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a b s t r a c t

The vertical structure of the along-stream current in the main channel of the periodically-stratified es-
tuarine Marsdiep basin is investigated by combining velocity measurements collected during three
different seasons with a one-dimensional water column model. The observed vertical shears in the
lowest part of the water column are greater during ebb than during flood due to an asymmetry in drag
coefficient (i.e. bed friction), which is most likely determined by the surrounding complex bathymetry.
This asymmetry is usually not incorporated in models. Furthermore, a mid-depth velocity maximum is
observed and simulated during early and late flood which is generated by along-stream and cross-stream
tidal straining, respectively. Negative shears are present in the upper part of the water column during
flood, which correlate well with the along-stream salinity gradient. The mid-depth velocity maximum
during late flood results in an early current reversal in the upper part of the water column. The elevated
vertical shears during ebb are able to reduce vertical stratification induced by along-stream tidal
straining, whereas cross-stream tidal straining during late flood promotes the generation of vertical
stratification. The simulations suggest that these processes are most important during spring tide con-
ditions. This study has demonstrated that an asymmetry in bed friction and the presence of density
gradients both have a strong impact on the vertical structure of along-stream velocity in the Marsdiep
basin.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Currents in estuaries and coastal seas are the main transport
agents of suspended matter. The net transport patterns of plank-
ton, larvae, nutrients, pollutants and suspended sediment are
partly determined by the residual current. The vertical distribution
of suspended matter varies in the water column and therefore for
understanding the vertical and horizontal exchange patterns in an
estuary, it is important to also take the vertical profile of the
current and salinity into account.

In estuaries, the shape of the vertical profile of along-stream
velocity is determined by the interaction of the barotropic and
baroclinic pressure gradients, which creates a difference in the
shape of the vertical profiles between ebb and flood (Simpson
et al., 1990; Jay and Musiak, 1996; Seim et al., 2002; MacCready
and Geyer, 2010; Geyer and MacCready, 2013 and references
therein). During flood, the direction of the baroclinic force in the
near-bottom layer coincides with the direction of the barotropic
force, which in the absence of bed friction and vertical mixing

would result in the strongest velocities near the seabed (Valle-
levinson and Wilson, 1994). However, the seabed imposes a fric-
tional drag on the tidal currents, which, in combination with the
strong near-bed velocities during flood, results in greater near-bed
shears, potentially generating a well-mixed water column (e.g. Jay
and Musiak, 1996). During ebb, the baroclinic and barotropic forces
oppose each other near the bottom, generating smaller shears at
the bottom and greater shears in the upper part of the water
column. Furthermore, fresher water higher up in the water column
is advected over saltier water during ebb which generates vertical
stratification, a process called tidal straining (van Aken, 1986;
Simpson et al., 1990). Classical tidal straining only generates ver-
tical stratification during ebb, because advection of salty water
over less salty water during flood results in unstable stratification,
which generates vertical mixing.

The steady baroclinic pressure gradient (Pritchard, 1956; Han-
sen and Rattray, 1966) and the strain-induced periodic stratifica-
tion (Simpson et al., 1990; Jay and Musiak, 1996) modify the shape
of the vertical profile in estuaries. Burchard and Hetland (2010)
demonstrated with model simulations that tidal straining con-
tributed approximately two-thirds to the residual circulation,
whereas the baroclinic tide itself contributed only one-third in
periodically-stratified estuaries. Both mechanisms are able to

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/csr

Continental Shelf Research

http://dx.doi.org/10.1016/j.csr.2014.12.002
0278-4343/& 2014 Elsevier Ltd. All rights reserved.

n Corresponding author. Fax: þ31 222319674.
E-mail address: jurre.de.vries@nioz.nl (J.J. de Vries).

Continental Shelf Research 93 (2015) 39–57

www.sciencedirect.com/science/journal/02784343
www.elsevier.com/locate/csr
http://dx.doi.org/10.1016/j.csr.2014.12.002
http://dx.doi.org/10.1016/j.csr.2014.12.002
http://dx.doi.org/10.1016/j.csr.2014.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csr.2014.12.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csr.2014.12.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csr.2014.12.002&domain=pdf
mailto:jurre.de.vries@nioz.nl
http://dx.doi.org/10.1016/j.csr.2014.12.002


modify the shape of the vertical profile of along-stream velocity
and thereby determine the vertical profile of residual circulation.

Commonly, the difference in shape of the vertical profiles be-
tween ebb and flood results in the classical residual estuarine
circulation with inflow at the bottom and outflow at the surface
(e.g. Geyer et al., 2000; Stacey et al., 2001, 2008; Seim et al., 2002;
Murphy and Valle-Levinson, 2008). There also exist inverse estu-
aries, where the baroclinic force near the bottom is directed in the
opposite direction (towards the sea), e.g. by strong evaporation
within the estuary, which has an inverse effect on the vertical
profile of ebb and flood and produces an inverse estuarine circu-
lation cell with the near-bed and near-surface residual currents
directed down- and up-estuary, respectively (e.g. Winant and
Gutierrez de Velosco, 2003).

Additionally, the shape of the vertical profiles is strongly in-
fluenced by the impact of bed friction on the current. Generally,
the drag coefficient is taken as a measure for bed friction and is in
the order of 1�3�10�3 (e.g. Geyer et al., 2000; Seim et al., 2002;
Li et al., 2004). However, greater values have also been observed
up to 1�10�2 (Cudaback and Jay, 2001; Fong et al., 2009). In
addition, the drag coefficient has been observed to vary from neap
to spring tide, and from ebb to flood (Geyer et al., 2000; Li et al.,
2004; Fong et al., 2009). The drag imposed on the currents by the
seabed is only transferred up in the water column to a certain
height, called the bottom boundary layer. Stacey and Ralston
(2005) demonstrated that the bottom boundary layer does not
cover the entire water column during the entire tidal cycle in the
northern San Francisco Bay, which was also found in the Marsdiep
basin (De Vries et al., 2014). Also, several studies have shown that
form drag is another important mechanism which is able to dis-
sipate tidal energy (Chriss and Caldwell, 1982; Moum and Nash,
2000; Warner et al., 2013). Form drag is the drag imposed on the
fluid by pressure differences generated by currents traversing non-
uniform bathymetry, which may be up to 10–50 times greater than
drag generated by bed friction (Edwards et al., 2004; Warner et al.,
2013). Furthermore, Warner et al. (2013) showed that the presence
of form drag produces elevated values of CD, when it is estimated
from the depth-averaged along-stream momentum balance.

In literature, less attention has been paid to understanding the
shape of the vertical profiles of horizontal velocity during the re-
maining phases of the tide (namely during early and late ebb and
flood). An interesting feature, described for several estuaries, is the
occurrence of a mid-depth velocity maximum during flood (e.g.
Jay and Smith, 1990; Lacy and Monismith, 2001; Warner, 2005;
Chant et al., 2007), which has also been observed in a modeling
study of the Chesapeake Bay (Li and Zhong, 2009). This velocity
maximum occurs at the upper boundary of the bottom boundary
layer (Chant et al., 2007). Cudaback and Jay (2001) explained the
occurrence of a mid-depth velocity maximum during early flood in
the Colombia inlet, which is a strongly-stratified estuary, using a
simple three-layer model based on the barotropic and baroclinic
pressure gradient and bed friction. They concluded that bed fric-
tion and a strongly-stratified water column are crucial in driving a
mid-depth jet. Similar observations in the stratified North Sea
were explained by Maas and van Haren (1987) using a comparable
model.

To complicate matters further, the shape of the vertical profiles
of instantaneous and residual currents varies spatially due to
bathymetric and nonlinear effects, as e.g. tidal asymmetry (Aubrey
and Speer, 1985; Speer and Aubrey, 1985; Dronkers, 1986; Frie-
drichs and Aubrey, 1988). Li and O'Donnell (1997) demonstrated
that a lateral water depth gradient produces a tidally-driven hor-
izontally-sheared exchange pattern, whereas Li and O'Donnell
(2005) showed that the length of an estuary determines the inflow
and outflow patterns at the channel and shoals. Scully and Frie-
drichs (2007) observed lateral asymmetries in current magnitude

and concluded that spatial asymmetries in mixing modify the
duration of the ebb phase and change the residual circulation. In
the Marsdiep basin, the tidal asymmetry is great and is spatially
variable. Zimmerman (1976b), Ridderinkhof (1988) and Buijsman
and Ridderinkhof (2007a) observed stronger flood currents and
inflow at the shallower south side of the Marsdiep tidal inlet and
stronger ebb currents and outflow at the deeper north side.

In the Dutch, German and Danish Wadden Sea, the mechan-
isms that contribute to the residual circulation are still a matter of
debate (Zimmerman, 1986; Ridderinkhof, 1988; Buijsman and
Ridderinkhof, 2007a; Burchard and Hetland, 2010; Becherer et al.,
2011; Flöser et al., 2011). The first three studies argue that tide-
topography interaction is the major forcing of residual currents in
the Wadden Sea, whereas the latter three argue that tidal strain-
ing, and the presence of an estuarine circulation, is the major
forcing. Since the shape and variability of the vertical profiles of
along-stream velocity are essential for estuarine dynamics, the aim
of this paper is to explain the structure (and variability) of the
vertical profile of the horizontal velocity in the main channel of
the Marsdiep basin. This study shows that the shape of the vertical
profiles in the Marsdiep deviates in several ways from the stan-
dard estuarine profiles.

Three deployments of a bottom frame in the Marsdiep basin,
equipped with an upward-looking Acoustic Doppler Current Pro-
filer (ADCP) and temperature, conductivity and depth sensors
(microCAT), resulted in over 100 days of current data during
3 different seasons. This dataset, in combination with simulations
with the General Ocean Turbulence Model (GOTM) provides a
better understanding of the factors that determine the shape of
the vertical profiles of along-stream velocity in the Marsdiep.
Hereby, we focus on the combined effects of bed friction and
density-related processes, e.g. the baroclinic pressure gradients
and vertical stratification, on the vertical profile of along-stream
velocity over the tidal cycle. In addition, the mechanism behind
the occurrence of a mid-depth along-stream velocity maximum
during late flood is investigated. This phenomenon is related to the
occurrence of vertical stratification during late flood, which is
generated by cross-stream tidal straining and which the small
currents are not able to destroy during this phase of the tide. We
hypothesize that vertical stratification inhibits the vertical mo-
mentum exchange in upward and downward direction, thereby
producing the greatest current around the pycnocline: vertical
stratification restricts bed-generated turbulence to the lower part
of the water column limiting seabed-induced vertical mixing of
momentum, whereas the superimposed effect of the barotropic
and baroclinic components of the tide limits the increase in cur-
rent speed with depth, as described earlier, to the part of the water
column above the pycnocline.

The paper is structured as follows. In Section 2, more detailed
information on the study area, the data handling as well as the
model settings is presented. Sections 3 and 4 describe the ob-
servations and model simulations, respectively. In Section 5, ty-
pical characteristics of the vertical current structure at the study
site are discussed in more detail, and in Section 6 the main find-
ings of this study are summarized.

2. Study site, material and methods

2.1. Study site description

The study site is located in one of the main channels of the
Western Dutch Wadden Sea, the Texelstroom channel (Fig. 1b).
The Western Dutch Wadden Sea is comprised of the Marsdiep
and Vlie basins (Fig. 1a) and there is only limited exchange
between both basins (Zimmerman, 1976a, 1976b; Buijsman and
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