Souza 2013)

Cu
5. =22 (3)

S

where Cj is a constant with value 0.075 (Soulsby 1983;
Souza 2013), fis the Coriolis parameter, and w is the
tidal frequency. In Eq. (3), the plus and minus signs are
used to indicate the cyclonic and anticyclonic boundary
layers, respectively. For the rest of this paper, we will use
the anticyclonic Stokes number (Prandle 1982; Soulsby
1983; Souza 2013),

o_
Stk = W 4)

which is computed by specifying the Coriolis frequency
f at any given latitude and tidal velocity scale. For tidal
ellipses to be modified by stratification, it is necessary
that Stk_ = 1, that is, that the anticyclonic boundary
layer reaches the surface (Souza 2013; Visser et al. 1994;
Simpson and Souza 1995). In the presence of stratifica-
tion (and reduction of eddy viscosity at the pycnocline),
Stk_ =1 allows the surface layer to gain anticyclonic
rotation, which is compensated by cyclonic rotation
in the bottom layer leading to the development of
counter rotating top and bottom tidal currents. If the
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anticyclonic boundary layer does not reach the sur-
face, the presence of stratification would not result in
increased anticyclonic rotation in the upper layer as it
would have already reached its free stream velocity
under the tidal forcing. Thus, Stk_ = 1 sets an im-
portant constraint on the occurrence of MITS and the
generation of TMZs.

As pointed out earlier, in regions such as the Rhine
and Liverpool Bay ROFIs, the interaction between
the tidal shear and the horizontal density gradient
results in tidal velocity profiles that deviate signifi-
cantly from the otherwise rectilinear tidal flow (Visser
et al. 1994; Palmer 2010). Hence, a third nondimen-
sional parameter that is of dynamical interest in
ROFIs is the tidal current ellipticity, and more spe-
cifically, the top-bottom ellipticity difference (Souza
et al. 1997; de Boer et al. 2006)

Ae=¢, — €. (5)

In the presence of MITS, Ag is a positive number, as
the bottom layer has positive (cyclonic) rotation and the
surface layer has negative (anticyclonic) rotation. Large
values of Ae are indicative of the development of strong
counterrotating top and bottom cross-shore current
components, while low values of Ae are associated to the
absence of MITS and a rectilinear alongshore tidal flow
(Souza et al. 1997).

The occurrence of turbidity maximum regions is also
conditioned to the particle size distribution of bed sed-
iments. The influence of particle size and associated
settling velocities is usually assessed in terms of the
Rouse number (Rouse 1937; Hunt 1954), which de-
scribes the balance between particle settling and upward
turbulent transport of sediment,

Ro ==, (6)

KUy

where w; is the particle settling velocity (constant), k =
0.4 is the von Karman constant, and u, is the friction
velocity scale (i ~ +/CpU).

3. Numerical model

We use the Regional Ocean Modeling System (ROMS)
to simulate circulation and sediment transport dy-
namics in an idealized ROFI MITS system. ROMS is a
three-dimensional, free-surface, primitive equation
ocean model with a curvilinear orthogonal horizontal
grid and a stretched terrain-following vertical grid.
The model solves finite-difference approximations of
the Reynolds-averaged Navier-Stokes equations us-
ing the Boussinesq and hydrostatic approximations
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(Shchepetkin and McWilliams 2005; Warner et al. 2008b),
and has been extensively used in idealized and realistic
numerical simulations of shelf dynamics and associated
transport processes (Harris et al. 2008; Warner et al.
2008a; Chen et al. 2013; Horwitz and Lentz 2014; Kumar
et al. 2015). This section describes the model configura-
tion and the physical parameters used in the numerical
simulations.

The model is designed to reproduce the cross-shore
hydrodynamic and sediment transport processes char-
acteristic of systems with MITS, such as the Rhine
ROFI. Early studies in the far field of the Rhine ROFI
(Simpson and Souza 1995; Souza and James 1996) have
suggested that the dynamics are, to a first-order, two-
dimensional, with cross-shore variability in density and
currents dominating over those in the alongshore di-
rection. More recently, de Boer et al. (2008) showed that
cross-shore straining is the dominant mechanism con-
trolling the variability in water column stability and
current structure in this region. Consequently, all of our
analyses are focused on the cross-shore dynamics that
may lead to the formation of a TMZ. The model setup
does not resolve along coast variability or simulate
processes that are characteristic of the near-field and
midfield river plume regions, such as the propagation of
tidal plume fronts (Horner-Devine et al. 2017; Flores
et al. 2017; Rijnsburger et al. 2018) and alongshore ad-
vection or straining (de Boer et al. 2008). While along-
shore processes have implications for ROFI sediment
transport, the simulations presented here focus on the
simplest case in order to understand the fundamental
processes that lead to cross-shore sediment convergence
along this type of ROFI system.

a. Model setup

The model domain consists of open ocean boundaries
at the north, south and west boundaries and a coastal
wall at the eastern boundary. The bathymetry is along-
shore uniform, with a minimum depth at the coastal wall
of h = 3 (m) and maximum depth offshore of 4 = 30 (m).
We used an exponential fit that matches the steeper
near shore slope of & = 0.01 and milder offshore slope
of a = 0.001 observed in van der Hout et al. (2017)
(Fig. 3a). The choice of a maximum depth of 2 = 30 (m)
is representative of the Rhine ROFI region along
the southern North Sea (Pietrzak et al. 2011). The
stretched vertical grid has N = 32 levels with enhanced
resolution in the near-bottom and near-surface re-
gions (Fig. 3a).

To avoid boundary effects, the alongshore domain
was set to 50 km with a resolution of Ay = 500 (m), for a
total of 100 grid cells. All of the analyses and figures
presented here are from cross sections located in the
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FI1G. 3. (a) Model bathymetry and vertical terrain-following grid
with near-surface and near-bottom increased vertical resolution.
(b) Initial and (c) adjusted (due to thermal wind balance) salinity
structure for the base case scenario. Only part of the cross-shore
domain is shown.

middle of the domain (y = 25km). The tide is specified
as a progressive Kelvin wave and, in order to let the
Kelvin wave decay completely, the cross-shore domain
spans 700 km but with variable grid resolution; grid size
increases linearly from a minimum of Ax = 20m in re-
gions adjacent to the coastal wall to a maximum of Ax =
5000m in offshore regions with flat bottom where dy-
namics are not of interest for this study.

Simulations are conducted following two steps; first,
we let the system develop a thermal wind balance in
response to an imposed depth-uniform cross-shore
density gradient (Figs. 3b,c). Salinities and tempera-
tures are then clamped at the thermal wind values at
the northern boundary, in order to provide a constant
buoyancy forcing that would result in the establishment
of a bottom attached buoyant coastal current (Fig. 3c).
Zero gradient boundary conditions are specified for the
salinity, temperature, and suspended sediments at the
southern and eastern boundaries. After the thermal
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wind equilibrium has been reached and the buoyant
coastal current has developed, we force the system with
tidal elevations and velocities at each of the open
boundaries, which are specified based on the expressions
for a Kelvin wave with linear bottom friction (Jacobs
2004; de Boer et al. 2006; Roos et al. 2011). Chapman and
Flather boundary conditions (Marchesiello et al. 2001)
are used for the tidal elevation and depth-averaged ve-
locities, respectively, at all the open boundaries.

In ROMS, the system of governing equations is closed
using parameterizations of the Reynolds stresses in
terms of eddy viscosities and eddy diffusivities. Eddy
viscosities and eddy diffusivities were estimated using
the k—¢ turbulence closure model (Umlauf and Burchard
2003; Warner et al. 2005). Background values for eddy
viscosities and diffusivities are taken as K, = 10 °m?s ™!
and K, = 10 °m?s ™!, respectively. Bottom stresses are
determined using a logarithmic drag layer with a rough-
ness length that results in a drag coefficient of approxi-
mately Cp = 0.003.

A detailed description of ROMS sediment transport
module is provided elsewhere (Warner et al. 2008b), and
the relevant sediment parameters are described below
(section 3b). Model runs are initialized with zero con-
centrations in the water column, and since lateral sour-
ces of sediment were not specified at the boundaries, all
the sediment in suspension in the model results from
tidally induced erosion from the seabed. Boundary
conditions for the sediment calculations are specified as
zero gradient boundary conditions at all boundaries.

b. Base case

The base case corresponds to typical neap tide con-
ditions observed in the Rhine ROFI. Base case runs are
initialized with a cross-shore uniform salinity gradient in
the plume region of 2 X 10~ *psum ™', which results in a
depth-uniform cross-shore density gradient of approxi-
mately 1.523 X 10 *kgm*, representative of the far
field region of the Rhine ROFI (Rijnsburger et al. 2016).
Vertical stratification is imposed with a constant salinity
gradient of 0.05psum ™! with a buoyancy frequency of
N? =1.2 X 10~ *s~ 2 The width of the stratified region is
set to 20km, which is the typical cross-shore extension of
the plume in the far field (Souza et al. 2008). As a result
of the horizontal and vertical stratification, the iso-
pycnals are initially diagonal as shown in Fig. 3b. The
model is forced with semidiurnal tides with a frequency
of w = 1.4054 X 10~ *s (M2 tidal constituent) and am-
plitude of ny = 0.8 m, which is characteristic of neap tide
along the Rhine region (Flores et al. 2017; Rijnsburger
et al. 2018). The Coriolis parameter was set to f = 1.13 X
10~*s™!, corresponding to a latitude of 51°. No addi-
tional forcings such as wind or waves are included in the
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simulations since our primary focus is the effect of
MITS dynamics.

The sediment bed consists of one layer with two
sediment classes, corresponding to fine silts (10 wm)
and fine sands (200 um). Settling velocities and critical
stresses for erosion are 0.1mms ™' and 0.05 Pa for the
fine fraction and 1cm ™' and 0.2 Pa for the sand frac-
tion. The erodibility constant is chosen to be 5 X
10" *kgm 2s ™! for both classes of sediment based on
values reported by Sanford and Maa (2001). The bed is
initialized with a silt fraction of 20% and a fine sand
fraction of 80%, following observations along the
Dutch Coast (Huisman et al. 2016; Flores et al. 2018).

c¢. Numerical simulations

The parameters for the base case and nonbase case
model runs used in this study are summarized in Tables 1
and 2 . Horizontal density gradients range from 3.81 X
107> to 2.3 X 10 *kgm *, corresponding to salinity
gradients ranging from 5 X 10 > to 3 X 10 *psum ™. A
case without stratification was also included in order to
investigate whether a TMZ would form under well-
mixed conditions. The Coriolis parameter was estimated
as f = 2Qsin(y), where () and ¢ are the planetary ro-
tation frequency and latitude, respectively, and was
chosen to span latitudes from 26° to 56°. Parameters such
as settling velocity, tidal range and water depth were
also varied. To isolate the influence of the bathymetric
profile from the overall depth, several runs were con-
ducted using a bathymetric profile with a much smoother
transition between shallow and deeper water and milder
slopes (not shown). Model runs specified in Table 1 were
performed using the bathymetric profile shown in Fig. 3,
whereas the model runs specified in Table 2 were per-
formed using the smoother profile. In Tables 1 and 2, H
refers to a mean water depth computed based on the
bathymetric profile,

H= lr'h(x) dr, )

xUO

where x, corresponds to the cross-shore extension of the
initially stratified region, x, = 20km. To complete the
parameter space with regard to the nondimensional
number described in section 2, a small number of sim-
ulations were conducted with varying both density gra-
dients and the Coriolis parameter.

4. Model results
a. Density and current structure: MITS

The modeled velocity and salinity fields (Fig. 4) display
periodic variations consistent with the characteristic
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TABLE 1. Model runs.
Cases Run aplox (10 *kgm ™) fa0*s™h) H (m) 1o (m) w, (mms 1) Si Stk
Base case 1 1.52 1.13 22.8 0.8 0.1 1.55
Vary dp/ox 2 0 1.13 22.8 0.8 0.1 0
3 0.381 0.39
4 0.762 0.77
5 1.143 1.16 2.66
6 1.714 1.75
7 1.910 1.94
8 2.09 2.12
9 228 233
Vary f 10 1.52 0.638 22.8 0.8 0.1 1.47 0.98
11 0.749 1.49 1.14
12 0.855 1.51 1.35
13 0.954 1.52 1.65
14 1.046 1.54 2.06
15 121 1.57 3.71
Vary nq 16 1.52 1.13 22.8 0.6 0.1 1.78 1.88
17 1.00 1.03 3.26
Vary w 18 1.52 1.13 22.8 0.8 0.05 1.55 2.66
19 0.2
20 0.5
21 0.8
22 1
23 1.910 0.749 22.8 0.8 0.1 1.81 1.14
24 1.714 0.855 22.8 0.8 0.1 1.69 1.35
25 1.143 0.954 22.8 0.8 0.1 1.14 1.64
26 0.762 0.855 22.8 0.8 0.1 0.76 1.35

variations in stratification and shear observed in
ROFI systems with MITS described in section 1. The
time series shown in Fig. 4 are for a time period
where a quasi-steady state has been reached, several
tidal cycles after the tides were initiated. In the Rhine,
tides propagate as progressive Kelvin waves; posi-
tive alongshore velocities correspond to flood tide and

negative velocities correspond to ebb tide (Figs. 4a,b). The
alongshore velocities are stronger during the flood, as the
tidal flow and the density-driven circulation (thermal
wind) act in the same direction. The cross-shore velocities
are 180° out of phase between the surface and bottom
(Figs. 4c,d), and show a marked two layer structure
(Fig. 4c) indicative of the pycnocline at a depth of

TABLE 2. Model runs.

Cases Run aplox (10 *kgm ™) f0*s™h) H (m) M0 (M) w, (mms 1) Si Stk _
Vary dplox 27 0 1.13 17.6 0.8 0.1 0 353
28 0.381 0.22
29 0.762 0.45
30 1.143 0.68
31 1.52 0.911
32 1.714 1.023
33 1.910 1.14
34 228 125
Vary f 35 1.52 0.638 17.6 0.8 0.1 0.86 1.28
36 0.749 0.88 1.49
37 0.855 0.89 1.77
38 0.954 0.9 2.15
39 1.046 0.9 2.7
40 1.13 0.91 3.52
41 121 0.92 4.88
Vary no 42 1.52 1.13 17.6 0.6 0.1 1.56 2.65
43 1.00 0.61 4.28
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FIG. 4. MITS and sediment fluxes for the base case. (a) Alongshore current. (b) Time series of bottom (solid line)
and surface (dashed line) alongshore current. (c) Cross-shore current. (d) Time series of bottom (solid line) and
surface (dashed line) cross-shore current. (e) Salinity structure. (f) Time series of top-bottom salinity difference
AS. (g) Suspended sediment concentration. (h) Instantaneous (black line) and cumulative (gray line) near-bottom
cross-shore fluxes. All panels show data corresponding to a site located in approximately 15 m of water. Positive
alongshore current values correspond to the flood tide. Positive cross-shore current values correspond to off-

shore flow.

approximately 5 m below the surface. Maximum off-
shore and onshore velocities occur at slack tide,
whereas minimum values occur at times close to peak
ebb and peak flood tides. The cross-shore shear is on
the order of 0.2-0.3s™ !, which is of similar magnitude
as the vertical shear in the dominant alongshore
currents (Figs. 4b,d).

The semidiurnal cycle of stratification and destratifi-
cation is evident in the modeled fields shown in Fig. 4f,
with maximum stratification occurring close to high water
(peak flood) and minimum stratification at low water
(peak ebb) as is characteristic of the Rhine ROFI
(Simpson and Souza 1995; de Boer et al. 2006). The
stratifying phase occurs from low water to high water
(rising tide), whereas the destratifying phase occurs
from high water to low water (falling tide) (Figs. 4b,f).
Due to the progressive character of the tidal wave
both phases include part of the ebb and flood tides.
This differs from tidal straining in estuaries and ROFIs
with standing tides where stratification increases
during the ebb and decreases during flood (Simpson
et al. 1990; Jay and Musiak 1994; Scully and Friedrichs
2007). Maximum and minimum top-bottom salinity

differences are on the order of 1 and 0.05 psu, respec-
tively, suggesting that the water column almost reaches a
completely well-mixed state during the peak ebb flow in
15m of water (Fig. 4f).

The highest suspended sediment concentrations occur
at times when the water column is stratified (Figs. 4e,g).
Suspended sediment concentrations show a marked
semidiurnal variability (Fig. 4g), indicating that the dy-
namics at this location are governed by horizontal ad-
vection. There is no clear evidence of a quarter-diurnal
signal in the concentration, which is typically associated
with local resuspension (Fig. 4g). We expect that the
dominance of the advective (semidiurnal) over re-
suspension (quarter diurnal) variability in SSC is be-
cause the supply of fine erodible sediment is limited in
the prescribed bed layer and the settling velocity is
small. Thus, most of the fine bed layer is resuspended
before the model achieves a quasi-steady state and
stays in suspension for long periods of time. The cross-
shore suspended sediment fluxes (Fig. 4h) show both
onshore and offshore fluxes that occur during the
stratifying and destratifying phases of the semidiurnal
cycle, respectively. The net near-bed transport is
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FIG. 5. (a) Near-bottom (dotted line) and near-surface (dashed
line) tidal current ellipticity, and top-bottom ellipticity difference
(solid line). (b) Near-bottom (solid line) and depth-averaged
(dashed line) cross-shore density gradients. (c) Subtidal salinity
structure.

landward (onshore) over the 3.5 tidal cycles shown in
Fig. 4h (gray line). Further examination of the sedi-
ment fluxes and the mechanisms leading to subtidal
transport is presented in section 4b.

Analysis of the velocity profile structure shows that
the maximum ellipticity of the bottom and surface
currents reach 0.5 and —0.3, respectively, leading to a
maximum top-bottom ellipticity difference of Ae ~
0.8 (Fig. 5a). These values are consistent with the field
results of Visser et al. (1994) and Flores et al. (2017),
both of which reported maximum Ae of approxi-
mately 0.6-0.8, and the model results of de Boer et al.
(2006) who reported ellipticities in the range from
e ~ —0.4 to 0.5. Near-bed currents show greater el-
lipticity due to the concentration of frictional effects
in the lower layer due to the presence of the pycno-
cline. Maximum tidal current ellipticities (surface
and bottom) occur seaward of the region of maximum
horizontal density gradient (Figs. 5a,b), in regions of
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high vertical stratification. The tidally averaged sa-
linity (Fig. 5c) has the structure of a bottom attached
buoyant coastal current that is characteristic of shallow
river plumes (Chapman and Lentz 1997; Geyer et al.
2004; Horner-Devine et al. 2015). On a subtidal time
scale, we observe a two-layer salinity structure with a
generally well-mixed bottom region as a result of the
vertical mixing associated with the tidal currents, and a
very stratified upper layer. This is consistent with pre-
vious modeling studies in the Rhine ROFI (Ruddick
et al. 1995; de Boer et al. 2006).

The modeled density and current structure are thus
consistent with the MITS observed in the far field of the
Rhine ROFI (Visser et al. 1994; Simpson and Souza
1995; Simpson 1997). We note that our model was setup
to be representative of the far-field ROFI dynamics, and
thus is expected to only qualitatively reproduce the main
features of the field data shown in Fig. 1, which are from
the midfield region. Several additional processes occur
in the midfield region that do not occur in the far field
and are not included in our idealized model, including
the propagation of tidal plume fronts (Rijnsburger et al.
2018) and alongshore advection (de Boer et al. 2008). A
comparison between Figs. 1 and 4 suggests that the
model qualitatively captures the main dynamical fea-
tures observed in the field data, such as the semidiurnal
switching in stratification, counter rotating top—bottom
tidal currents and onshore suspended sediment fluxes.
Furthermore, similar qualitative agreement is also
present in comparison with other field data collected
in the far field (e.g., Visser et al. 1994; not shown),
such that both the field observations and our model
results show surface and bottom alongshore currents
that are in phase, and surface and bottom cross-shore
currents that are 180° out of phase, resulting in similar
counterrotating tidal currents and top-bottom ellip-
ticity differences.

b. Turbidity maximum zone and sediment fluxes

The main objective of this modeling study is to in-
vestigate whether MITS leads to cross-shore sediment
convergence and the formation of a coastal turbidity
maximum zone (e.g., Fig. 2a). For comparison, we also
show the response of the system for the unstratified case.
Suspended sediment concentrations for run 2 (see
Table 1) clearly indicate the absence of a localized
turbidity maximum zone, although suspended sedi-
ment concentrations are generally high in nearshore
regions (Fig. 6b). Without stratification, suspended
sediments are mixed over the entire water column and
typical Rouse profiles are observed throughout the
domain (Figs. 6e.f). Suspended sediment concentra-
tions are greater near the shore as a result of enhanced
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sediment resuspension, and maximum depth-averaged
concentrations occur at water depths of 5-8 m (Fig. 6b).
From this, two important inferences can be made;
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FIG. 6. (a) Near-bed effective transport velocity [Eq. (9)] for the no stratification (NS) case.
(b) Tidally averaged suspended sediment concentrations for the no stratification case. (c) Near-bed
effective transport velocity for the base case (BC). (d) Tidally averaged suspended sediment con-
centrations for the base case. (¢) Ebb (dotted lines) and flood (solid lines) suspended sediment con-
centration profile at a cross-shore section indicated by the leftmost vertical red dashed line in (b). Blue
indicates concentration for the no stratification case, and black indicates concentrations for the base
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case. (f) Asin (e), but at a cross-shore location indicated by the rightmost red dashed vertical line in (b).

(g) Residual transport components at the cross-shore location indicated by the leftmost red dashed line

in (b). Blue indicates values for the no stratification case, and black indicates values for the base case.
(h) Asin (g), but at a cross-shore location indicated by the rightmost red dashed vertical line in (b).

first, bed stress resulting from the tidal currents is (Figs. 6e,f).
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large enough to erode the seabed and resuspend fine
sediments, and second, we do not observe asymme-
tries between the flood and ebb phases of the tide
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The flow is significantly different for the stratified case
(base case, run 1; Fig. 6d). The combination of MITS
dynamics with a tidal flow capable of resuspending fine
sediments (as shown in Figs. 4 and 5) results in the for-
mation of a nearshore TMZ. A localized region with
high suspended sediment concentrations extends be-
tween 1.5 and 4 km from the coast and in water depths
greater than 12m. Due to vertical stratification, the
TMZ is confined to the near-bed region. The location
and extension of the TMZ is remarkably similar to the
observations reported by van der Hout et al. (2015)
(Fig. 2a). The landward limit of the TMZ corresponds
well with the tidally averaged position of the salinity
(density) front (Fig. 4c) and the maximum near-bed
horizontal density gradient (Fig. 4b). The overall ex-
tension and position of the TMZ is well predicted by the
regions of high tidal current ellipticity, particularly that
of the near-bed currents, g, = 0.5 (Figs. Sa and 6d).

1) SUBTIDAL SEDIMENT FLUXES AND EFFECTIVE
TRANSPORT VELOCITY

To investigate the mechanisms that lead to sediment
convergence and the generation of the TMZ, we de-
compose the residual cross-shore sediment flux into
contributions from the residual tidal current and the
tidal fluctuations (Burchard et al. 2008; Schulz and
Umlauf 2016),

(uC) = (u)(C) + (aC), ®)

where u is the cross-shore velocity, C is the suspended
sediment concentration, it =u — (1), C=C — (C), and
the brackets denote the tidal averaging operator (u) =
(1/T)j0Tu dt, where T is the tidal period. The first term
on the right-hand side of Eq. (8) represents the con-
tribution from the residual currents to the total sub-
tidal transport, whereas the second term represents
the contribution from the covariance between the
cross-shore velocity and sediment concentration. This
last term is usually referred to as tidal pumping (Scully
and Friedrichs 2007). Dividing Eq. (8) by the tidally
averaged sediment concentration (C) gives a quantity
that can be interpreted as an effective cross-isobath
sediment transport velocity (Schulz and Umlauf 2016),
_ {uc)
u, = (u) + % 9)

The base case u, is at least an order of magnitude
greater than that obtained for the unstratified scenario
(Figs. 6a,c). Since suspended sediment concentrations
are of similar magnitude in both scenarios, the dif-
ference in the magnitude of u, is explained by the
differences in the cross-shore flow. Under well-mixed

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 50

conditions, the Kelvin wave velocities are not modi-
fied and the flow is predominantly coast parallel,
whereas in the presence of stratification, MITS gen-
erates strong cross-shore currents (Figs. 4d and 5a).
Differences in direction of transport are also observed
between these two cases; u, is directed offshore (posi-
tive) for the unstratified case whereas u, is predomi-
nantly onshore (negative) for the stratified case. For
the stratified case, however, a transition from onshore
to offshore transport is observed in water depths of
approximately 15 m. This creates a region of transport
convergence that is collocated with the landward limit
of the turbidity maximum zone (Figs. 6¢,d). Toward the
coast, a region of transport divergence (transition from
onshore to offshore) explains the relatively lower sus-
pended sediment concentrations observed in interme-
diate water depths (6-12m).

Individual terms contributing to the residual transport
(uC) at two cross-shore locations are shown in Figs. 6g
and 6h. Contributions from the residual current domi-
nate the residual sediment flux at both locations, and,
since the direction of these fluxes is opposite, it creates
the convergence region where suspended sediments
preferentially accumulate. The covariance flux (iC)
generally opposes the fluxes driven by the residual cur-
rent at both locations and is relatively more important at
the shallower location. Notable differences in magni-
tude exist between the stratified and well-mixed cases, as
could be expected from the magnitudes observed for u,
(Figs. 6a,c).

2) MECHANISM OF FORMATION OF THE TMZ

To examine the drivers for net landward residual
transport, the water column structure over two tidal
cycles and subtidal profiles of salinity, eddy viscosity,
suspended sediment concentrations, cross-shore veloci-
ties, and cross-shore sediment fluxes are considered at a
cross-shore location in 17m of water within the TMZ
(Fig. 7). The subtidal profiles have been averaged over
the rising and falling phases of the tidal cycle, rather
than over flood and ebb tides, to analyze the effect of
MITS. During the rising phase the overall water column
is becoming more stratified, whereas during the falling
phase the water column becomes less stratified (Figs. 4e.f).
The water column remains stratified at this site during both
phases (Figs. 7a,b). However, the lower layer, within 5 m of
the bottom, is well mixed during the rising tide phase
whereas it is more stratified during the falling tide
phase (Fig. 7b).

The sequence of stratification and mixing near the bed
is somewhat counterintuitive as the phasing is different
from tidal straining in estuaries, where higher eddy vis-
cosity values occur during the destratifying part of the
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FI1G. 7. (a) Salinity structure. The bar along the x axis indicates the rising tide and falling tide
periods. (b) Mean salinity profiles for the rising tide (dotted line) and falling tide (solid line)
phases of the tidal cycle. (c) Eddy viscosity. (d) Mean eddy viscosity profiles for the rising tide
(dotted line) and falling tide (solid line) phases of the tidal cycle. (e) Suspended sediment con-
centrations. (f) Suspended sediment concentrations profiles for the rising tide (dotted line) and
falling tide (solid line) phases of the tidal cycle. (g) Cross-shore velocity. (h) Cross-shore velocity
profiles for the rising tide (dotted line) and falling tide (solid line) phases of the tidal cycle.

tidal cycle (Jay and Musiak 1994). Like estuaries, mixing
occurs in near-bottom waters when saltwater is trans-
ported landward, resulting in elevated eddy viscosity
near the bottom. Due to the counter rotation of top and
bottom currents in the MITS system, however, this
process occurs during the rising tide, when tidal straining
generates higher top-bottom stratification in the water
column. Thus, higher eddy viscosity occurs near-bottom
when the overall water column is becoming more
stratified (Figs. 7a,d). During the falling phase of
the tide we observe that the overall water column

stratification decreases; however, the bottom layer
remains stratified (Fig. 7b) leading to a reduction in
the eddy viscosity (Fig. 7d). Near the bed, the asym-
metry in eddy viscosity results in larger onshore di-
rected cross-shore velocities during the rising tide
phase compared with the magnitude of the offshore
velocity during the falling tide phase (Fig. 7h). The net
result is a landward subtidal current near the bed.
Suspended sediments are confined to the lower layer
and no significant differences in sediment concentration
exist between the rising tide and falling tide phases
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(Figs. 7e,f).This observation is consistent with the fact
that resuspension is limited by the availability of erod-
ible bed sediments and thus there is no additional source
of sediment on either tidal phase. Thus, the landward
subtidal sediment fluxes in 17 m of water (Fig. 6h) are
predominantly driven by the asymmetries in the residual
cross-shore velocity rather than by asymmetries in the
suspended sediment concentrations.

The results above suggest that the subtidal landward
sediment fluxes are driven by asymmetries in vertical
mixing near the bed that result from the stratification
cycle created by the MITS dynamics. The cross-shore
variability in eddy viscosity asymmetry is shown in
Fig. 8, along with the structure of the subtidal cross-
shore and alongshore transports. The asymmetry in
eddy viscosity is obtained as |AK, | = |K,,, — K, 4, where
K,, and K, s correspond to the mean values of eddy
viscosity over the rising tide and falling tide phases, re-
spectively. The structure of |AK,| explains the subtidal
cross-shore transport structure (Fig. 8b) and the overall
location of the TMZ. The largest values of |AK,| oc-
cur in water depths between 12 and 20m (Fig. 8a),
which coincides with regions of elevated landward
near-bed transport (Fig. 8b). The change in the di-
rection of transport that occurs in water depths of
approximately 15m is collocated with the location
where |AK,| significantly increases in the offshore di-
rection (Figs. 8a,b), and also coincides with the tid-
ally averaged position of the salinity (density) front
(Figs. 4b,c). The strong correlation between |AK, |, the
subtidal cross-shore transport and the location of the
TMZ support the conclusion that the processes gov-
erning the generation of the TMZ are controlled by the
effects of mixing asymmetries on the residual velocity
profiles.

The alongshore subtidal transport is shown in Fig. 8c
for completeness. Alongshore fluxes are generally higher
than the cross-shore fluxes, with northward transport
nearshore in the coastal current and southward transport
farther offshore. The shear in the alongshore current is
centered at the location of the maximum cross-shore
density gradient in the middle of the TMZ and coin-
cides with the region of highest |AK,| (Figs. 8a,c). The
net residual transport within the TMZ is directed to-
ward the north (positive) due to the stronger flow
within the buoyant coastal current, though the net flux
to the south is also substantial.

3) INFLUENCE OF THE HORIZONTAL DENSITY
GRADIENT

The magnitude of the horizontal density gradient is
expected to have a direct impact on the occurrence,
magnitude, and location of the TMZ. Figure 9 shows
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FIG. 8. (a) Cross-shore structure of the asymmetries in eddy
viscosity |AK,| (see text for definition). (b) Cross-shore residual
sediment transport. Negative values correspond to onshore
transport, positive values correspond to offshore transport. (c)
Alongshore residual transport. Positive values correspond to
northward transport and negative values correspond to south-
ward transport. In all panels, the contour lines correspond to the
suspended sediment concentrations within the TMZ.

the effective transport velocity u, and suspended
sediment concentrations as a function of the initial
horizontal density gradient for model runs 1-9 (see
Table 1). Results are shown in terms of a normalized
cross-shore coordinate x/W, where W is the initial
width of the stratified region (~20km). Regions of
transport convergence (transition from u, > 0 to u, < 0)
are evident (Fig. 9a), and correlate well with regions
of high suspended sediment concentrations (Fig. 9b).
The TMZ is the region of elevated sediment con-
centrations that is detached from the coast. Our re-
sults show that the landward limit of the TMZ is set
by the region of transport convergence and that the
TMZ only occurs for initial density gradients greater
than approximately 10 *kgm *. We find that the
landward limit of the TMZ moves slightly onshore as the
initial density gradient increases (Fig. 9b), however, not
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much variation is observed for initial density gradients
greater than 1.5 X 10 *kgm™*.

The TMZ is always observed in regions with large
values of the top-bottom ellipticity difference (Fig. 9).
Typically, the TMZ occurs in regions where Ae > 0.5,
which occur for large values of the initial horizontal
density gradient. It should be noted that high concen-
trations are also observed in shallow waters (x/W < 0.1),
but these are not attributed to MITS since they occur

in a well-mixed water column with Ae ~ 0 (Fig. 9b).

5. Discussion
a. Mechanism of formation of the TMZ

Our model results show that the TMZ only forms when
tidal ellipticity and cross-shore tidal currents are high,
linking it clearly to the occurrence of MITS (Fig. 9).
Stratification alone, without the ellipticity generated by
MITS (low values of Ag), does not result in the formation
of a TMZ in intermediate water depths (runs 3, 4, 28, 29).
This was further confirmed in model simulations in which
tidal amplitude 7, was significantly decreased and no TMZ

formed (not shown). Reducing tidal amplitude leads to
a decrease in tidal velocities, which in turn limits the
magnitude of the cross-shore velocities and cross-shore
straining. This suggests that the existence of a horizontal
density gradient alone is not enough to generate a TMZ,
and that moderate to high tidal flow velocities are needed
in order to generate the convergence in transport.

The mechanism leading to sediment flux conver-
gence in ROFI systems with progressive tides (MITS)
described in the present work is very similar to the tidal
straining mechanism in estuaries that leads to the for-
mation of estuarine turbidity maxima (Jay and Musiak
1994; Scully and Friedrichs 2007). In both processes,
landward sediment fluxes are generated by tidal asym-
metry in the eddy viscosity and current structure. The
processes differ in terms of the orientation and phasing
with the tides. In estuaries the tidal flow is aligned with
the density gradient. In MITS, the dominant component
of the tidal flow is perpendicular to the density gradient
and straining only comes about due to cross-shore mo-
tion associated with the tidal ellipticity. The phasing is
also different between MITS and tidal straining in
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estuaries. In estuaries, more near-bed mixing is gener-
ated during the destratifying phase of the tidal cycle on
flood tide than occurs during the stratifying phase on ebb
tide (Jay and Musiak 1994; Burchard et al. 2013). As
discussed in section 4b(2), we find that MITS leads to
enhanced mixing and a well-mixed region near the bed
during the stratifying phase of the semidiurnal cycle,
which corresponds to the transition between low water
and high water (rising tide phase). These results are
consistent with previous studies that investigated the
effects of MITS on the cycle of turbulence and TKE
dissipation in the Rhine system (Fisher et al. 2002; Souza
et al. 2008; Fischer et al. 2009). Souza et al. (2008) found
that the effect of MITS is to create instability in the
water column as the cross-shore shear forces denser,
higher-salinity water over fresher water. They hypoth-
esized that the potential energy released by the straining
mechanism leads to convective motions and enhanced
turbulence near the bed. Similarly, Fischer et al. (2009)
showed that unstable stratification develops near the
bottom during the low to high water transition, with
negative Richardson number and buoyancy frequency,
which is indicative of mixing due to shear instabilities. In
agreement with this, we find higher values for the eddy
viscosity during the rising tide phase of the semidiurnal
cycle, in which near-bed velocities are directed on-
shore and thus force denser water over fresher less
dense water.

In addition to the important role of the cross-shore
density gradient, Earth’s rotation and progressive tides
are both necessary conditions for MITS. Earth’s rotation
sets the thickness of the cyclonic and anticyclonic
boundary layers, which lead to the modification of
the predominantly alongshore progressive tidal flow in
the presence of stratification. As shown in section 4b, the
fact that cross-shore straining occurs in systems with
progressive tides can lead to the formation of turbidity
maximum zones over long stretches of coast (e.g.,
Fig. 2). Coastal regions with progressive tidal waves can
be frequently found at mid latitudes, for whiché_ > &,
suggesting that MITS and coastal TMZs, such as the one
observed in the Rhine (van der Hout et al. 2015), may
occur in other river plume systems. For example, pro-
gressive tidal waves are observed in the East China Sea
(Wu et al. 2014) and along the Scottish and English coast
in the North Sea (Huthnance 1991).

b. The role of water depth and bed slope on the
location of the TMZ

In this section we use our model results to investigate
the roles of water depth and bed slope as factors in
the cross-shore location of the TMZ. Figure 10 shows
near-bed suspended sediment concentrations for five
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FIG. 10. Depth/slope dependence. (a) Water depth as a
function of cross-shore distance for five bathymetric profiles.
The color bar indicates suspended sediment concentrations in
the TMZ. High suspended sediment concentrations near the
coast have been removed for clarity. Red squares indicate the
landward limit of the TMZ (0.3 kgm 2 contour). The dashed
horizontal line indicates the Simpson et al. (1990) SIPS limit
for the horizontal density gradient and tidal velocity used in
these simulations. (b) Bottom slope as a function of cross-shore
distance for the five bathymetric profiles shown in (a). The
color bar indicates suspended sediment concentrations in
the TMZ. High suspended sediment concentrations near the
coast have been removed for clarity. Red squares indicate the
landward limit of the TMZ (0.3 kg m > contour).

different bathymetric profiles tested in our numerical
simulations, which spanned a wide range of water depths
(Fig. 10a) and bed slopes (Fig. 10b). For clarity, in Fig. 10
we have masked the high suspended sediment concen-
trations in the nearshore, which are not a consequence
of MITS. Figure 10a shows that the landward limit of the
TMZ is located at similar water depths (h ~ 12-15m),
whereas Fig. 10b shows that the landward limit of the
TMZ occurs at bed slopes spanning an order of magni-
tude. This suggests that the location of the TMZ is
controlled by water depth rather than by a limiting bed
slope value. We also tested whether the change in slope
(da/dx) influenced the location of the TMZ but did not
find a meaningful relationship (not shown).

We use potential energy anomaly arguments (e.g.,
Simpson et al. 1990; Rippeth et al. 2001) to further in-
vestigate the dependence of the location of the TMZ on
water depth. Simpson et al. (1990) proposed a limiting
condition for the occurrence of SIPS (strain-induced
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width of the stratified region (20 km).

periodic stratification) based on the contribution of tidal
straining to the total potential energy anomaly

1adp
pox

=22%1075 (%)2 (10)

where u is tidal velocity, 4 is water depth, and dp/dx is the
depth-uniform cross-shore density gradient. Equation
(10) can then be used to obtain a limiting water depth
value for the occurrence of SIPS given a density gradient
and a tidal velocity scale; at water depths greater than
the limit provided by the SIPS condition the water col-
umn will show periodic stratification, whereas if water
depth is less than the SIPS condition the tidal energy is
sufficient to mix the water column, preventing the oc-
currence of SIPS and tidal straining. For the values used
in our model simulations, the SIPS limit is exceeded only
when & = 12.5 m, which is consistent with the results shown
in Fig. 10a. This limiting depth value sets the location of
the cross-shore salinity front and the region of strong
intratidal eddy viscosity variations that supports the
formation of the TMZ (Fig. 7). Thus, we hypothesize
that the location of the TMZ is set by water depth rather
than by bottom slope, and that the TMZ will occur only
at water depths greater than the limit provided by the
SIPS condition.

¢. Influence of particle size and Rouse number

The occurrence of turbidity maximum zones is con-
ditioned to the particle size distribution of bed sedi-
ments since only fine sediment particles are able to stay
in suspension for long periods of time and be trans-
ported as suspended load. We have restricted model

simulations to very fine particles; the bed is predom-
inantly sandy but includes 20% of medium to fine silts
with varying settling velocities in the range from
~0.1-1mms ).

The cross-shore distribution of suspended sediment
concentrations for different Rouse numbers (runs 18-
22, Table 1) are shown in Fig. 11. The Rouse number is
computed using the settling velocity of the fine sediment
fraction. Suspended sediment concentrations have been
normalized by the maximum observed concentrations to
highlight the spatial variability. The coastal TMZ is
identified as the second peak in the cross-shore distri-
bution of suspended sediment concentrations (around
x/W ~ 0.1) and exists for all Rouse numbers in our
range. As discussed in section 4, the very nearshore peak
in the distribution of suspended sediment concentra-
tion occurs in very shallow waters and does not result
from MITS dynamics. The suspended sediment con-
centrations decrease as the Rouse number (or settling
velocity) increases because the tidal forcing and thus
bottom stresses were kept fixed in these simulations.
Peak suspended sediment concentrations in the TMZ
range from Cp,,x = 0.03 kgmf3 t0 Cpax = 0.63 kgm73,
corresponding to the maximum and minimum Rouse
numbers, respectively. We find that as the Rouse num-
ber increases, the cross-shore extension of the TMZ
becomes narrower, and the TMZ peak concentrations
approach the background concentrations (Fig. 11).

Since the hydrodynamics of the simulations shown in
Fig. 11 were kept the same (tidal forcing and stratifica-
tion), we conclude that the characteristics of the TMZ
rely heavily on the particle size distribution of bed
sediments. In our simulations we have simplified the
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sediment dynamics by including only one class of fine
sediments. A more realistic particle size distribution
may alter the cross-shore distribution of suspended
sediment concentration, as the magnitude of the resid-
ual and covariance sediment fluxes are affected by par-
ticle size (Schulz and Umlauf 2016; Burchard et al.
2013). In this study, the subtidal sediment flux is always
dominated by the tidal residual component, indepen-
dent of the settling velocity of bed sediments (not
shown). However, the covariance fluxes in the near-bed
region do become more important as settling velocity
increases, suggesting that a larger distribution of particle
sizes may modify the size and concentration of the TMZ.
Despite this, we do not expect that including more
complex particle size distributions would affect the
conclusions obtained with respect to the mechanisms of
formation of the TMZ.

We note that the results presented above regarding
the effects of particle size suggest that the existence of
the TMZ is conditioned on the presence of fine sedi-
ments, which in reality is likely to vary seasonally. In
fact, van der Hout et al. (2015, 2017) reported on sea-
sonal variations in SPM concentrations within the TMZ
along the Rhine ROFI, with clear differences between
winter and summer. While it is likely that the TMZ
never disappears completely, both observations and our
modeling results support the idea that the TMZ may be
seasonally ephemeral and conditioned on fine sediment
availability.

d. The parameter space of MITS and the TMZ

The occurrence of a coastal TMZ and MITS is an-
alyzed in terms of the nondimensional parameters
described in section 2, the Simpson number (Si; or
horizontal Richardson number), the anticyclonic Stokes
number (Stk_), and the top-bottom ellipticity differ-
ence (Ae). Combining Si and Stk_ [Egs. (1) and (4)]
results in

2
siste = -8 S 11)
P X (w — f)

Assuming that the constant Cy is known, or that it can
be determined from previous studies (Soulsby 1983;
Souza 2013), Eq. (11) is only a function of the horizontal
density gradient, the Coriolis parameter and the tidal
frequency. We show below that this expression provides a
simple prediction for the occurrence of MITS and TMZ.

Figure 12 shows where our model simulations fall in
the (SiStk?, Ae) parameter space. As discussed in
sections 1 and 2, MITS in ROFI systems with progres-
sive tides, such as the Rhine, is generated by the coun-
terrotating surface and bottom currents that result in the
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ellipticity difference is greater than 0.5.

semidiurnal straining of the density field. Visser et al.
(1994) suggest that high values of Ae are associated
with a significant degree of decoupling between the
upper and lower layers, thus we use A¢ as an indicator of
tidal straining. The relationship between SiStk* and
Ae is clear; low values of Ae occur at low SiStk? , while
high Ae values occur at high SiStk* (Fig. 12). This reflects
the fact that the combination of horizontal buoyancy
forcing and rotational frequency in SiStk? accurately
represents the balance required for the occurrence of
tidal straining. High values of SiStk” occur at moderate
to high horizontal density gradients and at locations
where w ~ f (midlatitudes), which is exactly where tidal
straining is observed (e.g., Simpson and Souza 1995;
Palmer 2010; Rijnsburger et al. 2016). On the other hand,
low values of SiStk? would typically occur at low latitudes
o # f with low horizontal buoyancy forcing, where tidal
straining is not expected to occur.

With the exception of one run, model runs for which
Ae = 0.5 all have values of SiStk* exceeding 6 (Fig. 12),
suggesting that a limiting condition for the occurrence of
MITS in progressive tide ROFI systems can be taken as
SiStk* = 6. The occurrence of a TMZ is linked to the
occurrence of MITS, as indicated by the color bar in
Fig. 12. This is also in line with the results shown in
Fig. 9, where the TMZ was only observed in regions of
high Ae. The peak suspended sediment concentrations
in the TMZs are variable and typically range from 0.3 to
0.6kgm > and, while there is no apparent correlation
between the observed peak concentrations and SiStk*
or Ag, it is clear that a TMZ generally occurs for runs
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in the simulations (e.g., Fig. 4).

with SiStk? =6 and Ae > 0.5. Model runs with no TMZ
were assigned zero suspended sediment concentration
(blue), even though concentrations can also be high
(e.g., Fig. 9b).

Combining what is observed in Fig. 12 for the occur-
rence of MITS and the TMZ, the region 3 =< SiStk* =6
can be interpreted as a transitional band; for SiStk* < 3
neither MITS or a TMZ occur whereas for SiStk* > 6 they
generally occur in our simulations. Taking SiStk? = a,
with « in the range of 3-6, we can rewrite Eq. (11) as

Nﬁ = —(w _zf)z,

c (12)
where N2 = —(g/p,)dp/dx. Equation (12), which is plot-
ted in Fig. 13, predicts the minimum value of the hori-
zontal density gradient that would be required at a
specific latitude for the occurrence of MITS. For ex-
ample, for a typical cross-shore density gradient of 1.5 X
10 *kgm *, the minimum latitude at which MITS is
expected to occur is approximately 37°. Alternatively,
at a latitude of 25°, Eq. (12) indicates that a cross-shore
density gradient of approximately 5 X 10 *kgm™* is
required for MITS to occur. This value is far larger than
conditions typically observed in buoyant coastal cur-
rents and suggests that MITS will not occur at low lati-
tudes given realistic values for the horizontal density
gradient. As shown in section Sb, and additional con-
straint for the occurrence of MITS is water depth, which
is given by the SIPS limiting condition [Eq. (10)]. The
SIPS limiting condition is included in Fig. 13 in terms of

u/h contours. For the case of the Rhine, where u/h =~
0.06, the region of MITS occurrence is located to the
right of the u/h = 0.06 contour and above the line given
by Eq. (12). Similarly, a region of MITS occurrence can
be obtained for locations with other u/h values.

Overall, we find that the parameter space given by
SiStk* and Ae provides a simple approach to evaluate
whether MITS could occur in shallow coastal regions
for a given combination of density gradient, tidal ve-
locity, depth and latitude. Provided there is a source of
fine sediment to the system, this parameter space also
predicts where a coastal TMZ similar to the one shown
in Fig. 2 may form.

6. Conclusions

This work was motivated by field observations of a
persistent offshore turbidity maximum zone (TMZ) that
extends for tens of kilometers along the coast in the Rhine
ROFI system (van Alphen 1990; Joordens et al. 2001;
van der Hout et al. 2015). The aim of this study was to
answer the following questions: can minor axis tidal
straining (MITS) lead to the formation of an offshore
TMZ? And what are the mechanisms that lead to cross-
shore sediment convergence?

The major result of this idealized numerical modeling
study is that MITS can lead to the formation of offshore
turbidity maximum zones in ROFI systems with pro-
gressive tides. Our model simulations qualitatively
reproduced the main dynamical features that are ob-
served in the far field of the Rhine ROFI, which include
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the semidiurnal variations in stratification and the
modification of the tidal ellipses (Visser et al. 1994;
Simpson and Souza 1995; de Boer et al. 2006; Souza
et al. 2008). Model simulated location and size of the
TMZ. are similar to that observed in the field (van der
Hout et al. 2015, 2017).

The cross-shore convergence in the subtidal near-bed
sediment fluxes is driven by asymmetries in eddy vis-
cosity that result from MITS dynamics. On a subtidal
time scale, the asymmetries in eddy viscosity lead to
landward cross-shore velocities in the near-bed region
and landward subtidal sediment fluxes in water depths
greater than approximately 12-15m. The mechanism
leading to landward residual sediment fluxes was found
to be similar to the tidal straining mechanism that is
observed to contribute to the formation of turbidity
maximum zones in estuaries (Jay and Musiak 1994;
Geyer et al. 2001). The cross-shore structure of the
asymmetries in vertical mixing was found to explain
the magnitude and direction of subtidal sediment
fluxes, and, by extension, the position of the TMZ and
the magnitude of the observed suspended sediment
concentrations.

The location and extension of the TMZ, and magni-
tude of the suspended sediment concentrations strongly
depend on the settling velocity and thus the Rouse
number. As the settling velocity depends primarily on
particle size, the dynamics of the TMZ and its generation
are expected to vary according to the particle size distri-
bution of fine bed sediments. The formation of a TMZ was
observed for settling velocities as high as 0.8-1 mms '
(silts), although its magnitude and relative importance with
respect to concentrations in shallow water decreased with
increasing settling velocity.

The Simpson and the Stokes numbers, in combination
with the top-bottom tidal current ellipticity difference,
were shown to provide a parameter space that success-
fully mapped the occurrence of MITS and a coastal
TMZ in our simulations. In general, we observed that
MITS only occurred at values of SiStk? > 3. The infor-
mation needed to estimate SiStk? is frequently available
from field observations, such that the parameter space
provided by Figs. 12 and 13 can be readily used to
evaluate whether MITS can occur in a specific coastal
region. Evaluation of limiting cases in terms of the re-
quired horizontal density gradients and latitudes sug-
gests that MITS will not occur at low latitudes (less than
25°). It should be noted that this study is limited to
coastal seas with shallow bathymetries in which the
variations in the cross-shore density gradients are the
dominant dynamical feature. Nonetheless, these results
can be relevant for several regions with progressive tides
in midlatitudes and may encourage future research

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 50

regarding the occurrence of coastal TMZs in regions of
freshwater influence.

Finally, the MITS mechanism reproduced here is
just one of the potential mechanisms that can con-
tribute to the formation of a coastal TMZ. Cross-
shore transport near the bed may also result from a
wide variety of physical processes, such as wave-driven
bottom streaming, wind-induced downwelling or up-
welling (Lentz and Fewings 2012), Stokes drift (Lentz
and Fewings 2012), or gravity-driven sediment flows
during extreme weather conditions (Traykovski et al.
2007; Flores et al. 2018). It is likely that all these
mechanisms (and others) contribute to the maintenance
of the TMZ over long time scales.
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