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Relating estuarine turbidity
maxima to tide and river conditions

Florent Grasso™”, Eliott Bismuth?, Hans Burchard?, Sophie Defontaine?, Frank Kosters?,
Robert Lafite, Lloyd Reese?, Aldo Sottolichio®, Thijs van Kessel®, Joris Vanlede’,
Dirk Sebastian van Maren8, Régis Walther® & Anna Zorndt3

Tidal rivers and estuaries may experience high levels of suspended particulate matter (SPM), which
impacts water quality and ecosystem functioning. The processes controlling the development of
estuarine turbidity maxima (ETM) are fairly well understood. However, predicting the maximum SPM
concentration in an estuary based on aggregated parameters (estuarine dimensions, river discharge,
tidal range) remains, up to now, impossible without extensive in-situ measurements and/or numerical
models. This study introduces an approach that links the strength of the ETM to the tidal, river, and
morphological characteristics of a system. Using in-situ data from contrasting meso- to macro-tidal
estuaries, we found a consistent pattern of maximum SPM concentrations within a two-dimensional
parameter space. The resulting turbidity diagram reveals a high SPM hotspot in estuaries with specific
forcing conditions, corresponding to intermediate relative tidal amplitudes and freshwater Froude
numbers. This multi-site research advances our predictions of ETM intensity in tide-dominated
estuaries, offering a straightforward method to explore potential turbidity trajectories under various
human pressures.

Suspended particulate matter (SPM) is a major component of estuarine ecosystems. Marine and river sediment
sources provide significant supplies for estuaries, helping to mitigate the potential impacts of mean sea-level
rise!, while internal sediment fluxes reshape estuarine morphology and bed substrate*~*. Additionally, SPM plays
a key role in regulating the transfer of nutrients, contaminants, and pollutants along the land-sea continuum®.
However, high concentrations of SPM (SPMCs) can negatively impact estuarine ecological functions: (i) by
increasing water turbidity, which reduces light penetration and limits primary production by phytoplankton®
(ii) by decreasing dissolved oxygen levels due to higher organic matter content”3; and (iii) by impairing the
biofiltration and respiratory abilities of benthic and pelagic organisms®°.

The maximum SPMC can significantly vary between estuaries'"!2 It depends on forcing conditions (e.g.,
river discharge, tides, waves, and wind), system morphology, sediment availability, and management strategies
(e.g., maintenance dredging and water supply regulations). Estuaries can evolve from low to high turbidity
levels under the pressure of human-induced changes, such as estuary deepening and narrowing, with surface
SPMCs shifting from O(0.1 g/1) to O(10 g/1)!*-15. Conversely, the SPMC can decrease by around half after the
construction of estuarine dams, due to the loss of tidal prism and weakening of tidal currents!®~1°. Over the
past few decades, advances in the understanding of estuarine sediment dynamics have improved knowledge of
the processes responsible for sediment trapping in tidal estuaries®*~2%. The formation of an estuarine turbidity
maximum (ETM) can be summarised as the convergence of seaward river-induced sediment transport and
up-estuary sediment transport resulting from baroclinic circulation and tidal asymmetries?>2°. Fine sediments
trapped within the estuary can then be resuspended by tidal currents, increasing the water column turbidity. Still,
quantifying the ETM intensity is challenging without conducting expensive in-situ measurements or deploying
complex numerical models, due to the non-linear interactions between physical processes.

Various studies have attempted to relate SPMC to estuarine parameters using simplified formulas. Based
on a multi-estuary study, Uncles, et al.!! found that the largest SPMCs occurred in the longest estuaries with
the greatest tidal ranges. However, this relationship mainly results from larger tidal currents in long, energetic
estuaries, which may lead to significant sediment resuspension. Still, it does not explain why the SPMC in meso-
tidal and medium-sized estuaries (e.g., the Ems Estuary'* can surpass that of macro-tidal and long estuaries (e.g.,
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the Seine Estuary?’. In another comparative study, Jay, et al.!? observed a link between the trapping efficiency of an

estuary—the ratio of its maximum SPMC to the dominant (fluvial or marine) sediment source concentration—
and the supply number, calculated as the river-to-tidal velocity ratio (U/U,). This method provides a simplified
way to describe the ETM; however, similar trapping efficiencies appeared for very different supply number
values (e.g., comparing the Ems, Seine, and Gironde estuaries). This suggests that trapping efficiency does not
consistently and solely depend on the supply number. A potential reason for the differences observed in these
previous parametric studies is the limited consideration of tidal asymmetry at the system scale?.

Geyer and MacCready® developed a two-dimensional parameter space to characterise estuarine circulation
as a function of a freshwater Froude number and mixing number. In this study, we develop a more empirical
approach to explore a parameter space for estuarine sediment dynamics, including parameters related to ETM
formation: a Froude number (quantifying estuarine circulation and fluvial flushing) and a number representing
tidal asymmetry. We collect readily available in-situ data from 7 contrasting tidal estuaries to derive a parameter
space for maximum SPMC. This approach offers a heuristic depiction of the forcing conditions leading to high
turbidity levels. Therefore, we highlight the presence of a high-turbidity hotspot associated with specific tidal,
river, and morphological conditions. Additionally, this study offers a framework for investigating the potential
impacts of human-induced pressures (e.g., estuary deepening) on turbidity trajectories in tide-dominated
estuaries.

Results

Learning from extensively investigated tidal estuaries

The study draws on knowledge from hydrodynamics and sediment dynamics in seven main estuaries: the Elbe,

Scheldt®!, Weser®?, Seine®?, Loire*!, Gironde®, and Ems'* (Fig. 1). These semidiurnal meso- to macro-tidal

estuaries (median tidal range TR, = 2.7-5.4 m; Table 1) vary in length from 47 to 169 km, with their relative

length representing mid- to long estuarine configurations (L,,/L,,,. = 0.8-2.1, with L , the estuary length and
L,,, the tidal wave length; see the Method section for more details). The mean river dlscharges range from 61

to 935 m*/s, and the maximum SPMC at the surface indicates intermediate to highly turbid conditions (95th

percentile SPMC,, = 0.3-6.1 g/l). According to the estuarine classification proposed by Geyer and MacCready

these estuaries range from stratified to well-mixed conditions (Figure S1).

The longitudinal analysis of estuarine dynamics reveals contrasting systems (Fig. 2). Tidal evolution
encompasses hyposynchronous to hypersynchronous conditions*®, resulting in different tidal distortion
(a/h) along estuaries (with a = TR/2 the tidal amplitude and h the water depth) (Fig. 2c). An increase in a/h
results in more frictional losses, leading to tidal deformation, and generates flood-dominant tides in both short
tidal basins®® and longer funnel-shaped estuaries®®. The horizontal salinity gradients (dS/dx) also substantially
differ between estuaries, with the largest values occurring in estuaries characterised by large freshwater Froude
numbers (Fr,), such as the Seine and Loire estuaries (Fig. 2d to f). Additionally, vertical gradients in salinity and
SPMC (Fig. ée and g), resulting from the balance between stratification and mixing, differ as illustrated with the
well-mixed Gironde Estuary and the strongly stratified Seine Estuary. Also note that the along-estuary SPMC
distribution can strongly depend on tidal and river discharge changes, such as the Loire Estuary, or be more
uniform, such as the Weser Estuary (Fig. 2g). These systems have been thoroughly studied at the local level over
the past decades®%5; here, we use existing datasets to infer the macro-behaviour of their ETMs.

A parameter space for estuarine turbidity maximum

Parameter spaces for estuarine turbidity have already been proposed, for example by Uncles, et al. !! for the
maximum SPMC or by Jay, et al. 12 for the trapping efficiency. However, the inadequacy of the proposed
approximations with our estuary dataset prompted the need for further investigation (Figures S2 and S3).
Therefore, using one-year in-situ measurements from the seven main estuaries, we investigated the distribution
of the estuarine turbidity maximum as a function of two parameters (Fig. 3): the freshwater Froude number Fr_
and the integrated relative tidal amplitude a /h, . Herein, a /h, serves as an easily accessible proxy for the tidal
deformation at the system’s scale, and the resultmg tidal non llnearltles28 38 whereas Fr_ represents baroclinic
circulation and flushing’®*” (see computation details in the Method section). For each tidal cycle at the most
turbid station of each estuary, the highest quartile of surface SPMC (i.e., 75th percentile) is associated with an
ay/h,-Fr, couple (Fig. 3a) and is then interpolated through the parameter space (Fig. 3b).

Estuary data covered a broad area within the parameter space, with some overlap. However, results showed a
remarkably consistent distribution of SPMC when intercomparing the seven estuaries, revealing a high-turbidity
hotspotaround a /h,, ~ 0.2-0.3and Fr_ = 0.01-0.02. This illustrates that estuarine turbidity increases under
specific river and tidal forcing and supports the idea that the current turbidity diagram provides a relevant
parameter space for capturing this trend. The estuarine trapping efficiency (SPMC /SPMC, )'?, where SPMC
the dominant (fluvial or marine) sediment source concentration (Table 1), exhibits a similar distribution w1th1n
this parameter space (Fig. 3¢ and d). It emphasises that surface SPMC in the ETM area can surpass the sediment
source concentration by one or two orders of magnitude.

Complementary test estuaries
The ETM parameter space was subsequently verified with five test estuaries: the Vilaine*®, the Charente®, the
Hudson*’, and the Loire in 1900 and 2000, Input variables (a,, Q,, i, , and w, ) and the resulting SPMC (SPMC,)
were obtained from available literature (Table 1; see details in the Data Availability section). These estuarine
forcings represent conditions with a large tidal range and low river discharge, when the ETM is potentially the
most intense (open circles in Fig. 3b).

The hyper-turbid Charente Estuary corresponds to conditions of the high-turbidity hotspot (a,/h, ~
0.3 and Fr_ =~ 0.02). Contrastingly, the short Vilaine Estuary and long Hudson Estuary are located in the
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Fig. 1. Morphologies of the seven main estuaries. Map of the estuary locations in Northwestern Europe and
their respective elevation z relative to mean sea level. Black dashed lines represent seaward and landward

estuary boundaries.
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lower turbidity regions of the diagram, consistent with their lower turbidity levels. Note that their limited ETM
intensity results either from tidal distortion that is too weak or too strong. In addition, the configurations of the
Loire, which differ only by the deeper thalweg depth in 2000 compared to 1900 (h,, = 9.6 and 5 m, respectively;
Table 1), effectively demonstrate the SPMC increase associated with estuary deepening'®. Thus, these test
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Seaward River River
Estuary length | Relative length | Depth | Width tidal range | discharge | Surface SPMC | Reference SPMC | sediment
(L) [km] L /Lyy) -1 | (n,) [m] | (w,) [m] | (TR) [m] | (Q,) [m’s] | (SPMC) [g/l] | (SPMC,) [g/ll | supply [Mt/y]

Main estuaries

Elbe
(2013)

2.8 935 0.09

158 17 17.8 2007 (1.9-3.3) | (399-2263) | (0.02-0.29)

0.020 0.7

Scheldt (2006)

3.8 82 0.19

89 13 10.2 396 (7-47) | (42-218) | (0.09-0.37)

0.039 0.1

Weser (2016)

2.7 207 0.36

8 L1 13.1 487 (2.0-3.3) (101-683) | (0.18-0.53)

0.023 0.4

Seine
(2016)

5.4 445 0.28

169 21 131 315 (33-73) | (286-1312) | (0.04-1.07)

0.028 0.8

Loire
(2018)

3.6 644 0.20

11 L6 8.9 410 (1.8-5.1) (147-2507) | (0.04-2.91)

0.027 1.6

Gironde (2015)

33 382 0.77

125 18 8.3 1552 (19-47) | (154-1633) | (0.08-5.13)

0.024 0.9

Ems
(2005)

3.1 61 2.37

47 08 59 227 (24-36) | (32-156) | (0.16-6.08)

0.050 0

Test estuaries

Vilaine
(2007)

12 0.2 5.0 1578 4 30 0.20 N.A. N.A.

Charente
(2012)

55 0.9 6.9 50 4 10 4.00 N.A. N.A.

Loire
(1900)

104 1.5 5.0 400 4.3 160 0.50 N.A. N.A.

Loire
(2000)

95 14 9.6 400 4.3 160 2.50 N.A. N.A.

Hudson
(1999)

187 2.2 14.4 500 1.5 200 0.10 N.A. N.A.

Table 1. Yearly-averaged hydrodynamic and sediment parameters for the main estuaries and the test estuaries.
Numbers represent median values, and parentheses contain the 5th and 95th percentiles. SPMC data are
selected for each estuary at the station measuring the highest SPMC along the estuary over a year. Based on
the literature, the dominant source of SPMC (SPMC,, ) is defined at the riverside for all the estuaries, except
the Ems and the Weser, where the marine source is domlnant Data are retrieved from in-situ measurements
and numerical simulations. See details on dataset references in the data availability section. ‘N.A. designates
unavailable data.

estuaries confirmed the relevance of the parameter space to globally characterise the ETM intensity based on
easily obtained variables.

Discussion

High-turbidity levels under specific tide and river conditions

The combination of field observations on the seven main estuaries and the five test estuaries provided a relevant
distribution of maximum SPMC and sediment trapping efficiency in the proposed parameter space. A high-
turbidity hotspot was obtained for intermediate relative tidal amplitudes and freshwater Froude numbers.
These optimum conditions for reaching high SPMC can be related to the concurrence of sediment convergence
and resuspension®®. On one hand, the simplified freshwater Froude number acts as a proxy for the baroclinic
circulation*®*!, which enhances sediment trapping within the estuary. However, an excessively large Fr_ (i..,
a large Up) can lead to a dominant river-induced sediment export, reducing the sediment trapping efﬁc1ency
which explams the decreasing turbidity observed at large Fr_, . On the other hand, the relative tidal amplltude
not only represents the tidal asymmetries and the associated tidal pumping®®>2, but can also be seen as a proxy
of the tidal velocity*”. Therefore, a,/h, relates to both sediment trapping and resuspension, and should increase
with the SPMC?*. Nonetheless, the decrease in SPMC observed with large a/h, is consistent with highly
energetic tidal estuaries, where sediment trapping is reduced due to tidal sediment dlspersmn“ 2254,

These observations illustrate the systems’ capacities to trap and resuspend sediment under partlcular tidal,
river, and morphological conditions. However, human interventions, such as land reclamation, dam construction,
maintenance dredging activities, and sediment removal, can also influence actual turbidity levels by altering the
available sediment pool. Additionally, the ETM is sensitive to local setbacks, such as the presence of pits and
intertidal areas, which may act as sediment sinks or sources and impact the SPMC*.

A simplification of the complex reality

The proposed ETM parameter space reveals a surprisingly consistent pattern in SPMC, despite our considerable
simplification of the complexity of estuarine dynamics. Firstly, lateral subtidal and intertidal morphological
features influence estuarine dynamics®, whereas we use an average estuary width and thalweg depth. Secondly,
investigating surface turbidity allows for a broader analysis of available estuarine datasets (which are often
collected near-surface), but ignores vertical gradients associated with local stratification, mixing, and flocculation
processes®”8. Thirdly, the current ETM parameter space does not account for wind and wave forcing. Although
their influence on ETM is second-order in macro-tidal environments®, they can be significant in low-tidal-

Scientific Reports |

(2026) 16:3

096 | https://doi.org/10.1038/s41598-025-32950-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Scheldt Weser Ems
M\ @[ | @ (a5) )
TN ] -
. . . . | .
"
Ak
(b3) L (b) o
L (c3) : (c5) e
aE
e
5 5 A
L (@)  (a5) |1 @)
(ed) - (e3) (e4) (@) S CY
' ' : ' \: :
e @ G N T O ) G N B O B B B )
N 5 i\ ' %\ IR A
m ~/\/|\ /\ : 4 J\\| : :/\:
S D I ) IENCI (84) (g5 | o) ‘illb (87)
ts y . ; . . 72N
L] He s fl\ ﬂ\{ ;#\C\oﬁ\? LY K
0 50100150 0 50100150 0 50100150 0 50100150 0 50 100150 0 50100150 0 50 100150
z (km) z (km) z (km) x (km) z (km) x (km) x (km)

Sea +— River

Sea <—— River Sea +— Rlvcr Sea <—— River Sea <—— River Sea <—— River Sea <—— River
Fig. 2. Longitudinal transects of physical parameters in the seven main estuaries. (a) Tidal range TR and water
depth h, (b) estuary width w, (c) relative tidal amplitude a/h, (d) freshwater Froude number Fr, (e) salinity

S, (f) horizontal salinity gradient dS/dx, and (g) SPM concentration SPMC. One-year- averagedﬁ medians of
simulated (lines) and measured (symbols) data. The shaded areas and error bars represent the 25th —75th
percentile distributions of simulations and measurements, respectively. In panels (e to g), bottom and surface
data are in red and blue, respectively. The cyan vertical dashed lines represent the yearly-averaged locations

of maximum measured surface SPMC, and black vertical dotted lines represent yearly-averaged seaward and

landward estuary boundaries. SPMC simulations were not available in the Elbe Estuary configuration.

energy systems®*®’. And fourthly, the present ETM distribution is derived from semidiurnal meso- to macro-
tidal estuaries and relatively low river discharge conditions. As part of future work, our diagram could be
complemented with a broader range of conditions®, such as diurnal tidal forcing, larger river systems with
higher discharge and sediment loads, such as Asian river-delta systems and South American estuaries under the
influence of the Amazon River plume®!:2,

A turbidity diagram for exploring the potential impacts of human pressures

The ETM parameter space can also be used to examine the impact of human-induced pressures on ETM
within tide-dominated systems, such as estuary deepening®%4. For example, the Loire Estuary in 1900 had a
shallower navigation channel than it does today (h,, = 5m 1nstead of 9.3 m; Table 1), which was associated with
lower SPMC!>!5. The shift from low- to hyper- turbid conditions during the 20th century is visible in the ETM
parameter space, with a/h, -Fr_ values closer to the high-turbidity hotspot in 2000 than in 1900 ('L, and
‘L,, in Fig. 3b). Therefore, "the conﬁguratlon of the Loire Estuary shifted from dispersive conditions to ones
that favour sediment trapping. Although concurrent anthropogenic factors (e.g., sediment supply reduction,
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Fig. 3. Parameter space for estuarine turbidity maximum. (a-b) Highest quartile (75th percentile) of in-situ
surface SPM concentration SPMC and (c-d) estuarine trapping efficiency SPMC/SPMC, , based on the
relative tidal amplitude a,/h,, and s1mphﬁed freshwater Froude number Fr_, . (a, c) Scatter plot of tide-
averaged data for the seven main estuaries with the main occurrence area (coloured contours), and (b, d)
interpolated data with black isolines. In panel (b), open circles represent in-situ observations for the test
estuaries using values defined in Table 1: ‘C’ Charente, “V’ Vilaine, ‘H” Hudson, ‘L, Loire in 1900, and ‘L,
Loire in 2000.

engineering works) may also have influenced the SPMC in the Loire Estuary during the 20th century, the current
ETM diagram captures some of the change in state.

Deepening of the Ems Estuary has resulted in a substantial increase in SPMC!*¢4%5, With a smaller water
depth h, the a,/h, of the pristine Ems Estuary was likely higher than that of the present-day estuary, a region
characterised by lower SPMC in Fig. 3. This example therefore supports the idea that the highest SPMC tends
to be located in the centre of the a /h, -Fr_ diagram. In many estuaries, hydrodynamics are influenced not
only by deepenlng but also by other human’ 1mpacts such as harbour extensions, dam construction, and estuary
narrowing®, which could also be explored using this approach. However, human activities that result in a
significant decrease in sediment availability cannot be examined using the current ETM diagram (e.g., large-
scale maintenance dredging activities, sediment removal).

Methods

Estuary boundary definition

Comparing different estuaries requires a consistent description of the systems and their boundaries. Many
definitions of estuaries exist, such as those based on geological, tidal, salinity, or biological properties®”. In
this study, we aim to characterise the active part of a tidal estuary in terms of physical functioning. The upward
boundary is defined at the limit of tidal influence, when the relative tidal amplitude a/h = 0. This limit may
correspond to locations where the tide is blocked by a weir (e.g., Seine Estuary) or fully dissipated (e.g., Loire
Estuary). The seaward boundary is defined at the location where the local Froude number exceeds a threshold
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value (here, 0.002). This value corresponds to situations where estuarine stratification begins to be significant?>6.
A value of 0.002 is slightly arbitrary, but a sensitivity test revealed that using 0.001 or 0.003 as a threshold does
not significantly impact the results. The distance between the seaward and landward boundaries defines the
along-channel estuary length, L, (Fig. 1). The relative length is the ratio of the estuary length to the tidal wave
length (L, /L,,,), with Lyiqe = \/ ghm/w the tidal length, g the gravitational acceleration, w the semidiurnal
tidal frequency, and 4, the median depth along the estuary (Table 1).

Multi-estuary in-situ measurements and numerical simulations

Morphologies and forcing are based on one-year numerical simulations from previously published studies and
validated against in-situ data (see the Data Availability section). We extracted longitudinal transects from the
three-dimensional configurations along the estuary thalweg x (x=0 at the seaward boundary and increases
landward; Fig. 2). This implies that the effects of lateral processes on the main channel dynamics are not
specifically addressed, although their contributions are present in the extracted data. These simulations provided
high-frequency (every 15-60 min) and high-resolution (every 100-500 m) information on water levels, current
velocities, salinity, and SPMC distributions.

Additionally, one-year in-situ measurement datasets (Fig. 2; Table 1) are used to derive the ETM distribution
in relation to the forcing parameters (i.e., tidal amplitude, river discharge, and morphology). To capture the
highest turbidity levels, we selected data from the station measuring the largest SPMC along the estuary transect.
Surface measurements were chosen because they are more frequently available in estuaries and provide a more
accurate indication of the potential light attenuation within the water column. The high-frequency data (every
5-30 min) were processed using the highest quartile (i.e., the 75th percentile) of the surface SPMC (SPMC,) per
tidal cycle to represent the tide-averaged estuarine turbidity maximum.

To compute the estuarine trapping efficiency (SPMC/SPMC, ), the dominant source of SPMC (SPMC, ) is
the river discharge for all the estuaries except for the Ems and the Weser, where a marine source is dominant.
fluvial- or marine-dominant sources were identified based on the literature review!431:333%:4L,69-71 311 the values
were extracted from the current study datasets at the estuary boundaries (see the Data Availability section). An
exception was made for the Ems, which used the value from a larger scale analysis’? because the actual lower
boundary did not extend sufficiently seaward.

Although interannual variability in river forcing affects SPM response in estuaries**’*”173, the chosen years
display enough fluctuations in river discharge to provide a representative view of ETM dynamics. However, note
that extreme events, such as extremely high or low river discharges, may not be captured in the present study’*”>.

After establishing the ETM distribution based on the seven main estuaries, we completed our analysis by
testing additional estuarine configurations (Table 1): (i) the short macro-tidal, low-turbid Vilaine Estuary
(France); (ii) the medium-sized macro-tidal, hyper-turbid Charente Estuary (France); (iii) the long meso-tidal,
low-turbid Hudson Estuary (USA); and (iv) a comparison of the Loire Estuary (France) in 1900 and 2000, when
the channel depth was significantly deepened.

Simplified estuarine parameters

The parameter space for maximum SPMC is defined by two parameters that serve as proxies for the main drivers
of ETM formation: baroclinic circulation and tidal asymmetry. The baroclinic circulation relates to the strength
of the salinity gradient, which can be approximated with the freshwater Froude number Frf47 Fr;represents the
net velocity due to river flow scaled by the maximum possible frontal propagation speed”®:

;= Ur/(B gSoh)? (1)

where U, = Q/A is the river velocity, with Q the river discharge and A the estuary cross-section area, S the ocean
salinity, and B=7.7x10""*kg/g the haline contraction coefficient.

Estimating Fr, from in-situ data is difficult because a representative estuary cross-section area is not easily
determined in estuarme systems. We therefore develop a simplified expression for F'r s, enabling straightforward
exploration of the turbidity parameter space across a broader range of estuaries. The forcing variables herein are
the river discharge at the landward (i.e., up-estuary) boundary Q,, the water depth along the estuary thalweg
h(x), and the estuary width w(x), which can, for example, be obtained from satellite images. Therefore, the
estuary cross-section can be approximated as A, = h x w. Note that using the estuary width at low tide (w,,)
better represents the main channel and improves the section area estimate. To derive an integrated parameter at
the system scale, the simplified freshwater Froude number is given by

From = Uroum/(B 9Sohm)? with Urs.m = Qo/ (hm-wm) 2)

where i and w, are the along-estuary median of the thalweg mean water depth and low-water cross-section
width, respectively. This simplification proved to be a very satisfactory estimate for Frat the estuary scale (Figure
S4).

Tidal asymmetries can be calculated using various methods to quantify dephasing in tidal components, which
causes differences in the duration and/or magnitude of ebb and flood phases (for water elevation and current
velocity)®?77-7°. Here, we use an approach based on tidal distortion, computed as the relative tidal amplitude
(a/h)*: the larger the tidal amplitude relative to the water depth, the larger its distortion by bed friction. This
method provides less detailed information on tidal asymmetry characteristics than previous methods and, for
example, cannot distinguish between flood- or ebb-dominance, which may lead to contrasting residual sediment
transport®®. Here, we assume that the relative tidal amplitude indicates flood dominance, which is the most
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commonly observed phenomenon?®777°. This straightforward formulation offers the advantage of a robust
quantification of tidal deformation using easily obtainable estuarine parameters, thus making it applicable to a
wider range of poorly documented systems.

Following the previously adopted strategy for the simplified Froude number, we quantify the tidal asymmetry
integrated over the entire estuary domain as a,/h,, where a, is the tidal amplitude at the seaward boundary. Note
that this parameter, integrated over the estuary system (per tidal cycle), does not account for changes in bed
roughness and intertidal morphologies?’. This integrated approach can be viewed as considering an estuarine
system like a “box”, characterised by a specific geometry (i.e., depth and width), and driven by a tidal forcing at
the seaward boundary and a river discharge at the landward boundary.

Data availability

The in-situ measurement and numerical simulation datasets used in this study were collected from previously
published works and open data sources for the Elbe, Scheldt, Weser, Seine, Loire (2018), Gironde, Ems, Vilaine,
Charente, Loire (1900 and 2000), and Hudson estuaries. Elbe in-situ measurements from www.kuestendaten.de
and Strotmann®!, and numerical simulations from Reese, et al.’’. Scheldt in-situ measurements from Flanders
Hydraulics and numerical simulations from van Kessel, et al.*! and Plancke, et al.2. Weser in-situ measurements
retrieved by the Federal Waterways and Shipping Administration, provided by the Federal Waterways Engineering
and Research Institute, and numerical simulations from the 3D hydrodynamic model of the Weser Estuary based
on UnTRIM2, conducted and provided by the Federal Waterways Engineering and Research Institute®’. Seine
in-situ measurements from the SYNAPSES network®>#* and numerical simulations from Grasso, et al.®> and
Grasso, et al.%. Loire in-situ measurements from the SYVEL network’%# and numerical simulations from Gras-
so and Caillaud®* and Grasso and Caillaud®’. Gironde in-situ measurements from the MAGEST network”"%8 and
numerical simulations from Diaz, et al.?? and Diaz, et al.>>. Ems in-situ measurements from Lower Saxony Water
Management, Coastal and Nature Protection Agency (NLWKN) and numerical simulations from van Maren, et
al.’. Vilaine in-situ measurements from Traini, et al.® and Vested, et al.*8. Charente in-situ measurements from
Toublanc, et al.**. Loire (1900 and 2000) in-situ measurements from Dijkstra and de Goede'®. Hudson in-situ
measurements from Geyer, et al.>® and Warner, et al.”.
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