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ABSTRACT: Estuaries typically show converging planforms from the sea into the land. Nevertheless, their planform is rarely
perfectly exponential and often shows curvature and the presence of embayments. Here we test the degree to which the shapes
and dimensions of tidal sandbars depend on estuary planform. We assembled a dataset with 35 estuary planforms and properties
of 190 tidal bars to induce broad-brush but significant empirical relations between channel planform, hydraulic geometry and bar
pattern, and tested a linear stability theory for bar pattern. We found that the location where bars form is largely controlled by the
excess width of a channel, which is calculated as the observed channel width minus the width of an ideal exponentially widening
estuary. In general, the summed width of bars approximates the excess width as measured in the along-channel variation of three
estuaries for which bathymetry was available as well as for the local measurements in the 35 investigated estuaries. Bar dimensions
can be predicted by either the channel width or the tidal prism, because channel width also strongly depends on local tidal prism.
Also braiding index was predicted within a factor of 2 from excess width divided by the predicted bar width. Our results imply
that estuary planform shape, including mudflats and saltmarsh as well as bar pattern, depend on inherited Holocene topography
and lithology and that eventually convergent channels will form if sufficient sediment is available. Copyright © 2017 John Wiley
& Sons, Ltd.
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Introduction

Estuaries are converging bodies of water that have inflow of
river water at the landward boundary and an open connection
to the sea. In ideal estuaries, the tidal range, average depth and
current velocity amplitude are uniform in the along-channel
direction, whereas the channel width exponentially converges
in the landward direction (Pillsbury, 1956; Langbein, 1963;
Savenije, 2015). Ideal estuary behaviour has been argued to
arise when an estuary has adapted its shape to the bound-
ary conditions by sedimentation and erosion (Townend, 2012,
Savenije, 2015). However, this requires that (i) the estuary has
adapted to Holocene sea-level rise, (ii) sufficient sediment and
time were available for the adaptation and (iii) the antecedent
topography could adapt, which excludes substrates that are
erosion resistant. Therefore, estuaries in nature are expected
to exhibit varying degrees of adaptation towards ideal estu-
aries, where embayments are partially filled with sandbars,
mudflats and saltmarshes, and where the overall planform is
partly determined by antecedent geology (Townend, 2012)
(Figure 1).

The planform of estuaries typically converges from the sea-
ward side to the landward side. Within this planform, the
dimensions of tidal bars and the number of parallel channels
gradually vary, often decreasing in the landward direction.
However, due to sea-level rise, sediment supply and time for
adaptation, the estuary shape deviates from an ideal shape.

This has major implications for tidal wave propagation and
sediment transport, because it alters the hydrodynamics and
net sediment transport over time (Friedrichs and Aubrey, 1994;
van den Berg et al. 1996; Lanzoni and Seminara, 1998;
Savenije, 2006) and in addition it influences the bar patterns.
For example, the mouth of an estuary may be confined by
a sand spit, followed by a long and wide compound bar
at the landward side (Figure 1a, b). At locations where the
estuary is wide, bar dimensions and braiding index gener-
ally increase. At the landward end, the number of channels
generally reduces towards a single threaded river (Figure 1).

Here we focus on funnel shaped non-ideal alluvial estu-
aries with dynamic patterns of channels and sandbars, often
flanked by tidal mudflats and saltmarshes. We investigate the
effects of natural deviations from the ideal estuary shape, such
as embayments, on the bar pattern. Furthermore, we analyse
how channel planform of non-ideal estuaries topographically
forces patterns of tidal bars. It was previously found that
tidal bar dimensions depend mostly on the channel width,
measured as the width between the vegetated marshes or
banks including the sandbars (Leuven et al., 2016). In addi-
tion, the location of bars in the similar environment of rivers
can be forced by embayments, bends and other planimet-
ric non-uniformities (Tubino et al., 1999; Seminara, 2010;
Schuurman et al., 2013). At locations along an estuary or river
where the width of the cross-section increases, the stream
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Figure 1. Aerial photographs of estuaries and available bathymetries. (a, b) Dovey estuary (UK); (c, d) Western Scheldt (NL); (e, f) Mersey estuary
(UK); (g) Whitehaven beach (Australia); (h) Camel estuary (UK). Red lines represent digitized channel planforms. Images: Google Earth, accessed
January–September 2016. [Colour figure can be viewed at wileyonlinelibrary.com]

velocity generally decreases and hence the shear stress, which
favours sediment deposition. These observations and theory
suggest that sandbar patterns in estuaries partly depend on the
present planform shape of the estuary.

For bar pattern in rivers, bars are either classified as free
or as forced. While forced bars are forced to their location
by the planform shape of the channel, free bars can migrate
freely and occur in straight or weakly curved channels (Tubino
et al., 1999; Seminara, 2010; Schuurman et al., 2013). It was
found that the topographic forcing of bars occurs on (i) the
scale of individual bars, due to meander bends and embay-
ments, which fix the bars at their location (Struiksma et al.,
1985; Repetto and Tubino, 2001; Wu et al., 2011) and (ii)
the reach scale, an order of magnitude larger than individ-
ual bars, due to variations in channel width and discharge
(Tubino et al., 2011; Seminara, 2010; Kleinhans and van den
Berg, 2011; Schuurman et al., 2013). For rivers, the latter scale
sets independent variables that determine bar pattern. In addi-
tion, the channel width may be non-uniform in space, causing
local flow expansion or convergence to force the formation of
bars. Since estuaries generally have converging channels, we
define the non-uniformity of estuary channel width here as the
deviation from an ideal exponential profile. Nevertheless, it
is unknown whether the forcing mechanisms for rivers extend
to estuaries. Therefore, we record and analyse forced bars in
non-ideal alluvial estuaries in this study, to determine how

non-uniformity affects the location, shape and dimensions of
tidal bars.

Our work partly builds on previous research that mainly
focused on the dimensions and shapes of individual tidal
bars and how they compare to theoretical predictions (Leu-
ven et al., 2016). We found that tidal bar dimensions increase
with estuary dimensions, in particular with estuary channel
width (e.g. bar length / channel width0.87). This result contra-
dicts classical tidal bar theory, which predicts that tidal current
velocity – or tidal excursion length – determines bar length
(Seminara and Tubino, 2001; Schramkowski et al., 2002). The
research of Leuven et al. (2016) forms a starting point to study
the along-channel variation in bar pattern, for which predic-
tive relations are still lacking. To obtain a prediction of the
bar pattern on the estuary scale, it is required to predict the
along-channel variation in the braiding index and the location
where bars form. Obtaining these relations will thus be the
main focus of this paper. If relations for individual bar dimen-
sions are required, we rely on the data and relations presented
in Leuven et al. (2016).

While Leuven et al. (2016) showed that theory mispredicts
the dimensions of individual bars, it still is the only method to
obtain a first idea of the along-channel variation in bar pattern
in estuaries up to the present day. Figure 2 shows a predic-
tion of the along-channel summed width of bars and braiding
index (BI) for the Western Scheldt (NL) according to theories
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Figure 2. Theoretical prediction of summed width of bars (a) and
braiding index (b) from channel width, in this case of the Western
Scheldt, by the linear stability theories of Schramkowski et al. (2002)
and Crosato and Mosselman (2009), following the approach in Leuven
et al. (2016). [Colour figure can be viewed at wileyonlinelibrary.com]

of Schramkowski et al. (2002) and Crosato and Mosselman
(2009). Since theoretical approaches describe tidal bars as
wave forms, they predict the summed width of all individual
bars to be approximately equal to half the channel width by
definition (Figure 2), which probably overestimates the forma-
tion of bars at points where the estuary is confined by bedrock
geology or human influence. While the theoretical predictions
form a starting point for this study, our aim is to improve the
predictions using an empirical method. The previous empir-
ical study (Leuven et al., 2016) and forcing mechanisms for
rivers (Tubino et al., 1999; Seminara, 2010; Kleinhans and van
den Berg, 2011; Schuurman et al., 2013) imply that to under-
stand the along-channel variation in bar pattern for estuaries
it is necessary to take their converging planform and local
variations in width and discharge into account.

The relation between bar dimensions and channel geome-
try raises the question of what the local geometry of an estuary
determines. Hydraulic geometry describes relations between
discharge, channel width, depth and flow velocity. Previ-
ously, relations were derived for specific tidal systems (Sassi
et al., 2012; Gisen and Savenije, 2015; Lanzoni and D’Alpaos,
2015) and as a function of independent, external boundary
conditions, in particular river discharge, tidal amplitude and
estuary mouth dimensions (Davies and Woodroffe, 2010; Tow-
nend, 2012). For rivers, it was shown that channel forming or
bankfull discharge is an appropriate indicator to predict chan-
nel width (Lacey, 1930; Leopold and Maddock, 1953; Hey
and Thorne, 1986; Savenije, 2003; Kleinhans and van den
Berg, 2011). In estuaries, discharge varies significantly over
a tidal cycle. Therefore, we expect that the channel-forming
discharge for estuaries may be approximated by the average

volume of water flowing through a cross-section over half a
tidal period. This was demonstrated to be a good predictor
for hydraulic geometry in multiple tidal systems (e.g. O’Brien,
1969; Eysink, 1990; Friedrichs, 1995; Lanzoni and D’Alpaos,
2015) and it may therefore also serve as a predictor for bar
patterns.

Our aim is to assess the degree to which bar patterns depend
on the irregularities in the planform width of estuaries as far as
this deviates from the ideal, exponentially converging, shape.
We test the hypothesis that the topography, in particular chan-
nel width, forces the bar pattern and that local tidal prism
predicts the hydraulic geometry of estuaries. Therefore, we
assembled a dataset with the planform of 35 estuaries, anal-
ysed the effect of planform on bar pattern and compared it
with the results from theoretical predictions.

The paper is organized as follows. First, the methodology
is given for collecting bar pattern and estuary planform data.
Second, we describe empirical relations between tidal bar
properties and planform shape of estuaries. Then, the empir-
ical results are compared with theoretical predictions. The
applicability of the results is discussed for cases where little
data is available, such as the reconstruction of bar patterns in
former Holocene estuaries.

Methods

This study partly builds on the previously collected dataset
of Leuven et al. (2016), which was focused on the dimen-
sions and shapes of individual bars only. We first summarize
this dataset with its underlying assumptions and uncertain-
ties, as far as relevant for this study. Thereafter, it is described
how this dataset was extended to enable a study of the bar
pattern on the estuary scale. To do so, measurements of the
summed width of bars were made and channel planforms
were collected. Finally, we describe the methodology for data
processing and definitions used in the results.

Available dataset

Leuven et al. (2016) assembled a dataset with local measure-
ments of individual tidal bars and collected detailed bathyme-
tries for three estuaries: the Western Scheldt (NL), Dovey (UK)
and Mersey (UK) (Figure 1b, d, f). Data for the Western Scheldt
was obtained from Rijkswaterstaat, for the Dovey estuary from
Aberystwyth University (Wales) and for the Mersey from the
UK government. In addition, geomorphological maps were
available for the Western Scheldt with ecotopes, obtained from
Rijkswaterstaat (NL) (Figure 3c). Most of the estuaries for which
bar dimensions were measured are located in the USA and
Western Europe.

The dataset contains the dimensions (length, width and
height) of 190 tidal bars in 45 funnel-shaped alluvial estuar-
ies and included data on estuarine properties (Figure 4). Based
on their shape, the bars were classified into four classes: side-
bars, linear bars, u-shaped bars and compound bars (Figure 4).
Analyses of the dataset showed that compound bars and
u-shaped bars can be seen as simple linear bars partly cut
by barb channels, where a barb channel is defined as a
one-ended channel that partly cross-cuts the bar and becomes
shallower in the direction of flow (Dalrymple and Choi, 2007;
Leuven et al., 2016). Therefore, we previously introduced two
measures of bar width: the maximum bar width and the parti-
tioned bar width. The maximum bar width was recorded at the
local maximum of individual bars (Figure 4). The partitioned
bar width was calculated as the maximum bar width divided
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Figure 3. Illustration of the methodology to collect channel and estuary planform and channel width along the Western Scheldt. Given the
focus on bars, the mudflats and saltmarshes are excluded from the channel planform width. (a) Aerial photograph with the definitions used in this
study: estuary area, active channel area, centreline of active channel area and transects. Bing Maps, accessed September 2016. (b) Bathymetry
and (c) ecotope map of the Western Scheldt (2012), obtained from Rijkswaterstaat. (d) Estuary width, channel width, bar width and low dynamic
environments as derived from the polygons drawn on the aerial photograph, the bathymetry and ecotope map. [Colour figure can be viewed at
wileyonlinelibrary.com]

by the number of barb channels (Figure 4). In the present study,
we add the measure of the summed width of bars to these def-
initions. The summed width of bars is defined as the sum of all
bar widths in one cross-section (see Figure 4 for an example).

In the dataset, estimations were made for the local chan-
nel depth at the tidal bar locations. To do so, a linear depth
profile was assumed between the mouth of the estuary and
upstream river depth. To validate this, the measurements of the
average channel depth excluding bars were compared with
the assumption of a linear increasing bed profile for the three
cases for which bathymetry was available (the Dovey, Mersey
and Western Scheldt estuary). It was found that the predictions
with this assumption are within 10% of the measured value.
The Western Scheldt formed an exception, because its chan-
nels are dredged. The cross-sectional channel area at the bar

locations was estimated in this study. To do so, the estimated
average channel depth excluding bars from Leuven et al.
(2016) was multiplied by the channel width excluding bars.
The error of maximum 10% in the prediction of channel depth
is linearly propagated in our estimations of cross-sectional
area.

As the dataset was collected from aerial photographs,
the precise water level with respect to mean sea level
was unknown for the moment the aerial photograph was
taken. Since the water level influences the apparent bar
shape observed from aerial photographs, Leuven et al. (2016)
analysed the likely measurement error that arises from the
unknown flow stage. It was found that bar length and width
measured at mean sea level and low water level are at most
a factor of 2 larger or smaller than when measured at the
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Figure 4. Schematic of a linear bar, u-shaped bar and compound bar with the corresponding measurements of channel width, bar length,
maximum bar width, partitioned bar width and summed width of bars. Barb channels are channels that become shallower in the direction of flow
and taper out onto the bar regardless of water level, while flow during high water diverges out of the barb channel. The summed width of bars is
the sum of all bar widths in one cross-section. [Colour figure can be viewed at wileyonlinelibrary.com]

exact intermediate water level, which is smaller than the scat-
ter within the full dataset for which the trends that were found
span multiple orders of magnitude.

Planform classification and data collection

For 35 of the 45 estuaries in the dataset of Leuven et al. (2016),
a polygon of the outline of the estuary planform was recorded
(supplementary Table B.1), which covered 170 of the 190 bars
in the original dataset. At these 170 locations the summed
width of bars was measured from aerial photography. Due to
a lack of bathymetries for estuaries, channel planform was
visually recorded using Google Earth, based on the morphol-
ogy visible on aerial photography. This approach is similar to
the classification of ecotopes on the geomorphological map
of the Western Scheldt (de Jong, 1999; Bouma et al., 2005).
Nevertheless, it excludes any in situ measurements such as
salinity and mud content and therefore relies more on visual
observations.

Ideally, the polygons would extent up to the tidal limit.
However, it is impossible to derive the tidal limit from an
aerial photograph, and detailed depth profiles to estimate this
are lacking. Therefore, the polygons were digitized over the
extent for which mutually evasive ebb and flood tidal channels
were present and we included the first single-thread meander.
Below, we assess how this influences our approximation of the
tidal prism. For each estuary, two types of planform polygons
were recorded: the active channel polygon and the estuary
polygon (Figure 3a).

Active channel area refers to the area with a dynamic pattern
of channels and sandbars, and is approximately the area that is
submerged at mean sea level. This means that we here exclude
the mudflats and saltmarshes from the active bar pattern. The
active channel planform covers the part of the estuary in which
large (>100s of metres) dynamic channels and bars that lack
mud and vegetation are present (Figure 3a). In this area, the
orientation of channels and bars is parallel to the centreline.
The channel orientation, together with the dimensions of the
channel, indicates that substantial sediment transport occurs
in the along-channel direction. The presence of bedforms and
barb channels and the absence of vegetation was used as
an indicator of the active channel area, where sediment is
regularly transported and vegetation cannot sustain.

Estuary area refers to the area that is approximately sub-
merged during mean sping tide. The estuary area covers the
active channel area plus the vegetated marshes, flats and for-
mer abandoned estuarine areas. These areas were classified

based on the presence of dense vegetation or a muddy layer of
surface sediment that is darker than the sediment on the tidal
bars. In addition, these areas were often dissected by small
(<100s of metres) channels perpendicular to the centreline.
The presence of vegetation or pioneering vegetation indicates
that the tidal flats are only submerged and active during the
highest water levels. The spatial transitions from pioneering
vegetation to forest, bedrock geology or human-dominated
landscape were used as the maximum extent for the estuary
area.

The summed width of bars was measured on the same aerial
photograph as for which the polygons were digitized. For
some cases these differ from the date of the aerial photographs
used in Leuven et al. (2016) (Table C.3, supporting infor-
mation). These measurements were added to the dataset of
Leuven et al. (2016).

The supplementary material, provided online as support-
ing information, contains the active channel area polygons
(Table D.4) and a list of estuaries used in this study (supple-
mentary Table B.1), including measurements of the approx-
imate surface areas of the estuary area. Because the active
channel planform may change over time, the date of the
aerial photograph is given for the recorded planforms (supple-
mentary Table B.1). To optimize classification and recording,
photographs with relatively low water levels were used.

Data processing and definitions

After visual classification of the planforms, the estuary centre-
lines and surface areas were automatically determined using
GIS software (Figure 3a). The centreline is defined as the
mean location line between the polygon boundaries, simi-
lar to the approaches of Davies and Woodroffe (2010), Sassi
et al. (2012) and Kraaijenbrink et al. (2016). Subsequently, the
centrelines were smoothed with a Polynomial Approximation
with Exponential Kernel (PAEK) algorithm in GIS using a toler-
ance of 0.5 times the maximum channel width. The smoothed
line was resampled at an interval of 50 m. At all resam-
pled points, a cross-section was constructed, perpendicular to
the centreline and within the boundaries of the channel area
(Figure 3a). Smoothing was performed to prevent the direc-
tion of cross-sections being highly sensitive to local curves and
width variations along the estuary. Now, the width along the
centreline of the estuary is given by the length of the successive
cross-sections (Figure 3d). The total surface area was obtained
by integrating the channel width over distance.
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To assess the quality of our visual classification, the results
were compared with the classification of the ecotopes on
the geomorphological map of the Western Scheldt (de Jong,
1999; Bouma et al., 2005). The variation and presence of eco-
topes along the Western Scheldt estuary in 2012 (Figure 3c)
was derived using the same methodology as described above
for channel width: for each successive cross-section the
total width of each ecotope was calculated. Comparing both
approaches (Figure 3d) shows that both methodologies result
in similar measurements of active channel width and estuary
width, which allows us to extend our visual classification to
other estuaries.

It was attempted to digitize up to the tidal limit, but in some
cases this was impractical for the PAEK algorithm because of
the small size and tight shape of meandering channels at the
landward reach of the estuary. For these cases we removed the
most landward part of the polygon and defined this area as the
offset area (supplementary Table B.1). The polygons were then
processed without the offset area to obtain the centreline and
channel dimensions. We included the offset area only in the
calculation of tidal prisms.

The convergence of estuaries is often measured with the
width convergence length or estuary shape factor (Davies
and Woodroffe, 2010), which is based on the assumption
that estuaries ideally have exponentially converging planforms
(Pillsbury, 1956; Langbein, 1963; Savenije, 2006, 2015). The
convergence length is the distance over which the channel
width of the estuary mouth reduces by a factor e (� 2.7),
which is calculated as

LW D �s
1

ln
�

Ws
Wm

� (1)

where ln is the natural logarithm, Wm is the width at the estu-
ary mouth, Ws is the width of the estuary at the landward side
and s is the distance from Wm to Ws along the centreline of
the estuary.

Here we calculate the maximum fitting exponential shape
for the active channel planform. We use the mouth width
to calculate the convergence length and to fit an exponen-
tial function (Figure 5a–c), because a least-squares fit would
largely overestimate the width of the mouth in all cases and

Figure 5. (a, b, c) Channel width along the estuary derived from planform polygons for the three estuaries with bathymetric data (see Figure 1).
Exponential functions were fitted onto the width between the mouth and the upstream minimum river width. Excess width was calculated as the
channel width minus the exponential fit. (d, e, f) Local tidal prism as estimated from upstream estuary area at mean sea level (MSL) multiplied by
tidal range at the mouth. (g, h, i) Comparison between excess width and measured summed width of bars derived from bathymetries. The r-values
indicate the Pearson product–moment correlation coefficients. [Colour figure can be viewed at wileyonlinelibrary.com]
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therefore also the maximum fitting exponential shape. The
resulting fit we used thus depends on the chosen position for
the mouth. Since the positioning of the estuary mouth on aerial
photographs can be arbitrary, we used the following approach
and rationale.

For estuaries in which the mouth was confined by geology,
human activity or a higher elevated spit, we selected the loca-
tion with the minimum width as the position of the mouth
(see, for example, Figure 1c, e). In these cases, the minimum
mouth width limits the amount of water that can enter the estu-
ary over a tidal cycle. In cases where the mouth was confined
with a shallow spit that lacked vegetation or the area around
the mouth was widening in the seaward direction, we either
chose the location of the mouth at the point where the first
tidal flats occur (Figure 1h) or at the location where the beach
ends (see, for example, Figure 1a, g).

Savenije (2015) used a similar approach to fit exponential
functions for ideal estuaries. Because the ideal estuaries pre-
sented by Savenije (2015) typically have a confining inflection
point after the mouth of the estuary, two exponential functions
were fitted to describe the estuary shape. Moreover, a defi-
nition for the position of the mouth was not given there. In
contrast to ideal estuaries, the irregular estuary planforms in
our dataset are mostly confined at the mouth of the estuary by
the presence of a spit or bedrock geology. Therefore, using the
minimum width as the location of the mouth in this study is
appropriate.

The channel width along the estuary is often larger than the
ideal exponential fit (Figure 5a–c), since many alluvial estu-
aries are confined at their mouth by a spit or due to their
antecedent landscape. Here, we define the channel width
minus the width of the ideal exponential fit as the excess
width (Figure 5a–c). The excess width is generally positive, but
may be negative in the case that the channel is constrained
by bedrock geology or human interference – for example, the
construction of bridges in the Clwyd estuary (UK). We tested
the sensitivity of excess width calculations to the measure-
ment of the width of the mouth. A 25% increase or decrease
in mouth width affects the calculation of the excess width by a
maximum of 10%, but in most cases even less than 5%, since
the excess width is often much larger than the exponential
channel width.

The aim in this study was to assess how the bar patterns
are forced by estuary topography. Part of this forcing may be
related to variations in tidal prism. Therefore, the local tidal
prism P was approximated as

P D 2 � a � Ac (2)

in which a is the tidal amplitude, taken as spatially constant
(following Savenije, 2006, for ideal estuaries), and Ac is the
planform channel area landward of the considered location.
Here we used an approach that differs from methodologies
that approximate the tidal prism from cross-sectional area
(e.g. O’Brien, 1969; Jarrett, 1976; Shigemura, 1980; Eysink,
1990; Friedrichs, 1995; Lanzoni and D’Alpaos, 2015; Gisen
and Savenije, 2015) for two reasons. First, the previously pro-
posed relations for tidal systems span an order of magnitude,
because most of these relations were only validated for one
specific tidal system (supplementary Figure A.12a and supple-
mentary Table B.2). Second, the along-channel variation in bar
patterns may not be captured by these relations. After all, the
measured along-channel variation in cross-sectional area of
non-ideal estuaries – the Western Scheldt, Dovey and Mersey
estuaries are used as an example here – can vary such that the
cross-sectional area is equal at two locations along the estu-
ary, while the local tidal prism differs by an order of magnitude
(Figure 5a–f, supplementary Figure A.12b).

The endpoint of the digitized polygons affects the calcu-
lations of tidal prism with Equation (2). The following three
factors likely affect the approximation. First, estuaries narrow
considerably in the along-channel direction and the contri-
bution of the most landward, narrow part to the tidal prism
is thus relatively small. Second, the tidal amplitude decreases
upstream, which also limits the contribution of this area to the
tidal prism. Last, the displacement of water by tidal wave prop-
agation could cause an overprediction of the tidal prism with
Equation (2) in very long estuaries. To assess the quality of our
approximation with Equation (2) and the digitized polygons,
we compared our approximation with the values reported by
Manning (2007).

Manning (2007) approximated the tidal prism with the dif-
ference between high water volume and low water volume.
The predictions using Equation (2) are, on average, 40% lower
than the values of Manning (2007). However, Townend (2005)
assessed that the tidal prisms reported by Manning (2007)
are, on average, overestimated by 30%, suggesting that our
approximation is closer to the real value.

This study focuses on the channel shape in relation to bar
pattern. We hypothesize that sediment availability affects this
relation for alluvial estuaries, most of which likely formed in
the Holocene. To estimate the degree to which an estuary has
been filled with sediment based on satellite imagery only, we
introduce a fill factor:

Fill D 1 �
Ac

Ae
(3)

in which Ac is the approximate channel area that is active at
the present day and Ae is the approximate area of the estuary
including mudflats and saltmarshes. The underlying assump-
tion is that the mudflats and saltmarsh are overlying sediment
rather than antecedent bedrock.

The summed width of bars was calculated along the chan-
nel for three estuaries for which detailed bathymetries were
available: the Western Scheldt (NL), Dovey (UK) and Mersey
(UK). First, the same methodology was used as for the data
collection of channel planform (see previous subsection). Sec-
ond, bathymetric profiles with bed elevation were extracted
at the cross-sections to determine the summed width of bars.
To do so, the median bed elevation was determined for
each cross-section. Subsequently, a linear and an exponential
regression were fitted for median bed elevation along the estu-
ary channel (supplementary Figure A.13). Summed width of
bars was determined as the total width of the estuary above
this regression line. In addition, the summed width of bars
was determined as the total width above the mean low water
surface plane (supplementary Figure A.13). Supplementary
Figure A.14 (supporting information) shows the sensitivity of
our results to the threshold for bar recognition in bathymetry.
Dependent on the type of tidal system (e.g. tidal creeks or
estuaries) and along-channel width profile (e.g. constant width
or converging), varying approximations were found for the
along-channel bed profile, such as concave, linear and hori-
zontal (Savenije, 2006; Toffolon and Lanzoni, 2010; Savenije,
2015). Since the estuary depth profile often shows a linear
or almost linear profile (Savenije, 2015), the linear threshold
is used here to calculate the summed width of bars in the
remainder of this paper (supplementary Figure A.14).

Since bathymetry is available for three estuaries, we will
first describe how tidal bars are forced by topography for
these three cases. Then, we assess the uncertainty in the
along-channel bar pattern as obtained from our automated
approach for bathymetries. Subsequently, we compare the def-
initions used in the automated approach for bathymetries with
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the definitions used in a geomorphological map of the West-
ern Scheldt estuary. Last, the results from point observations
on aerial photographs of 35 estuaries are compared with the
results for the three detailed cases. This will allow testing our
hypotheses against a larger database with estuaries.

The larger dataset with point measurements was also used
to obtain linear regressions for the hydraulic geometry of estu-
arine channels and relations for individual bar width as a
function of channel width or tidal prism.

In all cases where statistical analyses are presented, the
following approach was used. For linear regressions, the resid-
uals were minimized in both the x- and y-directions because
this is more robust and conservative than either one of the
two. Where regressions are plotted, confidence limits are
given for two standard deviations from the regression. For the
confidence limits, the legends show the approximate multipli-
cation factor that the confidence limits plot higher or lower
than the trend and the R2 value, which gives the variance
around a regression. The quality of all along-channel predic-
tors for bar pattern was assessed with the r-value (Pearson
product–moment correlation coefficient), which is a measure
of both the direction and strength of a correlation.

Results

In this section, we first show how the location of tidal sand
bar formation is controlled by the topography. Second, a rela-
tion between channel width and tidal prism is presented based
on data from 35 estuaries. We assess how this relation is
influenced when estuaries deviate from the ideal converging
planform and compare the results with previous studies. Lastly,
we present empirical rules of thumb to predict bar dimensions,
which are subsequently used to predict braiding index.

The locations where bars form

The along-channel variation in summed width of bars corre-
lates well with the excess width for the Western Scheldt and

Dovey (r > 0.9) (Figure 5g, h, i). This shows that tidal sandbars
typically form at locations where the channel is wider than an
ideal exponential shape. Moreover, excess width is within a
factor of 1.25 of the total width of bars at most locations. Fol-
lowing convention this means that most excess widths are only
1.25 times larger or smaller than the summed width of bars.

The correlation between excess width and summed width
of bars is dependent on the threshold that was chosen for
bar recognition in bathymetries. This can explain why the
correlation for the Mersey is lower (r D 0.67) than for the
Dovey and Western Scheldt. A linear fit was used on the
median bed elevation to recognize bars, because most estu-
aries have a linearly increasing bed profile (Savenije, 2015,
Braat et al., 2017). Moreover, long-term morphological mod-
els also showed the evolution of linear bed profiles in estuaries
with and without mud (Braat et al., 2017). In our results, the
Mercey forms an exception, because it has an exponential bed
profile. In this case, fitting a linear threshold on the median
bed elevation will result in a threshold that is too low at the
mouth of the estuary and too high for the remainder of the
estuary. This causes a measurement of the summed width of
bars that is too large for the first 4 km from the mouth and
too small for the remainder of the estuary. After all, the first
4 km lack tidal bars (Figure 1f). If an exponential fit would
have been adopted for the Mersey, the correlation between
excess width and summed width of bars would increase to a
value of r D 0.91 (supplementary Figure A.14b). This implies
that the method to determine the threshold for bar recogni-
tion should be adapted to the shape of the bed profile, for
estuaries that deviate from a linear bed profile. At present, we
lack knowledge on the evolution of bed profiles and equi-
librium bed profiles in natural estuaries. We urge the need
to study this evolution and to test what equilibrium bed pro-
files evolve in experiments, models and natural systems. In all
other estuaries for which point measurements were made of
the summed width of bars, it was measured from aerial pho-
tographs. Therefore, the point measurements of summed width
of bars presented hereafter are independent of a threshold in
bed level as used for the bathymetries.

Figure 6. (a) Relation between summed width of bars and excess width at bar locations for all estuaries. In addition, the along-channel variation
in the Western Scheldt, Mersey and Dovey is shown, which shows similar scatter as the full dataset. Confidence limits are given for two standard
deviations from the regression. The approximate multiplication factor that the confidence limits plot higher or lower than the trend is given in the
legend. Summed width of bars approaches excess width as can be seen from the scatter around the line of equality. (b) Same, colour-coded with
a proxy for the fraction of sediment infill (Equation (3), see text for explanation). [Colour figure can be viewed at wileyonlinelibrary.com]
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A comparison of the geomorphological map of the Western
Scheldt with our polygons of estuary area and active channel
area shows that the definitions of channel width and estu-
ary width are very similar (Figure 3d). Moreover, it shows that
the width of low dynamic environments is generally higher at
locations where summed width of bars is higher and lower at
locations where summed width of bars is smaller (correlation
of r D 0.6). This shows that ecologically valuable low dynamic
environments (Meininger et al., 2003; van Eck and Holzhauer,
2007; Cleveringa, 2007) form at similar locations where bars
form, namely the locations with excess width.

The 35 estuaries show similar results as the three detailed
cases: summed width of bars increases with excess width
(Figure 6a). The scatter significantly increased and the good-
ness of fit decreased when the excess width was calculated
using other definitions, such as fitting an exponential func-
tion to the maximum and minimum channel width or using a
least-squares fit (e.g. R2 D 0.1 and 2� D 21).

Figure 6a shows that the along-channel variation for the
three detailed cases varies within the same range as the local
measurements in 35 estuaries. In Leuven et al. (2016) we
found that the effect of unknown water level and tidal phase
is a factor of 2 uncertainty in measured bar dimensions.
The uncertainty in measurement of summed width of bars in
bathymetry is also approximately a factor 2 compared to the
mean measured value, which arises from the threshold def-
inition for bar recognition (supplementary Figure A.14). The
remaining scatter is perhaps due to disequilibrium between
the bar pattern and channel geometry.

We estimated the amount of sediment received
(Equation (3)), because we hypothesized that insufficient sedi-
ment supply would reduce the formation of bars and therefore
the summed width of bars too. We found that the summed
width of bars is, on average, larger for estuaries that received
relatively more sediment (Fill > 0.3) compared to systems
that received relatively little sediment (Fill < 0.3) (Figure 6b).
Moreover, only the summed width of bars in filled estuaries
exceeds the excess width in some cases, which is illustrated

by the points that exceed the line of equality in Figure 6b. This
suggests that unfilled estuaries have less bar development.
Nevertheless, a regression on the subsets of the data show
that the difference between the regressions is insignificant,
because their confidence limits would largely overlap. There-
fore, we abstain here from a relation between the infilling and
the extent to which the summed width of bars approaches the
excess width.

Hydraulic geometry

The dimensions of individual bars relate to channel width
(Leuven et al., 2016) and the summed width of bars corre-
lates with excess width. This means that, to predict bar pattern,
channel width and excess width should be predicted first.
Using hydraulic geometry, the channel width could be cal-
culated with discharge or tidal prism. Many relations were
proposed in the past for hydraulic geometry of rivers and tidal
systems (Lacey, 1930; Leopold and Maddock, 1953; Langbein,
1963; Hey and Thorne, 1986; Savenije, 2003; Sassi et al.,
2012; Gisen and Savenije, 2015) (supplementary Table B.2).
However, there are two issues in applying these relations to
tidal systems. First, many of the relations consider either ideal
systems or describe only the mouth of tidal systems, while to
study bar pattern the along-channel width is required. Second,
two points on an irregular channel can have an equal chan-
nel width but have different local tidal prisms because the
geometry upstream differs (e.g. Figure 5a–f). Channel depth
can partly compensate for this, but we found also that for two
sections with the same cross-sectional area two different tidal
prisms can occur (supplementary Figure A.12).

The dataset with measurement points in 35 estuaries shows
that, despite the irregularities in channel planform, a simple
relation exists between the channel width and local tidal prism
(Figure 7a):

W D 0.05 � P0.59 (4)
In Figure 7b, the along-channel variation of hydraulic geom-

etry in the Western Scheldt, Mersey, Dovey and the regression

Figure 7. Active channel geometry related to tidal flow. (a) Channel width as a function of local tidal prism for 35 estuaries. (b) Along-channel
measurements of channel width for the Western Scheldt, Mersey and Dovey. For comparison, representative hydraulic geometry relations for
estuaries and rivers are drawn (see Supplementary Figure A.12 and Supplementary Table B.2 for overview of most relations from the literature
between tidal prism and cross-sectional area.). [Colour figure can be viewed at wileyonlinelibrary.com]
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from the dataset are compared with point measurements and
hydraulic geometry relations. The along-channel variation is
of the same magnitude as the scatter in the dataset and illus-
trates that a certain width may be found with different tidal
prisms, depending on the amount of excess width at that loca-
tion. The exponential fits for these three cases are similar to
the relations proposed by Langbein (1963) for ideal estuaries
and Gisen and Savenije (2015), who predicted channel width
based on the upstream bankfull river discharge and a typical
estuary convergence length.

The general finding that width increases with tidal prism
and with discharge is in agreement with studies in other
environments such as rivers, deltas and tidal creeks (Lacey,
1930; Leopold and Maddock, 1953; Langbein, 1963; Hey
and Thorne, 1986; Savenije, 2003; Sassi et al., 2012; Gisen
and Savenije, 2015; Lanzoni and D’Alpaos, 2015). However,
deviations from ideal estuaries (Langbein, 1963; Gisen and
Savenije, 2015) or rivers (Lacey, 1930; Leopold and Maddock,
1953; Hey and Thorne, 1986; Savenije, 2003) are present: (i)
no significant relations were found between estuary depth and
tidal prism, which shows in the wider scatter in supplemen-
tary Figure A.12b than in Figure 7a; (ii) non-ideal estuaries
are generally wider and have larger cross-sectional areas than
rivers and ideal estuaries under equal discharge (supplemen-
tary Figure A.12b), because their width is typically equal to the
sum of the ideal width and the excess width, which is deter-
mined by the antecedent topography that was present before
Holocene transgression.

Effect of channel planform on bar pattern

The bar pattern, i.e. bar shape, length and width, in estuaries
is a result of its channel planform. It was illustrated above that
the bar location and the summed bar width were predicted
by the excess width. In this section, we present a predictive
braiding index that indicates how many channels and bars are
likely to be present at a given location. The predicted braiding
index (BI) is as follows:

BI D
Wexcess

w
(5)

where Wexcess is the excess width and w is a predicted bar
width (explained later, Equations (6)–(9)). Because two differ-
ent measures can be used for w, namely the partitioned bar
width (wp) and the average bar width (wavg ), we will first dis-
cuss the definition of these measures and of the braiding index
before the relations for bar width are presented. Partitioned
bars are those that are separated by the number of barb chan-
nels. Leuven et al. (2016) identified that after partitioning all
bars can be described by an elongated shape for which the bar
length is approximately seven times the bar width.

The braiding index is highly sensitive to water-level vari-
ations (Leuven et al., 2016) and thus also to the threshold
between channel and bar recognition from the bathymetries.
Applying the partitioned bar width to predict the braiding
index would give the sum of channels and barb channels,
meaning it will overpredict the braiding index. Therefore, we
used the average bar width rather than the partitioned bar

Figure 8. Individual bar dimensions related to channel width and local tidal prism. Bar length and width increase with channel width (a, c) and
local tidal prism (b, d). Confidence limits are given for two standard deviations from the regression. The approximate multiplication factor that the
confidence limits plot higher or lower than the trend is given in the legend.
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width. To record the braiding index from bathymetries, we
used a linear fit on the median bed elevation first to distinguish
bars (above the fitted median bed elevation) from channels
(below the fitted median bed elevation) and subsequently cal-
culated the braiding index from the number of channels. Using
this approach, the shallower barb channels are part of the bar
and not accounted for in the braiding index. Given this def-
inition of channels and bars we calculated the average bar
width to predict the braiding index. Bar length and bar width
depend on local channel width (W) and become longer and
wider for increasing W. Analysis of our dataset on channel
width for both the partitioned bar width and the average bar
width (Figure 8) resulted in a new empirical relation for the
partitioned bar width (w), which is

wp,W D 0.20 �W0.91 (6)

and, alternatively with local tidal prism (P):

wp,P D 0.012 � P0.55 (7)

where wp,W is the partitioned bar width predicted with local
channel width (W) and wp,P is the partitioned bar width pre-
dicted with tidal prism. All relations are valid over at least
two orders of magnitude. These relations allow prediction of
the dimensions of individual bars based on solely the chan-
nel width, or on the upstream channel planform area and
tidal range. The goodness of fit is higher for predictions from
channel width than as a function of local tidal prism.

The empirical relations for average bar width (wavg) are

wavg,W D 0.39 �W0.92 (8)

or

wavg,P D 0.022 � P0.55 (9)

Obviously, these relations simplify barbs, channels and bars
as discrete elements in a continuous field of bed elevations.
Over time, barbs may develop into channels and vice versa,
which illustrates the need for a better understanding of for-
mative mechanisms, dynamics and development of the barb
channels, which is beyond the scope of this paper.

Figure 9d–f shows the predicted braiding index using
Equation (5) with either bar width predictions based on the
channel width or the local tidal prism. Best predictions are
obtained when channel width is used, with correlation coef-
ficients all above 0.62. Predictions for braiding index are all
within a factor of 2 of the measured value, but generally bet-
ter. Using the local tidal prism to predict braiding index may
result in large overpredictions at the landward part of the estu-
ary (for example, for the Dovey, Figure 9f) or underpredictions
at the seaward side (for example, for the Mersey, Figure 9e).

At the landward boundary, the local tidal prism approaches
zero. As the local tidal prism lowers, the predicted bar width
also decreases. However, some landward locations may have a
relatively large local channel width and excess width. In these
cases, dividing the excess width by a very small bar width,
the prediction of braiding index will be very high. At the sea-
ward boundary, the same reasoning causes an underprediction
of the braiding index. In summary, using the tidal prism one
would predict a gradual decrease in bar width that lacks any
dependency on channel width and transfers to predictions of
braiding index, because it is predicted as the excess width
divided by the predicted bar width. In this case, the predictions
of braiding index are thus too sensitive to local variations in
channel width, where in natural systems the bar width adapts
to the varying channel size.

Figure 9. (a, b, c) The along-channel excess width and prediction of bar width using the empirical relations with tidal prism (P, Equation (9)) and
channel width (W, Equation (8)) for the three estuaries with bathymetric data. (d, e, f) Predicted and measured braiding index. Predicted braiding
index was calculated as excess width divided by predicted bar width. The r-values indicate the Pearson product–moment correlation coefficients
for measured and predicted braiding index, where subscripts indicate whether bar width was predicted with tidal prism (P) or channel width (W).
[Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion

We first summarize how bar pattern is forced by channel plan-
form and discuss why excess width is a measure required
to predict bar pattern. Second, the empirical predictions are
compared with theoretical predictions from stability analysis
of Schramkowski et al. (2002). Last, we discuss the long-term
evolution of bar patterns and estuarine filling.

Forcing of bar pattern by planform

Tidal sandbars form at locations where the estuary is wider
than an ideal exponential fit (Figure 5). Here, local flow
expansion occurs due to the presence of embayments that
were inherited from the antecedent landscape. The local flow
expansion results in a reduction of stream velocity and shear
stress, which can cause sedimentation when sufficient sedi-
ment is available (Cant and Walker, 1978; Ashmore, 1991;
Ashworth et al., 2000). In filled estuaries, summed width of
bars approximates excess width for most estuaries (Figure 6a).
In contrast, unfilled estuaries can have a lower summed width
of bars, being around 50% of the excess width (Figure 6b).

At the location where bars form, the individual dimensions
of bars scale particularly well with channel width (Figure 8a,
c). Although local tidal prism could be used, predictions
from channel width are better fits and tidal prism is more
difficult to measure. In agreement with our hypothesis, bar
dimensions are poorly predicted from ideal channel width.
The result that bar dimensions are determined by local channel
geometry raises the question of what sets the size and shape
of an estuarine channel and how it evolves over time. Many
estuaries formed during the early to middle Holocene when
valleys drowned during rapid sea-level rise (e.g. van der Spek
and Beets, 1992; Hijma and Cohen, 2011). Because of a pro-
gressively decelerating sea-level rise, sediment input in many
of these systems eventually exceeded creation of accommo-
dation space by sea-level rise, resulting in progressive infilling
of these estuaries. The present-day estuary shape is thus the
sum of the initial valley size and shape as well as histori-
cal creation of accommodation space and infilling, and varies
between estuaries.

The measure of excess width is required to explain the vari-
ation in bar pattern for two locations with equal channel width
along the same estuary. It is a priori known that the seaward
location is affected by a larger tidal prism than the landward
location. According to hydraulic geometry (Equation (4), sup-
plementary Figure A.12), a larger cross-sectional channel area
is expected at the seaward location. Given that the predic-
tion of individual bar width is equal at both locations, this
also implies that the seaward location has a lower excess
width and therefore a smaller summed width of bars and a
lower braiding index. Therefore, multiple braiding indices and
summed width of bars could occur for the same channel width
(Figure 10b, d).

Alternatively, let us consider two locations with equal
summed width of bars or equal braiding index. Following the
same reasoning, there can be multiple locations along the
estuary where either an equal summed width of bars or braid-
ing index occurs. Each of these locations is characterized by a
different local tidal prism, which explains that for each braid-
ing index or summed width of bars a wide range of local tidal
prisms can occur. This explains the wide horizontal scatter in
Figure 10a, c. We therefore conclude that a measurement of
local tidal prism or local channel width is insufficient to pre-

dict bar pattern and that a measurement of the excess width is
required to obtain more accurate predictions of braiding index
and summed width of bars.

Comparison with theory

The theoretical approach to predict bar pattern differs from the
empirical approach in this study. Previous studies attempted to
predict bar pattern in estuaries using linear stability analyses
(Seminara and Tubino, 2001; Schramkowski et al., 2002; see
Leuven et al., 2016, for a review). We applied the theory of
Schramkowski et al. (2002) using the along-channel width pro-
file and the average channel depth of three estuaries. For the
remaining parameters the default values given in Leuven et al.
(2016) were used. Predictions from theory show similar trends
to the new empirical predictors (Figure 11), probably because
excess width is partly a surrogate of the width-to-depth ratio
that was found to control braiding index in theory. However,
the theoretical results are very sensitive to input parameters
such as bed slope effect and friction (Leuven et al., 2016).
Moreover, theory underestimates the effect of estuary dimen-
sions and, in particular, channel width. For example, theoret-
ical predictions overpredict braiding index consequently by a
factor of 2 for the Western Scheldt (Figure 11a), while braiding
index in the Dovey is underestimated by at least a factor of 2
(Figure 11c).

Theory also consistently mispredicts the summed width of
bars, which is underpredicted where the excess width is large
(Figure 11d–f) and overpredicted where the estuary is narrow
and close to the ideal width. The reason is that bars in the
bar theory are regarded as cosine waveforms that are, on aver-
age, symmetrical about the horizontal. Therefore, we assume
that theory will always predict the summed width of bars to
be approximately 50% of the channel width (Figure 11d–f),
independent of channel width and excess width, and thus also
for locations where the channel is too narrow to accommo-
date bars. Minor deviations from the 50% approximation may
occur for very small braiding indices (Fujita, 1989). Neverthe-
less, the predicted braiding index is generally well above 1
for the estuaries considered in this study (Figure 11a–c), which
justifies this assumption.

Potential applications of empirical bar predictors

Our empirical method predicts the summed width of bars
that are accurate within a factor of 1.25 and the braid-
ing index accurate within a factor of 2. This insight can be
implemented in several types of geological reconstructions
where tidal channel belts or estuary shapes may have been
identified, but wherein infilling and bar configuration are
unknown. On the one hand, the bar pattern within tidal
channel belts affects lithological properties of the geological
channel body (Wood, 2004), such as the connectivity and per-
meability that influence storage capacity. On the other hand,
our empirical approach may successfully estimate bar pat-
tern for palaeogeographical reconstructions (Vos et al., 2015;
Pierik et al., 2016) of former estuaries where the morphol-
ogy of bars is typically not recognizable in the geological
record. This exercise may be especially relevant for bar-built,
high-stand estuaries which are sufficiently filled with sedi-
ment, such that the bar pattern has been developed. Estimating
bar properties will improve the palaeogeographical maps,
because it allows us to estimate the location and number of
tidal bars, based on the outline of the palaeo-estuary. It fur-
ther enables reconstructing past water levels or tidal wave
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Figure 10. Summed width of bars as a function of local tidal prism (a) and channel width (b). Measured braiding index as a function of local
tidal prism (c) and channel width (d). The along-channel variation in summed width of bars and braiding index along a single estuary is similar to
the scatter within the dataset of 170 tidal bars in 35 estuaries. [Colour figure can be viewed at wileyonlinelibrary.com]

propagation, and therefore may improve understanding of the
evolution of the estuary. The quality of our empirical pre-
dictions is generally better than the theoretical predictions
(Seminara and Tubino, 2001; Schramkowski et al., 2002)
and only requires channel planform measurements. While
the understanding gained from empirically valid theories is
valuable, further theory development is urgently needed.

Given time, tidal sandbars may stabilize by means of veg-
etation succession (Gray, 1992, Thomson et al., 2004, van
der Wal et al., 2008), finally resulting in supratidal flats that
are no longer morphologically active in common tidal condi-
tions (van den Berg et al., 1996; Cleveringa, 2007). This raises
the question to what degree tidal bars are stable in time and
space after they have formed. The methods presented herein
can now be applied to reconstructed Holocene estuaries
(Vos et al., 2015; Pierik et al., 2016), for which boundaries
are well known but bars are usually not preserved, as well
as estuaries in numerical models and laboratory experiments
(Kleinhans et al., 2015). This will allow us to systematically
study the effects of boundary conditions and vegetation on the
dynamics of tidal bars over time and on the evolution of the
entire estuary from initiation on inherited landscapes.

We found typical relations between tidal bar dimensions,
tidal prism and channel width (Figure 8). Using the empirical
relations for bar dimensions as a function of estuary dimen-
sions also allows a reverse approach. With single measure-
ments of bar dimensions it would be possible to reconstruct

the local tidal prism and width. The architecture of tidal bars
in the geological record can possibly be used to obtain predic-
tions of the hydraulic geometry of the corresponding estuary
within a factor 3 accuracy.

Conclusions

Here we empirically studied effects of channel planform on
tidal bar patterns in estuaries with a newly collected dataset
of sandbar dimensions and channel planforms of non-ideal
alluvial estuaries. We found that simple empirical relations
adequately describe bar dimensions and braiding index. Sand-
bars mainly form where the estuary is wider than expected
from an ideal exponentially converging planform between the
mouth and the upstream river. At these locations, local flow
expansion causes a reduction of the shear stress, which can
result in the deposition of sediment. The summed width of
bars approximates the excess width over time, reducing the
channel width to the ideal channel width. Bars are narrower
when sediment is less abundant. Since channel width and
local tidal prism are strongly related, the dimensions of indi-
vidual bars can be predicted from either of these quantities,
but the quality of predictions is highest when channel width
is used. Dividing the excess width by the bar width resulted
in predictions for braiding index, which were accurate within
a factor of 2. Our results imply that present estuary planform
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Figure 11. Comparison between braiding index (a, b, c) and summed width of bars (d, e, f) predicted by theory of Schramkowski et al. (2002)
and predicted from empirical relations for the three estuaries with bathymetric data. Braiding index was calculated as the excess width divided by
the bar width, as predicted from Equations (5) and (8). [Colour figure can be viewed at wileyonlinelibrary.com]

shape, including mudflats and saltmarsh, depends on inherited
Holocene topography, but that eventually convergent chan-
nels will form when sufficient time and sediment are available.
The simple relations between bar pattern and local estuarine
channel width may aid predictions of the architecture of tidal
bar deposits and palaeogeographical reconstructions of former
estuaries.
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