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The idea behind PECS

PECS (Physics of Estuaries and Coastal Seas) is an independent organization whose sole purpose is to organize
the PECS biennial conferences. The objectives of these conferences are to:

e promote exchange of information on recent developments in physics of estuaries and coastal seas;

o stimulate cooperation between coastal engineers and coastal oceanographers, and

e to provide a forum for graduate students and young scientists and engineers where they feel

comfortable to interact with experienced scientists.

Emphasis is on the results of field and laboratory measurements, and theoretical and numerical analysis, with
the aim of better understanding the underlying physical processes. Other relevant topics are also acceptable.
This conference series emphasizes informal exchanges in a collegial environment. All sessions are plenary and
attendance is limited to one hundred and fifty participants.

History of PECS

by Prof. J. van de Kreeke (1935-2023), co-founder of PECS conferences

During the 1950s and '60s, coastal engineers and coastal oceanographers focused on different problems with
regard to estuaries. Coastal engineering problems related mostly to stability of tidal inlets, land reclamation
and the closure of estuaries and bays for storm surge protection. Solving these problems required knowledge
of tides and tidal currents. In contrast, coastal oceanographers tended to concentrate on tidal mean properties
including salinity, stratification, gravitational circulation. While coastal engineers derived their tools from
hydraulics, coastal oceanographers relied on geophysical fluid dynamics.

In the seventies the coastal engineers started to face different types of problems relating mostly to water quality.
Because water quality is largely determined by tidal mean motions, the coastal engineers began to seek help
from coastal oceanographers. As a result of this the coastal oceanographers detected an interest in their work
that had been absent in the community of blue water oceanographers.

The logical place for the two disciplines to meet and exchange ideas seemed to be the biennial International
Conference on Coastal Engineering (ICCE). Unfortunately, the forum of the ICCE became increasingly
focused on the nearshore, relegating estuarine problems to the status of stepchild. It was at the ICCE of 1976
that a small group of coastal engineers and coastal oceanographers realised that their interests would be better
served by a specialty conference focusing on the physics of estuaries. The idea was to have this conference at
the same venue and either directly preceding or following the ICCE. This idea ultimately was abandoned
because it was difficult to find host institutions in some of the places where the ICCE was held.

With the intent of focusing on estuaries, the first conference was organised in September 1978 in Hamburg.
The second conference did not take place until 1984 in Miami. Since 1984 conferences have been held every
two years. With the inclusion of physics of coastal seas in 1990, the conference series became known as PECS.
A complete list of the conferences, chairpersons and host institutions is given below.

PECS has a Steering Committee consisting of the chairpersons of the previous meetings. The Committee
ensures that future conferences adhere to the above-mentioned objectives. The board also selects the venue of
future conferences. Organising a conference and publishing conference papers is the sole responsibility of the
local organising committee.
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Preliminary results of the Lowest Astronomical Tide (LAT) Reference Surface in the Belgian
part of the North Sea

Abdollahi S. !, Verstraeten J. 2, Vanlede J. 3, Verbeurgt J. 4, Gurdebeke P. 2, and De Wulf A.*

Keywords: LAT, reference surface, hydrodynamic, North Sea.
Abstract

This study presents an update on the ongoing research project conducted by the Flemish agency for Maritime Services
— Coastal Department, aimed at enhancing navigation safety in the Belgian part of the North Sea through the revision of
the Lowest Astronomical Tide (LAT) reference surface.

The Belgian coastal waters of the North Sea present a dynamic environment for studying tidal dynamics and their
implications. This research aims to conduct a comprehensive harmonic analysis of tidal constituents at three strategically
located tide gauge stations along the Belgian coast: Nieuwpoort, Ostend, and Zeebrugge.

A comprehensive dataset of harmonic constituent data for these stations have been compiled. Through harmonic
analysis techniques, tidal constituents are being extracted to understand the complex tidal behavior of the North Sea.
Using the extracted tidal constituents, LAT values are being meticulously calculated for each of the designated stations.
This process involves robust mathematical algorithms and careful consideration of local environmental factors affecting
tidal patterns.

The Tide Gauge stations in Belgium play a crucial role in monitoring coastal tidal dynamics. Tidal analysis of the
extensive dataset spanning from 2000 to 2022 with a step of 5 minutes offers valuable insights into long-term tidal
behavior. In this analysis, we leverage the UTide Python package, a powerful tool designed for harmonic analysis of time
series data. As a sample, the observed and reconstructed water level and the corresponding misfit for the Newport tide
gauge station (NPT) have been shown in Fig.1. The Root Mean Square Deviation (RMSD) has been computed, yielding
a value of 0.3. The amplitudes, phases, and their corresponding uncertainties for the top 10 constituents have been
calculated and are presented in Table 1, sorted by descending amplitude.

— wl_obs —— wil_reconst —— Misfit/Residual

o: '\MA N I

2023-12-01 2023-12-05 2023-12-09 2023-12-13 2023-12-17 2023-12-21 2023-12-25 2023-12-29 2024-01-01

Figure 1. Comparison of observed and reconstructed water levels in NPT station with RMSD of 0.3.

Research goals

In the next stages, we'll combine the hydrodynamic and gravimetric geoid models to refine our LAT determination.
Our goal is to provide an improved LAT reference surface for the Belgian North Sea, enhancing navigation safety and
accuracy in the area.
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Table 1: The first 10 constituents sorted by descending amplitude (A), along with their respective phases (g) and uncertainties (A_ci
and g_ci) for Newport tide gauge station.

Name A A_ci g g_ci
M2 1.93178 0.00607 0.53966 0.17991
S2 0.56890 0.00607 54.1608 0.61099
N2 0.33106 0.00607 336.33 1.049798
K2 0.16359 0.00607 52.75323 2.124622
L2 0.15605 0.00607 9.292952 2.227442
M4 0.13951 0.004316 308.4894 1.772361

MU2 0.10531 0.006066 103.1659 3.301266

NU2 0.090653 0.006067 334.1575 3.834067
MS4 0.085649 0.004316 9.204863 2.886764
01 0.0804914 0.003553 164.1088 2.530487
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Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Intra-tidal variability of the hydrodynamics in a salt-wedge estuary

Alvarez-Silva 0.1, Cardona Y. 2, and Valle-Levinson A. 3

Keywords: estuaries, salt-wedge, momentum-balance, tidal variability.
Abstract

This study describes the intra-tidal variability of the circulation, stratification, and relative dominance of the
momentum terms in the hydrodynamics of a salt-wedge estuary. The case study is the Magdalena River Estuary, located
on the Caribbean coast of Colombia. The Magdalena River is the largest source of freshwater, sediments, nutrients, and
pollutants in the Caribbean Sea, with regional impacts on coastal and ocean ecosystems. The average discharge of this
river is approximately 7000 m®/s, with mean monthly variability between 4000 m%/s and 10000 m®/s. The tidal regime is
mixed with diurnal predominance; it is microtidal with a maximum tidal range of 0.5 m. Geomorphologically, the estuary
is restricted to one channel with laterally fixed margins, forming a nearly prismatic estuary (Restrepo, 2020). For
discharges above 5000 m?/s, freshwater is present all along the river channel down to its connection with the ocean, and
mixing processes take place at the outer river plume. On the other hand, for lower discharges, a persistent salt-wedge
intrudes throughout a distance that is inversely proportional to the river flow (Arévalo, 2022).

To conduct this study, field measurements of ADCP and CTD profiles were taken along two transverse sections during
a low discharge condition of 3000 m3/s (95% of exceedance probability), under the presence of an extensive salt-wedge.
The measurement transects were located at 2.4 km and 3.4 km upstream of the transition with the ocean. Measurements
in both sections were taken nearly simultaneously eleven times along a tidal cycle of 25 hours. Along-channel profiles of
salinity were also taken from the mouth to the salt-wedge front during high and low water levels. The measurements were
complemented by water level gauges located upstream and downstream of the transverse sections, at 8.2 km and 1.6 km
landward of the transition with the ocean, respectively.

Current velocity data were pre-processed for quality control. North-East components of the velocity were rotated to
the principal axis. CTD data were processed to determine the water density using TEOS-10 routines. The mean along-
channel velocity and density profiles were extracted for both sections and for the eleven measuring times from transverse
averaging of velocity and density fields. The degree of stratification and its temporal variability were analyzed from the
vertical and temporal variability of Buoyancy Frequency (N2) and Richardson Number (Ri). To determine the key forcers
of hydrodynamics, we assessed the temporal variability of local acceleration, along-channel advective acceleration, and
barotropic and baroclinic pressure gradients using finite differences. The residual acceleration was associated with
Reynolds’ stress divergence following the methodology described by Nijs, Pietrzak, and Winterwerp (2011). This
assessment allowed estimates of the vertical variability of the eddy viscosity as the ratio between the Reynolds’ stress and
the shear, as described by Geyer, Trowbridge, and Bowen (2000).

The along-estuary salinity transects show that the salt-wedge front, represented by the 5g/kg isohaline, advanced about
2 km upstream during high water level in comparison to low water level, indicating that although the estuary has a micro-
tidal regime, the tide indeed influences the salinity intrusion extent in the short term (<1 day). According to the data of
the two transverse sections, the estuary remains strongly stratified, as indicated by N2 > 0.1 and Logio(4*Ri) > 0,
throughout the tidal cycle. Stratification is concentrated at a narrow pycnocline in the mid-water column, with a
homogeneous freshwater mass above the pycnocline and a homogeneous seawater mass below the pycnocline, forming a
stable three-layer density profile. Stratification was found to be slightly higher during flood than during ebb, evidenced by
lower values of N2and a thicker pycnocline during ebb tides. This behavior is opposite to the classical definition of tidal
straining (Simpson 1990) and could be attributed to the large shear in the water profile (that overcomes stratification and
generates mixing) when the barotropic pressure gradient -mainly controlled by the river discharge- is enhanced by the
ebb tide.

The analysis of the momentum equation terms led to identifying the role of advective acceleration in the observed
hydrodynamics patterns. In the upper freshwater layer, the local acceleration is dominant in the variability of the velocity
profile. The dominance of this term is generated by the along-channel tilting of the pycnocline, which is shallower
seaward, shrinking the freshwater layer toward the surface and accelerating the upper-layer flow seaward. This effect is
exacerbated during high water levels, when the pycnocline is higher in the water column, reducing the freshwater layer's
thickness. Meanwhile, in the pycnocline layer, the advective acceleration reveals a landward jet generated by the
longitudinal density gradient generated again by the upstream pycnocline’s deepening (Geyer, Farmer, 1989). Finally, in
the deeper seawater layer, the balance between the opposing barotropic and baroclinic pressure gradients determines the
magnitude of the inland flow

L Universidad del Norte, Barranquilla-Colombia, oalvarezs@uninorte.edu.co
2Universidad Nacional de Colombia — Sede Medellin, ymcardon@unal.edu.co
3 University of Florida, arnoldo@ufl.edu.
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The estimated eddy viscosity profiles show a reduction of the viscosity in the pycnocline layer, showing a decoupling of
the pycnocline from the upper and lower mixed layers. This decoupling generates a slippery boundary above the pycnocline
that allows flow acceleration in the interface between the upper layer and the pycnocline, which is evidenced by the persistent
presence of a local outflow maximum in the velocity profiles. This decoupling of the three layers can also be observed in the
diverse patterns of the overtides in the velocity throughout the water column.
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Along-channel exchange flow structure in a seasonally inverse low-inflow estuary

Anidjar N., Giddings S.N., Brasseale E., Rodriguez A., and Wu X.

Keywords: Low-inflow, total exchange flow, subtidal circulation, inverse estuary
Abstract

Along-channel structure and characterization of the time varying exchange flow of estuaries are understudied (Geyer
& MacCready 2014). Low-inflow estuaries are also understudied, despite their global distribution. Changes to
precipitation patterns and higher temperatures in in arid and semi-arid regions motivate increased investigation into the
structure of, and transitions between, classical and inverse circulation in existing and emerging low-inflow estuaries
(Largier 2023). Building on previous work in San Diego Bay by Largier et al. (1997), and the developments of the total
exchange flow (TEF) framework by Macready et al. (2011 & 2021) and Lorenz et al. (2020), this study decomposes the
exchange flow across 14 cross sections along San Diego Bay, using a dual coordinate salinity and temperature TEF
analysis. The goals of this study are to 1) examine the temporal variability in the along-channel exchange flow, with an
emphasis on the seasonal shifts from classical estuarine dynamics to inverse dynamics and 2) identify the spatiotemporal
boundaries of the competing estuarine regimes (thermally driven or salinity driven). Ultimately, we aim to link this
knowledge of TEF to residence times critical to ecosystem dynamics.

San Diego Bay and the surrounding coastal region were simulated over three separate yearly periods (2017- 2019)
using the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) model system (Warner et al..,2010 and
Kumar et al., 2012) as described by Wu et al. (2020). Cross sections were extracted with a 1.5km along channel spacing,
from the estuary mouth to the back of the bay (Figure 1). Fluxes of salinity and temperature through each cross section
were calculated in salinity and temperature coordinates and then sub-tidally filtered based on Godin et al. (1981). These
fluxes were then summed over an entire year or a season to produce exchange profiles in salinity, temperature, and density
coordinates. Profiles from all the cross sections were then synthesized to examine the along- channel exchange structure.

We found seasonal variation in the spatial extent and magnitude of classical- and inverse-circulation regimes in San
Diego Bay (Figure 2). The spatial boundaries between these circulation cells were identified using the density difference
between the mean outflowing density and mean inflowing density at each time step (Figure 2). The contour at zero (black
line in Figure 2) indicates where the flow switches from classical to inverse. Whether these shifts to inverse flow were
due to hypothermal or hypersaline conditions was determined using the ratio of terms in the linear equation of state: the
relative contributions of salinity and temperature on changes to inflowing and outflowing density difference at each cross
section. This ratio was then compared to the along-channel salinity and temperature distributions, to verify the relationship
between transitions in the exchange flow and the along-channel gradient of properties.
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Figure 1: Regional map and zoom in of San Diego Bay with bathymetry. The regional map (left) includes nested grids (black) and the
zoom-in region on the finest nest shown on the right (pink). San Diego Bay (right) contours are shown in black at 11,10,5,1, and 0
meters depth. Red lines indicate extracted cross-sections, with their corresponding indices from 1 (mouth) to 14 (back bay).
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Figure 2: 1-year long time series (y axis) of density difference between mean inflowing and outflowing density across each cross- section
from the estuary mouth (1, left) to the estuary interior (14, right). Positive values in red indicate that the flow is classical (i.e., surface
buoyant outflow and bottom dense inflow), while negative values in blue indicate inverse estuarine circulation. The black contour shows
where the flow transitions (no difference in density).
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On the effects of SPM composition on the inherent acoustic and optical particle properties of
the SPM

Baeye M. !, Fettweis M. 2, and Verney R. 3

Keywords: mixed sediments, flocculation, turbidity, SPM, sensor sensitivity, in-situ water sampling.

Abstract

From high-resolution in-situ time series of calibrated optical and acoustic instruments, robust relationships that can
be applied to SPM (suspended particulate matter) concentrations were aimed at as part of refining the SPM - POM
(particulate organic matter) model (see Fettweis et al., 2022) for the North Sea and the English Channel. In 10 stations
located along nearshore to offshore transects in the Belgian coastal zone, Seine Bay, German Bight and Thames plume
have been sampled in spring and winter 2023 during a tidal cycle. The presence of mixed sediments in the seabed and/or
strong currents and wave conditions may cause sandy material or particle with other erosion characteristics to be
resuspended up to the detection volumes of acoustic and optical sensors (see e.g. Baeye et al., 2011). Sand grains do not
contain mineral attached POM and the presence of them lowers the POM content of the SPM and thus increases the
uncertainty of the SPM-POM model. The presence of mixed sediments in suspension influences also the acoustic and
optical inherent particle properties and thus the SPM concentration derived from sensors (see e.g. Fettweis et al., 2019).
If not considered, the SPM concentration output of optical and acoustic sensors will over- or underestimate the SPM
concentration and thus also the derived POM proxies.

In Fig. 1, the relationship between the ADCP echo intensity and SPM concentration (following the method of Kim et
al. 2004) when including all the stations yields a positive linear relationship. Although, when focusing on the different
stations separately most of the slopes are somewhat weaker compared to the general one. This is likely due to the presence
of mixed sediments (solid grains, flocs and phytoplankton) that are triggering the acoustic signal differently than the
optical one.

PINS 2023-06 PINS 2023-06

Figure 1 Left, relationship between SPM concentration (from filtration) and associated hull-mounted ADCP backscatter; right, station-
based color-coded relationships between SPM concentration and ADCP echo intensity.

Concentration of SPM is recorded by the ADCP as shown for station Sizewell (southern coast of Suffolk, UK) in
Fig.2, the corresponding current speed illustrates that the SPM is transported by a combination of advective process and
locally re-suspended seafloor sediment.
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Figure 2 Top, Example of the ADCP-derived SPM concentration at station Sizewell; bottom, the water current speed during a full
tidal- cycle.
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Station-averaged LISST-100 particle size distributions (PSD) show differences (Fig.3), likely due to biologically
dominated aggregated SPM in the offshore stations. The latter are predominately characterized by PSDs with larger
particle sizes, resulting also in larger scaling factors between turbidity and SPM mass concentration (Fig 3, right).

o _|
o

s

Scaling factor

volume concentration, JL/L

T T T T T T T o 10 20 30 A 50 60
2 5 10 20 50 100 200 Turbidity, FNU
floc diameter, pm
Figure 3 Left, LISST-100 averaged particle size distributions per station, and right, the scaling factor between FNU and the SPM
concentration from filtration for each station.
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Interannual Exchange Flow Variability in a Morphologically Complex Estuary with Low
Freshwater Input

Bailey T.!, Ross L., Rojas C.?, and Smith C. %3

Keywords: Total exchange flow, interannual variability in freshwater input, morphologically complex estuary
Abstract

Knowledge of circulation and material transport patterns in estuaries is essential for informed decision-making related
to management of coastal water quality issues, like harmful algal blooms (HABS) and bacterial pollution, and for ensuring
the sustainability of resources derived from estuaries and the communities that depend on them. Variability in freshwater
input to estuaries has been found to impact circulation, having implications for the transport of suspended materials like
HABs. Prediction of the ecological response of coastal areas to forecasted changes in precipitation patterns first requires
an understanding of how freshwater input influences estuarine circulation and exchange flows. Although estuarine
exchange flow has been well-studied in estuaries of simplified geometry, with relatively large freshwater inputs, it is not
as well understood for complex systems with networks of streams and channels (MacCready et al., 2021), particularly
under conditions of low freshwater inflows.

The goal of this research is to understand how interannual variations in freshwater input to a morphologically complex
coastal bay can influence exchange with the outer ocean and between connected embayments. Two questions are posed
to achieve this goal: 1) What is the tidal influence on exchange flow in a morphologically complex bay with low rates of
freshwater input? 2) What is the influence from interannual variations in freshwater input on exchange flow? To address
these questions, we investigate the exchange flow of Frenchman Bay, Maine, a macrotidal estuary system located within
the Gulf of Maine with numerous channels, islands, and bathymetric complexities that influence tidal flows (Figure 1a).
The total exchange flow (TEF) method is used to compute exchange to account for tidal variations in the salt flux due to
mechanisms like tidal pumping (MacCready, 2011). The TEF framework uses an isohaline coordinate system to quantify
transport in salinity bins, ranging from the minimum to the maximum salinity over a chosen transect or volume. By
integrating over layers of positive and negative transport, the TEF bulk values (volume inflow, Qi,, and volume outflow,
Qour) and the respective salinities (Sinand Sey) are determined (Lorenz et al. 2018; Lemagie et al. 2022).

We use three-dimensional numerical model simulations from an unstructured Telemac3D model of Frenchman Bay
to compute TEF. Simulations of a ‘dry’ year (2016) and comparatively ‘wet’ year (2021) are performed to quantify and
compare the exchange flow in the bay under varying freshwater conditions. The TEF is calculated across two cross-
sectional transects. One is located upstream where Frenchman Bay is connected to Blue Hill Bay (Figure 1b) by a narrow
inlet, which constricts the exchange between the bays (hereon the Trenton transect). The second transect is located across
the middle of the Bay (hereon the Frenchman Bay transect), separating Upper Frenchman Bay from Lower Frenchman
Bay (Figure 1a).

Total exchange flow was estimated based on the methodology of Lemangie et al. (2022) for numerical data from an
unstructured model domain, and the dividing salinity method of Lorenz et al. (2018) was used to compute the TEF bulk
values. A profile of the time-averaged exchange flow and the TEF bulk values were computed over a ~14 day spring-
neap period during early October of 2016 and 2021 for both the Trenton (Figure 1c) and the Frenchman Bay transects
(Figure 1d). The dashed lines in Figure 1c and 1d denote the dividing salinities used to determine the transport layers
(Lorenz et al. 2018). At the Trenton transect (Figure 1c), inflow (Qin, positive) denotes transport into Blue Hill Bay, and
outflow (Qout, Negative) denotes flow into Frenchman Bay. On the Blue Hill Bay side of the inlet, the Union River (Figure
1a), a major freshwater source to the study area, generates lower salinities. Flow into Frenchman Bay through the inlet
occurs over a broader range of salinity classes during ebb tide as a result (not shown). Well-mixed water of higher
salinities flows from Frenchman Bay into Blue Hill Bay during flood tide conditions (not shown). Over the spring-neap
period in early October, the outflowing transport was greater in 2016 compared to 2021 (Figure 1c), indicating a greater
contribution of freshwater input to Frenchman Bay. Both the Si,and Souc are lower in 2021 compared to 2016 due to the
influence of higher rates of freshwater input on both sides of the inlet in 2021. The volume transport also spans a wider
range of salinity classes, indicating less well-mixed conditions in 2021.
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2 University of Maine, School of Earth and Climate Sciences
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For the Frenchman Bay transect (Figure 1d), inflow (Qin, positive) denotes flow into Upper Frenchman Bay, and
outflow (Qout, Negative) denotes flow into Lower Frenchman Bay. Multiple estuaries contribute freshwater to the Upper
Frenchman Bay; however the combined total discharge is relatively low compared to freshwater sources offshore (less
than ~50 m®/s on average). Freshwater input from larger rivers upcoast of Frenchman Bay in the northeastern Gulf of
Maine, including the Saint John River (~1,000 m®/s; not shown), can reduce the salinity of inflowing waters. During neap
tide, the range of inflowing and outflowing salinities is reduced compared to spring tide (not shown). The outcomes suggest
stronger spring tides promote the intrusion of saltier offshore waters into the bay, possibly expanding the salinity range
and enhancing exchange. The magnitude of the exchange flow averaged over the spring-neap cycle in early October was
greater in 2016 compared to 2021, with greater inflow at higher salinities (Figure 1d). Higher exchange flow in 2016 is
consistent with greater AS (0.29 PSU) compared to AS in 2021 (0.17 PSU), as enhanced density differences increase
exchange. However, inflowing salinities in 2016 were higher compared to 2021, suggesting a reduction in freshwater
input from the offshore currents that carry in waters at lower salinities from freshwater sources along the northeast coast
of Maine.

An increase in exchange flow was observed at the ocean boundary of Frenchman Bay due to inflowing waters of
higher salt concentrations from offshore in 2016. This enhanced exchange may have been a factor contributing to the
appearance of a regionally novel species of harmful algal bloom, Pseudo-nitzschia, in Frenchman Bay in late September-
October of 2016. The blooms that likely originated offshore in the Gulf of Maine (Clark et al. 2021) were advected into
Frenchman Bay, forcing closures of economic activities like shellfish harvesting and aquaculture. This study highlights
the role of offshore variations in salinity on exchange flow in an estuary with low freshwater input, and the implications
of these dynamics for material transport in regions with complex morphology like Frenchman Bay. This is an important
step toward understanding the connectivity between regions like Frenchman Bay and the Gulf of Maine, and how that
connectivity might influence water quality conditions and harmful algal blooms under future climate change scenarios.
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Figure 1. a) Study region of Frenchman Bay, Maine, depicting the location of the bay transect. b) Zoom in on the upstream inlet that
separates Frenchman Bay from Blue Hill Bay. c) Time-averaged volume transport (Q) over a spring-neap cycle in October of 2016
(black line) and 2021 (blue line) for the Trenton transect. TEF bulk values are shown for 2016 (black) and 2021 (blue). d) Same as c)
but for the Frenchman Bay transect.
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Turbulent mixing in a salt-wedge microtidal estuary
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Abstract

Turbulence plays a key role in the dynamics and in the mixing of water properties and processes, such as hio-
geochemistry inherent to estuaries, including the dispersion of salt, sediments, and pollutants as well as the vertical and
horizontal distribution of plankton (Peters 1999, Geyer et al. 2000, Simpson & Sharphels, 2012). Mixing arises through
momentum exchanges as the flow interacts with the bottom (Peters 1999, Geyer et al. 2000, Collignon & Stacey 2013).
Research on turbulence and mixing in estuaries has traditionally centered around partially mixed, meso-tidal systems
(Peters 1997, Collignon & Stacey 2013, Huguenard et al. 2015) or macrotidal estuaries (Allen et al. 1980, Giddings et al.
2011, Ross et al. 2019). Consequently, these studies have emphasized the impact of tides on turbulence and mixing.

The micro-tidal estuary in which this study took place, the Patos Lagoon in southern Brazil, is the biggest choked
lagoon in the world (Kjerfve, 1986) and is primarily forced by wind and river discharge (Fernandes et al. 2005; Moller et
al. 1996). Coastal lagoons generally have a well-mixed salt distribution pattern, however, the Patos Lagoon varies from
well-mixed to highly stratified depending on river flow and wind conditions (Hartmann & Schettini 1991, Moller &
Castaing 1999). In addition, the inlet of the lagoon was altered in 2010 to include converging jetties extending up to 700
m offshore of the lagoon mouth. A study by Yuk & Aoki, 2007 found that topographic changes, such as the narrowing of
an inlet of a semi-enclosed bay, can lead to the intensification of currents, which increased vertical mixing. The enhanced
current velocities were not only due to the alterations in topography, but also from the subsequent changes in bathymetry
resulting from the construction of the jetties. There have been many studies on the Patos Lagoon, yet most have been
based on the hydrodynamics before the addition of the convergent jetties (Marques et al. 2010, Marques et al. 2011). The
handful of studies on the hydrodynamics of the lagoon after 2010 investigated freshwater discharge, wind effect and water
level (Barros et al. 2014, Oliveira et al. 2019, Tavora et al. 2019, Antonio et al. 2020), with a primary emphasis on
sediment dynamics (Silva et al. 2015, Lisboa et al. 2015). The along-channel variation in the current structure and mixing
regime have remained uninvestigated topics, particularly in the inlet of the lagoon, despite their influence on sediment
transport and estuary water quality.

In this study, high-resolution observations of temperature, salinity, velocity, and turbulent dissipation were collected
in a longitudinal gradient to quantify the spatial variability in the circulation structure and mixing. Data were collected at
three distinct transect positions along the channel and parameters such as the Richardson number, vertical eddy viscosity,
and mixing efficiency were calculated from these transects. The survey was performed at the inlet zone and a micro-
structure profiler (MicroCTD) was used to collect data and estimate dissipation rates of turbulence kinetic energy. An
Acoustic Doppler Current Profiler (ADCP) was also used to collect horizontal flow velocities to calculate current speed
and vertical shear.

Results showed that despite the short interval between the collection of data from each transect and their proximity
(less than 9 km apart), mixing was enhanced or suppressed by different forces. The driving mechanisms ranged from
channel curvature and differential advection (Valle-Levinson, 2010) to bottom stresses and the shear of the pycnocline
on the salt wedge. Also, the funnel-shaped channel accelerated the current toward the constriction, although the expected
increase in mixing was rebutted due to the effect of stratification. The comparison between the transects and the
investigation of the different mechanisms promoting mixing in each will contribute to a better understanding of the
hydrodynamics in the Patos Lagoon as well as salt wedge, microtidal estuaries found worldwide.
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Abstract

Structure and intensity of estuarine exchange flow depend significantly on the eddy viscosity Ay profile which is
dynamically linked to various forces (e.g., gravitational, tidal, wind-driven). The impact of winds on the exchange flow
is complex due to its direct (local and remote changes in shear and density stratification) and indirect (modifications to
Ay profiles) contributions (see Basdurak et al., 2021). This study aims (i) to include wind entrainment effects in the tidally
averaged Ay parameterization (Fig. 1); (ii) to develop an analytical one-dimensional model for the wind driven exchange
flow by using this novel parameterization and assess the tidally averaged dynamics over a relevant physical parameter-
space, subdomains of which have not yet been explored numerically. This one-dimensional model is based on a balance
between frictional forces and pressure gradient, calibrated with a tidally-resolving one-dimensional water-column model
with second-moment closure. Structure and intensity of the resulting exchange flow profiles are analyzed with respect to
three dimensionless parameters (the unsteadiness of boundary layer mixing Un, scaled-directional wind stress W, and
horizontal stratification Si). While down-estuarine winds enhance the gravitational circulation, up-estuarine winds result
in either a two-layer inverted circulation opposing the gravitational circulation, or a three-layer flow (favored by relatively
strong Si, weak W, and moderate Un) that is up-estuarine at the surface with classical two-layer circulation underneath.
Relative thicknesses of surface and bottom boundary layers affect both the intensity and the inflection depth of the
exchange flow layers. Up-estuarine winds with W =0.5 yield unstable stratification and reduce the exchange flow intensity
with increasing W (see Basdurak et al., 2023).
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Figure. 1 A sketch of tidally averaged eddy viscosity profiles under stratified conditions: (a) only bottom boundary layer BBL mixing,
(b) only surface boundary layer SBL mixing, and (c, d) both BBL and SBL mixing. Critical depths are marked by circles, e.g.,
yellow/orange circles are associated with surface/bottom friction velocities z.and roughness lengths 2 («is the van Karman constant).
The upper layer AY is formulated as a single layer or two layers (without or with wind entrainment). (e, f) Fully mixed conditions
without and with surface entrainment. Red circle in (f) denotes k(Juf| + |u$]) zE /2 in case of an unstable stratification (solid line).
Green line denotes the BBL; black line denotes the upper layer without SBL; blue and purple lines denote the surface and interfacial
layers, respectively.
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Abstract

This study investigates salt flux mechanisms and the dynamics of the salt intrusion of the Weser estuary. The Weser
was subject to several measures of river engineering during the last century. River deepening caused an increase of the
tidal range, now exceeding 4 m at the city of Bremen. The salt intrusion increased by 2.5 km, as shown by the recent
study of Kolb et al. (2022). However, information on mixing, stratification, and on the estuarine transport processes,
which are affected by these long-term changes, is sparse. We analyze salt fluxes based on one year of numerical model
results. The simulation period includes a period of constantly low discharge, a period of slightly elevated and more
variable discharge, and one discharge peak. The time series also includes two characteristic storm surges. We determine
the contributions to the subtidal salt flux (Fischer 1976) at 16 cross-sections, distributed in steps of 5 km along the channel.
This extent covers the dynamic range of the location of the brackish zone.

On first sight, the down-gradient salt flux is often controlled by tidal pumping, which mostly exceeds the contribution
due to the estuarine exchange flow (steady shear dispersion). While this is the case for the low discharge period, the
exchange flow contribution eventually exceeds the tidal pumping flux, at least at certain along-channel locations and
during times of increased discharge and stratification. In general, the governing salt flux mechanisms are highly variable
throughout the hydrological year, as expected for a partially mixed estuary (Geyer et al. 2000). They also depend on the
salt intrusion itself. As the brackish zone is advected downstream during the discharge peak, stratification increases and
the exchange flow contribution exceeds the tidal pumping flux in the outer Weser (Figure 1). Tidal pumping is increased
during spring tide, in line with changes of the tidal velocity asymmetry. Alternatingly, the exchange flow contribution is
slightly increased during neap tides, in response to changes of stratification. As to the combined effect, the salt intrusion
varies insignificantly along the neap-spring cycle, on average. On shorter timescales, surge-induced upstream-directed
barotropic fluxes contribute substantially to the salt intrusion. We then use these results to identify hotspots of dispersion
and to analyze the internal structure of the brackish zone, as the locations of isohalines vary in terms of their distance to
the maximum along-channel salinity gradient. Since the salt intrusion did not reach an equilibrium during low discharge
conditions, we have a closer look at the salt flux mechanisms further upstream, in the channelized part of the estuary.
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Figure 1: Flux contributions during the discharge peak. The second panel shows the along channel distribution (river km) of the
dominant contribution to the salt flux. Fluxes in the lower panel are averaged between the locations of isohaline 2 and 26. Light grey
and black dashed vertical lines indicate neap and spring tides, respectively.
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Abstract

Estuaries and tidal rivers represent critical coastal ecosystems, profoundly influenced by human activities over
centuries. Anthropogenic interventions such as land reclamation and channel deepening have transformed these
environments, altering estuarine hydrodynamics and water level patterns. Understanding the complex interplay between
human alterations and natural tidal dynamics is essential for assessing the resilience of coastal regions in the face of rising
sea levels and changing climatic conditions. This study investigates the impact of human interventions on tidal
hydrodynamics in 18 estuaries scattered around the globe. By recovering, digitizing, collecting and examining historical
data of estuarine geometry and tidal patterns, we unravel centennial-scale changes of estuarine tidal dynamics and discuss
the extent to which human activities have influenced tidal amplitudes, water level extremes, and the spatial distribution
of this influence. The objective of this study is to evaluate the effects of human interventions on tidal hydrodynamics in
18 estuaries around the world. We conducted a comprehensive analysis of historical data spanning multiple decades to
centuries, focusing on estuarine geometry, tidal amplitudes, and water level extremes. Our methodology involved
collating and analysing long-term hydrodynamic and geometric data from each estuary. Next, we determined
characteristic geometric (e.g. average channel depth, intertidal area) and hydrodynamic (e.g. max tidal range, mean annual
discharge) variables over time to understand how changes in geometry affect hydrodynamic behavior. By integrating
historical insights with contemporary data, we aim to understand the complex dynamics governing the interaction between
human activities and natural tidal processes. Preliminary analysis reveals significant alterations in tidal hydrodynamics
across the 18 estuaries studied. Human interventions, particularly channel deepening, land reclamation and barrier
construction, have led to widespread changes in tidal amplitudes and water levels (Fig 1). Our results indicate a general
trend of tidal amplification, with the most pronounced effects observed in the landward reaches of estuaries, generally
exceeding rates of sea level rise. The spatial distribution of tidal effects suggests a complex interplay between estuarine
geometry and human alterations, with narrow funnel-shaped estuaries exhibiting heightened sensitivity to anthropogenic
interventions. These findings underscore the pervasive influence of human activities on estuarine hydrodynamics and
highlight the need for adaptive estuarine management strategies in the face of changing environmental conditions.
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Figure 1. Changes of the tidal range in the eighteen estuaries. a. Along channel changes of the tidal range for the 18 estuaries included
in our study, the distance to the sea is normalized by the distance to the most landward observation, along channel profiles of the tidal
range in b. the Seine in 1915 and 2010, c. the Weser in 1905 and 2023, d. the Savannah in 1899 and 1992, and e. the Sacramento in
1899 and 1992.
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Abstract

This study provides a comprehensive numerical study of the effects of waves, and wave-current interaction on the
river plume hydrodynamics and sediment dispersal along the western coast of the Black Sea, with a focus on the Danube
Delta area. The modeling study has been carried out using a novel model chain, from catchment to sea covering the
Western Black Sea. It comprises a 3D finite element model of the coastal area including the last portions of the rivers and
coastal bodies, is forced laterally with outputs of a catchment model developed by Deltares on 11 river catchments around
the Black Sea, and forced at the open sea boundaries by a 3D Black Sea model implemented by METU (Sadighrad et al.,
2021). In the coastal domain the coupled SHYFEM-WWIII models, with the Sedtrans05 module (embedded in SHYFEM)
activated (Umgiesser et al., 2014). The model was applied in the past in the Black Sea area (Bajo et al., 2014, Dinu et al.,
2011). It has been successfully applied to study 3D baroclinic cross-scale lake-river-estuary-plume-shelf- ocean
circulation (Umgiesser et al., 2004, Umgiesser et al. 2014). The model chains is suited for investigating the land- sea
interaction and the effects of water and sediment loads from rivers in the coastal area, since the catchment model provides
water and sediment loads and the coastal model reproduces 3D circulation, wave-current interaction and suspended
sediment transport.

An unstructured grid was produced (24694 nodes, 43864 elements) covering the Western Black Sea from the Turkish
coast North of the Bosphorus Strait up to Crimea. The grid includes four river inputs (Figure 1).

Figure 1: Model Domain, Western Black Sea finite element grid.

The boundary forcings include the river forcings (discharges), sediment loads, and temperature from the rivers
computed by the catchment model developed by Deltares, together with the open sea boundary conditions from NEMO
(METU run).
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The simulation protocol includes circulation runs and wave-current coupled runs modelling both with atmospheric
forcing and river/sediment inputs to disentangle the relative effect of waves of haline and turbid plumes and extension of
ROFI. Model results were valudated through comparison with satellite products (Fig. 2).

The study describes the plumes dynamics, the variability of salinity and SSC patterns along the year, inferring on the
effect of the main drivers (wind, river water and solid discharge, waves) evaluating specific events and the relative effect
of circulation and waves, as well as the river discharge and sediment load in modulating the ROFI (Region of Freshwater
Influence) and the turbid plumes.

Contour from model, values from SAT data (08-04-2018)

latitude (Deg)

“2

Figure 2: SSC model validation: Derived TSM, in colour, for the day 8th of April 2018 10UTC. Modelled SSC is represented through
isolines.

The model chain, thanks to the improved outputs from the catchment model and the open sea boundary conditions
provides good results and evidence the importance not only of a good representation of the domain, but the central role
of lateral forcingins, as well as a full set of information on the liquid and solid loads from rivers, to reproduce the coastal
dynamics of the Western Black Sea. This model chain is a first step which can be further improved either for specific
process study implementations of for broader operational uses to support coastal management.
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Abstract

Multi-inlet lagoons are not characterized well by the classic estuary momentum balance between a depth dependent
pressure gradient and a vertical stress divergence. Furthermore, recent studies have shown that these bays are flushed
primarily by tidally driven residual flows, this contrasts with earlier studies that suggested that flushing was driven by
synoptic atmospheric forcing Vieira, M. E., and R. Chant (1993). Instead, we hypothesize that circulation in these systems
is driven by a landward tidally driven Stokes transport though the inlets. Stokes transport at the inlets will drive a sea-
level set up in the bay, or superelevation, which results in a Eulerian seaward flow. Because these systems have multiple
inlets, a difference in Stokes transport between inlets will result in a super-elevation gradient across the bay and ultimately
may lead to a through-flow circulation. We investigate tidally driven Stokes transport as a mechanism contributing to the
residual circulation in Barnegat Bay, New Jersey, Defne, Z., and N. K. Ganju (2015). To do this we collected data from
moorings in Barnegat Bay’s primary inlets, Barnegat Inlet (BI) in the north and Little Egg Inlet (LEI) in the south, figurel.
Shipboard Surveys and ROMS will help us better understand the lateral structure in the channels and circulation within
the bay. Understanding tidal residual circulation in these systems is important because they may contribute to effective
flushing in the form of through-flow circulation.
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Figure 1. Map of Barnegat Bay, NJ. Colorbar indicates bathymetry from ROMs model grid. Mooring locations are denoted with red
triangles. Moorings A1-A5 are located in Little Egg Inlet and A6 is located in Barnegat Inlet.

Lagoons are shallow, well mixed estuaries often located behind barrier islands. It is common for them to have multiple
inlets. Some well-known examples include Great South Bay in New York, Pamlico Sound in North Carolina, and Lagos
Bay in Nigeria. Tides are strongly attenuated in these systems; however, recent studies have shown tidal residual
circulation to play an important role in their circulation, Hinrichs, C., et al. (2018) & Defne, Z., and N. K. Ganju (2015).
The barrier islands and inlets in these systems are morphologically dynamic and changes in inlet morphology have a first
order impact on circulation and residence times in these systems. Work done in Great South Bay highlights this. Great
South Bay consisted of four inlets until hurricane Sandy caused a breach in the barrier island in 2012. This breach resulted
in a new inlet (ironically named ‘old inlet”) which was much smaller than the existing four. Even with the transport of
“old inlet” being an order of magnitude smaller than the other inlets, the tidal residual circulation within Great South Bay
increased four-fold, Hinrichs, C., et al. (2018). Another study done for Barnegat Bay New Jersey found a small but
persistent residual transport through the bay, Defne, Z., and N. K. Ganju (2015). These lagoonal systems have mixing
timescales of weeks to months, which means synoptic atmospheric forcing, with timescales of 3-5 days, are ineffective
at flushing them. However, the persistent residual transports can have a significant effect on flushing.
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We have collected data from two, six-week mooring deployments during 2023 (with a 3rd deployment currently
underway). The moorings consist of upward looking ADCPs and surface and bottom CT sensors. Estimates of Stokes,
Eulerian and total transport have been made with the moored data. Results confirm that Stokes transport is persistently
landward at the inlets and fluctuates over the spring neap tidal cycle, figure 2. The Stokes transport is smaller than the
Eulerian but is a non-negligible component of the total transport. Of particular interest is how inlet morphology effects
both Stokes and Eulerian mean residual transport. Stokes transport is influenced by tidal current amplitude, tidal range,
channel width and the phase between tidal currents and sea level, where the largest Stokes transport occurs when the
phase difference is zero. All of these are influenced by both inlet morphology and dynamics of the back bays. BI (mooring
AB) experiences a more in-phase tidal current and tidal amplitude, which make it more conducive to Stokes transport,
however the width of LEI (mooring A1 & A2) means it experiences a higher Stokes transport even though the phase
difference through this inlet is not as conducive for Stokes transport. Shipboard surveys and modelling studies will also
be used to resolve the lateral variability in transport across the inlets and characterize the link between transport in the
inlets and circulation in the interior lagoon.
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Figure 2 Mooring estimates for Stokes transport and total transport across several mooring lines. A1l and A2 correspond to LEI, A6 is
BI. The southern terminus of the bay is represented by the A3 and A4 line. Total transport is Stokes + Eulerian.

To date we have conducted several shipboard tidal-cycle surveys across the mooring lines and several more are
plannied in the coming months. These surveys consist of CTD casts and ADCP observations. Early results show that
while these systems show very little vertical variability, they exibit significant lateral variability. Even more challenging
is capturing the dynamics in shallow regions such as tidal flats where we suspect a significant landward transport occurs.
This is because tidal flows are highly rectified over regions that become dry at low tide, when currents are generally
ebbing. To adress this our most recent deployment consists of several shallow water current meters on the tidal flats
between moorings. We anticipate the data from these moorings to be useful when analysing the model results, which is
the next step for understanding how tidally driven Stokes transport effects circulation in these mutli-inlet systems.
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estuaries

Biemond B. !, de Swart H.E. %, and Dijkstra H.A. !
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Abstract

Salt intrusion in estuaries threatens coastal freshwater supplies. This threat is expected to become worse in the context
of climate change, as this will cause an increase in sea level and a decrease in freshwater discharge into estuaries (Lee et
al., 2024). To quantify the dependence of salt intrusion on environmental conditions, it is necessary to gain fundamental
understanding about the salt transport processes involved, this being the focus of this study.

From observations it is known that the most important contributions to the landward salt transport in partially mixed
estuaries are density-driven and tidal advective transport (Diez-Minguito et al, 2013, Aristizabal and Chant, 2015). To
gain fundamental knowledge about these different types of transport, idealized models are a helpful tool. The idealized
models of Hansen and Rattray (1966) and Chatwin (1976) deal with the properties of density-driven salt transport but
exclude tidal transport. Tidal advective transport is studied by McCarthy (1993) and Wei et al. (2016), but these models
do not contain density-driven transport. Therefore, the interaction of these two processes cannot be studied using available
models in literature.

The aim of this study is to find expressions for the relative importance of density-driven and tidal advective salt
transport in estuaries. For this, we extend existing width-averaged models, by constructing a set of semi-analytical
equations which solve for density-driven and tidal transport simultaneously. The existing models which only consider
density-driven or tidal transport follow from specific assumptions on this set of equations.

The model solves the width-averaged momentum equations and continuity equation for hydrodynamics, coupled to
an advection-diffusion equation for salt. These equations are simplified using harmonic decomposition and scaling
analysis. As a case study, the Guadalquivir estuary is used, which is selected based on the availability of observations of
salinity and discharge (Navarro et al., 2011, 2012).

The cross-sectionally and tidally averaged salt transport T in the estuary is decomposed following Lerczak et al.
(2006):

T=Toq+Te+Tr+Tp, (D)

in which TQ represent advective transport with the subtidal depth-averaged flow, TE is advective transport due to density-
driven flow, TT is advective transport due to tidal flow, and TD is horizontal diffusion.
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Figure 1. (a) Modelled salt transport processes in the Guadalquivir estuary under low discharge conditions versus x, where x = 0 is
the estuary mouth. (b) As (a), but for the terms (length scale ratios) in Eq. 2.
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The different contributions to the modelled salt transport in the Guadalquivir for low discharge conditions are shown
in Fig. 1a. It is visible that in most of the estuary, tidal transport is dominant, in agreement with Diez-Minguito et al.
(2013), but density-driven transport and horizontal diffusion are non-negligible. Close to the estuary mouth, where the
width increases, the relative contribution of tidal transport decreases.

To be able to determine the relative importance of the different salt transport processes without the need of a numerical
model, analytical expressions_for the transport processes derived from the semi-analytical model are inserted in Eq. 1,
and the equation is written in a non-dimensional form, which yields

3 3 2 2 2 2
L= (LSC) (aﬂ, + Lsc + Lsc + Lec ar + Lgc + Lsc + Lec + YAV (2)

where X is the dimensionless salinity and A dimensionless along-channel distance. The interpretation of the first four
length scales is in MacCready (2004); in short, LD is the length scale associated with salt intrusion due to horizontal
diffusion, LE1 quantifies effects of the shear of the river flow, LE2 represents effects of the interaction of the shear of the
river flow with density-driven flow, and LE3 describes the salt intrusion due to density-driven flow. The new length scales
LT1 to LT4 quantify the effects of tidal advective transport.

The terms in Eqg. 2 as a function of along-channel coordinate are shown in Fig. 1b. It is visible that the same ratio
between the different processes is present in these terms as in the transport balance. This indicates that these length scales
are a suitable tool to determine the relative importance of salt transport processes in estuaries, which has the advantage
with respect to other methods that the length scales can be calculated analytically.

To demonstrate the scope of this method, we will show results for multiple estuaries and environmental conditions.
References

Aristizabal, M. F., & Chant, R. J. (2015). An observational study of salt fluxes in Delaware Bay. Journal of Geophysical
Research: Oceans, 120 (4), 2751-2768. https://doi.org/10.1002/2014JC010680

Chatwin, P. (1976). Some remarks on the maintenance of the salinity distribution in estuaries. Estuarine and Coastal
Marine Science, 4(5),555-566. https://doi.org/10.1016/0302-3524(76)90030-X

Diez-Minguito, M., Contreras, E., Polo, M., & Losada, M. (2013). Spatio-temporal distribution, along-channel transport,
and post-riverflood recovery of salinity in the Guadalquivir Estuary (SW Spain). Journal of Geophysical Research:
Oceans, 118, 2267— 2278. https://doi.org/10.1002/jgrc.20172

Hansen, D. V., & Rattray, M. (1966). New dimensions in estuary classification 1. Limnology & Oceanography, 11(3),
319-326. https://doi.org/10.4319/10.1966.11.3.0319

Lee, J., Biemond, B., de Swart, H.E., Dijkstra, H.A. (2024) Increasing risks of extreme salt intrusion events across
European estuaries in a warming climate. Communications Earth Environment 5, 60. https://doi.org/10.1038/s43247-
024-01225-w

Lerczak, J. A., Geyer, W. R., & Chant, R. J. (2006). Mechanisms driving the time-dependent salt flux in a partially
stratified estuary. Journal of Physical Oceanography, 36 (12), 2296 - 2311. https://doi.org/10.1175/JP02959.1

McCarthy, R. K. (1993). Residual currents in tidally dominated, well-mixed estuaries. Tellus A: Dynamic Meteorology
and Oceanography, 45 (4), 325-340. https://doi.org/10.3402/tellusa.v45i4.14896

MacCready, P. (2004). Toward a unified theory of tidally-averaged estuarine salinity structure. Estuaries, 27(4), 561—
570. https://doi.org/10.1007/BF02907644

Navarro, G., Gutiérrez, F. J., Diez-Minguito, M., Losada, M. A., & Ruiz, J. (2011). Temporal and spatial variability in
the Guadalquivir Estuary: A challenge for real-time telemetry. Ocean Dynamics, 61(6), 753-765.
https://doi.org/10.1007/s10236-011- 0379-6

Navarro, G., Huertas, I. E., Costas, E., Flecha, S., Diez-Minguito, M., Caballero, 1., etal. (2012). Use of a real-time remote
monitoring network (RTRM) to characterize the Guadalquivir Estuary (Spain). Sensors, 12(2), 1398-1421.
https://doi.org/10.3390/5120201398

Wei, X., Schramkowski, G. P., & Schuttelaars, H. M. (2016). Salt dynamics in well-mixed estuaries: Importance of
advection by tides. Journal of Physical Oceanography, 46 (5), 1457-1475. https://doi.org/10.1175/JPO-D-15-0045.1

31


https://doi.org/10.1002/2014JC010680
https://doi.org/10.1038/s43247-024-01225-w
https://doi.org/10.1038/s43247-024-01225-w
https://doi.org/10.1175/JPO2959.1
https://doi.org/10.3402/tellusa.v45i4.14896
https://doi.org/10.1007/BF02907644
https://doi.org/10.3390/s120201398
https://doi.org/10.1175/JPO-D-15-0045.1

Abstract for the 21% Physics of Estuaries and Coastal Seas Conference, 2024

Water flux quantification in a subtropical estuarine lagoon complex through numerical
modeling
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Abstract

Understanding the response of the river flow and estuarine hydrodynamics to future climate change is essential to
managing water resources and stress on living organisms under these changing conditions (Yang et al., 2015). Our
scientific inquiry seeks to understand how water flux varies under different physical conditions within the main channel
of a subtropical estuarine-lagoon complex. We focused on the river discharge variability caused by rainfall changes
between present climatological values and future climate change scenarios for the period of 2089-2100 (Almazroui et al.,
2021). In addition, we investigate present conditions under the influence of two storm tides and atmospheric blocking
events in changing the water flux. The water flux calculation in an estuary is important to comprehend its hydrodynamics
and the transport of particles and substances in this system. To calculate it for a subtropical estuarine lagoon complex
system, we implemented and validated the Estuarine and Coastal Ocean Model (ECOM) for the Cananéia-lguape estuary,
in Brazil, and we found skill values of 0.80-0.94, 0.57-0.84, and 0.93 for salinity, currents, and total sea level, respectively.
Then the water fluxes were calculated in different scenarios, including storm tide and atmospheric blocking events, and
present and climate change scenarios SSP126 and SSP585 (from the Intergovernmental Panel on Climate Change — IPCC)
considering the river discharge variability due to rainfall fluctuations (Almazroui et al., 2021). We calculated the cross-
section water flux in the estuarine channel for all scenarios in three different sections: in the northern and southern inlets,
and at the Valo Grande channel (VGC) (the main freshwater tributary) considering the Stokes drift in tides. As we
expected, the water flux was higher (lower) during stronger (weaker) river discharge flows, mainly during June SSP585
and the storm tide of August 2016 (September SSP585 and atmospheric blocking) scenarios (Fig. 1). The highest water
fluxes were detected during the storm tide of August 2016 with anomalous values of 485.54 m?.s™!, -255.37 m’.s™"
(negative because it is flowing southward and out of the estuary), and 668.95 m?.s™! for the northern, and southern inlets,
and at VGC, respectively (Fig. 1). There is an increase in water fluxes during the spring tide in comparison to the neap
tide of approximately of 7%, 5%, and 1%, in the northern inlet, southern inlet and VGC, respectively, which is statistically
significant for some scenarios, mainly at the VGC. The ebb tidal fluxes (with a mean value of 163.10 m?.s™") are
significantly (p-value<0.05) stronger than the flood tidal fluxes (with a mean value of 123.94 m*.s™") by 24% considering
all scenarios. Both inlets presented faster ebb periods, with mean values of 6.14 and 5.98 hours, in comparison to the
flood periods of 6.25 and 6.41 hours, respectively, while the VGC cross section presented longer ebb tides than flood
tides, with mean durations of 7.76 hours and 4.66 hours, respectively, due to the strong influence of the continental runoff.
Considering all scenarios, the water flux is transported dominantly through the northern inlet of the estuary with
approximately 68.3% +4.3% and 29.1%=2.4% flowing through the southern inlet of the total mean water flux transport
(100%) (Fig. 2). We were able to classify the estuary as hypersynchronous, detecting an increase of approximately 0.2 m
in the tidal amplitude landward, between its two (northern and southern) inlets with the highest tidal amplitude region, of
approximately 0.8 m, in the main channel.
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June <-> June SSP585 0.00 0.00 0.15 0.00 0.00 0.00
September <-> September SSP126 0.80 0.00 0.85 0.05 0.00 0.00
September SSP126 <-> September SSP585 0.00 0.00 0.14 0.00 0.00 0.00
September <-> Setember SSP585 0.00 0.00 0.09 0.00 0.00 0.00
Storm tide April 2020  <-> Atm. Blocking 0.39 0.00 0.90 0.00 0.34 0.43
Storm tide August 2016 <-> Atm. Blocking 0.00 0.00 0.00 0.00 0.00 0.00

Figure 1. Mean water flux (in m>.s™) for each one of the scenarios, including climatological June and September under present, SSP126
and SSP585 conditions, and, two different storm tide events (in August 2016 and April 2020) and one atmospheric blocking event from
13th January to 14th February 2014. The table below the figure shows the p-values comparing the present with the climate change
scenarios, and the storm tides with the atmospheric blocking. There were significant differences for the majority of the comparisons,
mainly for the low-pass filtered (40h) water fluxes.
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Figure 2. The Cananéia-lguape estuary and its bathymetry (in meters). The numbers in red correspond to the percentage of water flux
transported in each estuarine channel in this system and their standard deviations. The orange lines show the three locations for the
cross sections where we calculated the water fluxes at the Cananéia southern inlet, Valo Grande Channel (VGC), and Icapara northern
inlet.

References

Almazroui, M., Ashfag, M., Islam, M. N., Rashid, I. U., Kamil, S., Abid, M. A, and Sylla, M. B. (2021). Assessment of
CMIP6 performance and projected temperature and precipitation changes over South America. Earth Systems and
Environment, 5(2), 155- 183.

Yang, Z., Wang, T., Voisin, N., & Copping, A. (2015). Estuarine response to river flow and sea-level rise under future
climate change and human development. Estuarine, Coastal and Shelf Science, 156, 19-30.

33



Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Characteristics of flow and turbulence over estuarine dunes under reversing tidal flows

Bobiles K. 12, Carstensen C. 2, Miramontes E. 12, and Lefebvre A. !

Keywords: estuarine bedforms, flow, turbulence, boundary layer flow, flume experiments
Abstract

Under the action of river, tidal, wind-driven and other currents, sediments can be mobilised and frequently form
rhythmic wavy features, collectively known as bedforms. Due to the high availability of sand and strong hydrodynamics,
bedforms are particularly abundant in the lower reaches of rivers, and in coastal tidal environments, where they develop
into large fields of underwater dunes with a complex morphology. A detailed study and characterisation of the flow over
these dune fields is important for many fundamental and engineering applications such as sediment transport modelling,
channel management or submarine cable burial. Bedforms also have a dominant influence on the bottom frictional
properties and turbulence generation and are indicative of sediment transport pathways.

Flow patterns and dynamics above angle-of-repose (30°) asymmetric dunes, typically found in laboratory flumes and
small rivers, are well known (Best, 2005; Venditti, 2013). Over such dunes, the flow separates at the crest creating a flow
separation zone over the steep lee side and a turbulent wake develops from the crest that dissipates downstream. Dunes
in large rivers are mainly low- to intermediate-angle dunes (mean lee side ca. 5-20°) with their steepest slope located
close to the trough (Cisneros et al., 2020). Flow over such dunes is less well known, but it has been observed that flow
separation is inexistent or intermittent and only little turbulence is generated (Kostaschuk and Villard, 1996; Kwoll et al.,
2016).

Dunes that form in estuaries and tidal rivers are also low- to intermediate-angle dunes having a mean lee slope between
5° and 20° (Dalrymple and Rhodes, 1995; Lefebvre et al., 2021). Unlike river bedforms, estuarine bedforms generally
have a sharp pointed crest with its steepest slope located close to the crest (Aliotta and Perillo, 1987; Lefebvre et al.,
2021). It is not clear yet how much flow properties vary between high-angle flat-crested dunes and low-angle sharp-
crested dunes. Particularly, it is unknown whether a permanent or an intermittent flow separation would develop over
some segments of the lee side. Moreover, the relation between reversing tidal flow and natural estuarine morphology is
not yet well understood. A detailed consideration of the morphology including three-dimensional features of low- to
intermediate-angle dunes is necessary to characterise in detail the hydrodynamics and, consequently, the resulting flow
resistance and sediment movement over such low-angle bedforms.

In this study, laboratory flume experiments are conducted to measure the mean flow and turbulence properties over
fixed representative estuarine dunes with varying morphology. Based on the results, a detailed description of velocity and
turbulence over large-scale low-angle sharp-crested bedforms will be provided, which can help in better understand and
model flows in estuaries and coastal seas.

The experiments are conducted at the large flume facility of BAW (Federal Waterways Engineering and Research
Institute), Hamburg. The facility is a recirculating flume consisting of two straight sections connected at their respective
ends by a semi-circular segment to form a closed recirculating channel. The total length of the flume is 220 m with a
straight channel section having a length of 70 m, a width of 1.5 m and a maximum water depth of approximately 1.3 m.
A maximum flow velocity of around 1 m/s can be generated in two opposite directions through an underground pump.
Previous experiments performed by Carstensen and Holzwarth (2023) demonstrated the potential of high-resolution
measurements over a large-scale estuarine dune in this laboratory flume setup. Three sets of experiments are planned with
modelled shapes resembling that of the estuarine dunes observed in the Weser Estuary, Germany (Lefebvre et al., 2021)
scaled down by a factor of 10. The three modelled dune shapes are described as steep asymmetric, low-angle asymmetric
and low-angle symmetric, respectively (Figure 1). For each experiment, a set of 10 prototype two-dimensional fixed
concrete dunes are installed. The three prototypes each have different geometries and slope angles, with the position of
the maximum lee side slope near the crest. The water depth, dune overall length and height are kept constant for all the
experimental cases and only the dune profile is changed to allow comparison of the results between the experiments.
Importantly, measurements are conducted for each setup with flow in each direction. This allows to characterise for the
first-time flow properties over representative estuarine dunes in a tidal-like setting, with measurements of (steady)
reversing flow over symmetric and asymmetric dunes.
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Instantaneous flow velocities are measured for each experiment using a sideward-looking Acoustic Doppler
Velocimeter (ADV), Nortek Vectrino. Data are collected at the centerline of the flume over the 5th dune where the flow
is expected to be fully adapted to the bedform field. The high-resolution horizontal (u, v) and vertical (w) velocities are
used to identify the presence and size of the (permanent or intermittent) flow separation zone and the shear layer. The
turbulent kinetic energy is used to characterise the size and intensity of the turbulent wake.

Based on these results, a detailed characterisation of flow and turbulence structures over low- to intermediate-angle
sharp crested estuarine bedforms will be provided and will allow to better understand the mutual interaction between
bedforms, hydrodynamics and sediment transport in a tidally dominated environment.

flow direction 2

0 Experiment 1
S
Z-O 5 meaSU(ement
° region 0.15m
(0]
© o

_1 1 1

0 5 10 15 20 25 30 23m 0.7m

distance along the bedform field (m)

0 T T Experiment 2
E
c 05} measurement 0.15m
a region :
S
JAAANAANAANAANAANAANANAN 21m 0.9m
0 5 10 15 20 25 30
distance along the bedform field (m)
0 Experiment 3
E :
£-05 measuyement
o region 0.15m
()
L AANADANAANAANANANANANN
-1 3
0 5 10 15 20 25 30

distance along the bedform field (m)
Figure 1. Setup and design of the flume experiments
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Abstract

Vegetation is commonly present in estuarine intertidal areas, and the distribution of plant species is depending on
environmental conditions, such as salinity level. In turn, some of these vegetation species are known to act as ecosystem
engineers by modulating their environment, affecting estuarine currents and habitat for other species. The ecosystem
engineering capacity is linked to biophysical vegetation traits, such as plant stiffness and height (Bouma et al., 2013).
Since environmental conditions are dynamic over space and time, so is the vegetation, including a changing vegetation
extent, shifts in species distribution and hence the biophysical traits of the vegetation community. It may be expected that
this would subsequently result in a spatiotemporally varying ecosystem engineering capacity of intertidal areas, both
fringing and mid-channel flats, influencing hydrodynamics and salt intrusion. The aim of this paper is to determine the
magnitude, extent and variability of the impact of intertidal vegetation on currents and explore the implications for salt
intrusion. Vegetation dynamics are studied through a combination of available vegetation maps and remote sensing
techniques. Subsequently, a process-based hydrodynamic model, Delft3D-FM, is utilized to study the hydrodynamic
impact of intertidal vegetation, including spatial and temporal variation. The study area is the Scheldt estuary on the
Dutch-Belgian border, covering the Western Scheldt in the Netherlands and the Sea Scheldt in Belgium. The Scheldt is a
macrotidal, well-mixed estuary, with a mean tidal range of 3.8 m, amplifying to 5.2 m 100 km upstream. Tidal influence
reaches to the sluices of Gent, 160 km from the mouth (Stark et al., 2017). The estuary consists of a multi- channel system
with ebb and flood channels separated by intertidal flats.

Vegetation maps were established by Rijkswaterstaat, the Dutch national water authority, for the Western Scheldt and
by INBO, the Belgian institute for nature and forest, for the Sea Scheldt. A combination of false-color aerial imagery with
in-situ field measurements was used to derive these vegetation maps. This resulted in a complete overview of intertidal
vegetation in the Scheldt estuary with a frequency of ca. 6 years, spanning the period 1998-2016. These maps are used to
study the variation in marsh extent and species distribution. Next to this, Landsat satellite imagery is processed in Google
Earth Engine (GEE). By combining the NDVI (Normalized Difference Vegetation Index) with a NDWI (Normalized
Difference Water Index), a classification in marsh, mudflat and water is derived using a method previously set up by
Laengner et al. (2019). Besides, the NDV1 is used as a proxy for vegetation density in combination with a range of density
per vegetation species from the literature, to obtain a value for the number of stems per square meter of soil. Other
vegetation characteristics, including height, stem diameter and drag coefficient, were also obtained from the literature.
These vegetation characteristics were implemented in a hydrodynamic model for the species: common cordgrass
(Salicornia europeana), common glasswort (Spartina anglica), saltmarsh bulrush (Scirpus maritimus), sea aster (Aster
tripolium), sea couch (Elytrigia atherica), common reed (Phragmites australis), and willows (Salix alba). These seven
species are common in the Scheldt estuary and contribute to most of the coverage of the vegetated intertidal flats.

The hydrodynamic model adopted here is the depth-averaged Delft3D-FM NeVla model, already developed,
calibrated and validated by Deltares using a 2013 hindcast (Tiessen et al., 2016). The original model did not include
vegetation on intertidal flats and included a spatially varying bed roughness. For our study, the model is set up for three
scenarios, i.e., with (i) a spatially uniform bed roughness (no vegetation scenario), (ii) monospecific vegetation and (iii)
multi-species vegetation, respectively. The impact of vegetation on estuarine currents is studied for a period of calm
weather conditions in May 2013 and a period of storm conditions in December 2013. For the monospecific vegetation
scenario, it is assumed that the same species is present for all vegetated areas in the estuary. Vegetation characteristics for
this were derived from Vuik et al. (2016) who performed field measurements on two marshes in the Western Scheldt,
mainly covered by common glasswort (Spartina anglica) and saltmarsh bulrush (Scirpus maritimus). These consist of a
mean vegetation height of 25 cm, mean stem diameter of 5 mm and mean stem density of 1000 stems/m2. A comparison
is made between a 2016 and a 1993 vegetation distribution and bathymetry, to study the temporal variation in
hydrodynamic impact by changes in vegetation distribution. The largest change in vegetation extent is present between
these years, thus the difference in hydrodynamic impact is expected to be maximal.

An increase in total marsh extent is observed for the Scheldt estuary over the period 1998-2016. On a vegetation
community level, there is no clear increase in extent, except for common reed (Phragmites australis), showing a constant
upward trend. The mid-channel flats (Hooge Platen and Plaat van Walsoorden) are most pronounced in marsh
establishment, going from an almost bare flats to extensive vegetation coverage over the years.
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When modelling themonospecific vegetation scenario and comparing this with a bare flat scenario, a local impact on
water levels is observed whereas on currents a wider impact can be seen (Figure 1). On the vegetated marshes, flow
reduction (in blue) is seen, whereas flow enhancement (in red) is present in some tidal creeks on the marsh. Besides, a
phase difference between water levels and flow velocities is observed between the mono-specific and no vegetation
scenario, with the water levels on the marshes being delayed, most likely due to flow resistance by the vegetation. Next
to this single moment in time (around high tide) the impact on water levels and currents is studied throughout the rest of
the tidal cycle. Furthermore, multi-species vegetation and a different year (therefore a different vegetation extent and
species distribution) are compared.
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Figure 1: Relative difference in (a) water level and (b) flow velocity magnitude, on a single moment in time around high tide during
storm conditions, comparing a monospecific vegetation scenario with a bare flat scenario ((vegetated-
unvegetated)/unvegetated)*100). Vegetated areas are displayed by the green contour line.

Next to the impact on currents, changes in salt intrusion in the estuary under influence of intertidal area will be studied.
From fringing and mid-channel flats this may be induced by increased friction due to vegetation presence. Furthermore,
the restoration of intertidal area through managed realignment is expected to alter salt intrusion in the estuary through the
effect on the tidal prism (Hendrickx et al., 2023). We will study this impact by adding managed realignment sites in the
hydrodynamic model to the present-day situation of the Scheldt estuary.
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Abstract

Estuaries are essential nursery habitats for the early life stages of marine and estuarine fish species. The migration of
larvae from their spawning locations to estuarine nursery grounds is a critical aspect of fish life cycles, recruitment, and
population dynamics, intricately tied to hydrodynamics and physical processes governing transport within estuarine
environments (Arevalo, 2023). However, larvae can adjust their dynamical behavior as they develop, indicating a complex
interplay between biological and physical factors often overlooked in dispersal studies (Pineda and Reyns, 2018).
Understanding the transport mechanism of larvae within these complex environments is therefore challenging but
essential for effective management and conservation efforts.

In this study, we investigate the dynamics of larval dispersion and colonization within the macrotidal Gironde estuary
(SW France), focusing on the influence of hydrodynamic processes and larval behavior. The Gironde estuary, renowned
for its ecological significance and non-linear flow offers a compelling setting for investigating larval dynamics. For this
purpose, 24 scenarios representing four environmental conditions typical of larval spawning periods, three larval
behaviors, and two ecological guilds were simulated using the TELEMAC-GAIA hydro-sedimentary model (Huybrecht
etal., 2022) and the TrackMPD Lagrangian particle-tracking model (Jalén-Rojas et al., 2019). The models were validated
from both Eulerian and Lagrangian perspectives, demonstrating excellent agreement with observations. Strategic releases
of larvae were conducted at typical spawning sites for marine-estuarine opportunist and estuarine resident guilds, enabling
the analysis of trajectories through probability density maps, source-to-sink matrix, and retention maps in relation to
environmental and hydrodynamic conditions. Three distinct larval behaviors — passive drifting and two variations of
Selective Tidal Stream Transport (STST, Jager, 1999) — were reproduced to assess their impact on dispersion patterns:

Passive drifting involves larvae solely influenced by hydrodynamics, remaining neutrally buoyant.

In STST-Forced Vertical Position behavior, larvae exhibit high vertical migration capacity, settling at the bottom
during ebb and moving through the water column neutrally buoyant during flood.

STST-Settling Behavior entails larvae settling or resuspending based on their density and prevailing hydrodynamic
conditions.

(a) Passive (b) Forced vertical position (c) Settling behaviour
e .

10

\_ |
‘\\k\

35 36 37 38 3.9 4 4.1 42 35 36 37 38 39 4 4.1 42 35 36 3.7 38 39 4 41 42

10° .O‘: 10.
Figure 1. Probability density maps of marine-estuarine opportunist guild over a 10-day simulation period, under winter conditions, and
employing different larval behaviors: (a) passive drifting, (b) forced vertical positioning, and (c) settling behavior. The particle
distributions (colorbar) are normalized regarding the total number of released particles.
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Results reveal highly contrasting dispersion patterns for the three different behaviors, evident in both marine-
estuarine opportunist and resident guilds across all environmental conditions. For example, under typical winter
conditions, marine- associated larvae tended to remain around the mouth when considering passive drifting behavior,
while exhibiting colonization of the upper estuary with both STST-related behaviors (Fig. 1). Larvae adopting STST-
Forced Vertical Position behavior showed higher concentrations near the left bank, with colonization proving more
challenging on the right bank (Fig. 1.b). Conversely, larvae with STST-Settling behavior displayed a more uniform
distribution across the estuary, with two main entry routes observed through the channel and in proximity to the right
bank (Fig. 1.c). These dispersion trends remained quite consistent across various environmental conditions during
different spawning periods, albeit with quantifiable differences. For example, larvae exhibiting STST behaviors
demonstrated higher rates of upper- reach colonization during spring-to-neap tides compared to neap-to-spring tides
under similar river flow conditions. These findings will be discussed in the context of estuarine hydrodynamics and
physical processes. The retention regions identified in the right banks for STST-Forced Vertical Position (Fig. 1.b), for
example, could be associated with areas characterized by eddy-like structures and comparatively lower current
velocities. The transport patterns of larvae with STST-Settling behavior are notably influenced by tidal pumping and
lateral convergence zones in the mid-reaches of the estuary.
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Abstract

We seek to characterize the effects of sills on estuarine circulation patterns. Sills are common in fjords, where they
are often formed by the terminal moraines of glaciers or resistant areas of hard bedrock. These sills restrict exchange
between basins and with the open ocean, particularly in the bottom waters. By using idealized numerical estuary models,
we are able to vary the length, width and height of the sill in a way that would not be possible in an observational or
realistic modeling study. An ensemble of models with a range of sill geometry parameters is created using ROMS, with
bathymetry loosely based on Puget Sound.

The idealized model output is used to conduct particle tracking experiments and estimate residence times for the
estuary. We characterize the estuarine exchange flow across the sill using the Total Exchange Flow (TEF) method as well
as the standard salt flux decomposition. The mixing in various regions of the estuary is calculated from salinity variance
budgets. We will examine the results of these analyses for the model ensemble to understand how the geometry of sills
impacts residence times and mixing throughout the estuary and whether gravitational circulation or tidal pumping
dominates as the primary mechanism for the exchange flow.
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Abstract

Exchange flow with inflow of saline water from the ocean side and outflow of brackish water towards the ocean is
one of the major characteristics of estuaries with excess freshwater discharge. The intensity of estuarine circulation is
known to be connected to the characteristics of salinity mixing inside the estuary, where mixing is here conveniently
defined as the destruction of salinity variance within an estuarine volume. In the present study, we derive a new relation
that shows how the time-averaged estuarine exchange flow and the mixing inside the estuary determine each other. The
result is a direct quantitative relation between the inflow volume at a fixed transect across the estuary and the gradient of
the diahaline mixing inside the estuary with respect to salinity, taken at the isohaline surface dividing inflow and outflow
at the transect. The relation is derived by integrating the dependence of the entrainment velocity on the local mixing
gradient (with respect to salinity) over the part of the dividing salinity isohaline that is inside the transect. Once having
recognised the relevance of the diahaline mixing distribution inside the estuary, we show for two example estuaries how
this mixing is distributed in space. Those estuaries include the meso-tidal Elbe estuary and the non-tidal Warnow estuary,
both situated in Northern Germany. While the Elbe estuary shows a classical estuarine circulation with only one dividing
salinity and inflow at high salinities and outflow at low salinities, the Warnow estuary has two different inflows, one at
high salinity (during upwelling) and one at low salinity (during downwelling), separated by an outflow at intermediate
salinities. With this, we show where and due to which processes estuarine exchange flow is generated by mixing inside
these two different types of estuaries.
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Abstract

With climate change and the realisation of the importance of the myriad of roles that sediment plays in the near shore
eco-system, it is imperative globally that we are better informed of the role that small estuaries and tidal inlets have on
the coastal sediment dynamics.

The Southdowns and the Weald, which form the hinterland of the south coast of England, are drained by numerous
highly engineered small estuaries and tidal inlets. This coastal area is macro-tidal, and the timing and balance of the tides
combined with the highly variable freshwater input have a significant impact on suspended sediment fluxes within and
through these systems.

This presentation looks at the analyses of one of the south coast tidal inlet systems, where freshwater input is controlled
by tidal gates. This hydraulic control has enabled us to sepa- rate the three input sources of sediment (runoff erosion of
intertidal sediment, marine input and terrestrial input) and understand their pathway through the system. From this, a
model has been produced which allows us to understand the suspended sediment mechanisms in other small estuarine
systems including those where freshwater input is not controlled.
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Abstract

Freshwater enters the ocean as discharge from land, serving an important role in both hydrological and biogeochemical
cycles (Syed et al. 2010). The interaction of less-dense freshwater and the saltier, denser coastal ocean forms horizontally
advecting plumes (Horner-Devine et al. 2015). Plumes can contain a suite of land-based and estuary-modified particles,
sediment, debris, and pollutants (Reeves et al. 2004, Aguilera et al. 2019). Thus, understanding plume behavior is critical
for assessing health risks to beachgoers and coastal ecosystems.

Buoyant plumes from small-discharge systems are poorly understood. Low inflow estuaries create freshwater plumes
on every ebb tide that dissipate on the following flood tide (Horner-Devine et al. 2015). The tidal pulsing of plumes is
interrupted in two main ways: the estuary mouth closes and plumes no longer form, or a large outflow event overrides the
system and produces a relatively large plume regardless of tidal phase. Precipitation flooding into a low-inflow system
can do the latter by increasing discharge from O(1m?®s) up to O(100m%/s) generating an episodic plume larger in
freshwater volume than a tidally pulsed plume, but still very small compared to well-studied larger discharge plumes.

Previous work by Warrick et al. (2007) has shown that, once in the far-field where river discharge momentum is
negligible, southern California storm runoff plumes follow the direction of wind-forcing. Winds typically blow southward
and opposite the expected direction from Coriolis forcing during and after peak discharge times. Hence, southern
California episodic plumes tend to propagate southward.

This study investigates the far-field river plume transport from the low-inflow Los Pefiasquitos lagoon in San Diego
over three winter months (Dec. 2022 — Feb. 2023). Observations were collected as part of the NSF-funded experiment
“Plumes in Nearshore Conditions” or PiNC led by PIs Sarah N. Giddings (SIO) and Alexander Horner-Devine (UW). In-
situ data features five moorings located at the 8m isobath, one mooring inside the estuary, and one mooring at the 30m
isobath directly offshore of the mouth (see Figure 1a). Measurements include surface and bottom salinity and temperature,
vertical velocity profiles, and wave height and direction.
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Figure 1: a. Map of data collection locations during the winter of 2022-2023 off the coast of La Jolla in San Diego, CA. Coordinate
(x=0, y=0) is the estuary mouth. Triangles denote moorings that have both CTDs and ADCPs, the square denotes the Scripps Pier
with CTD data only. b. Los Pefiasquitos streamflow recorded upstream, c. along-channel depth-averaged estuary flow (recorded at
the white triangle location), d. near-surface salinity from each mooring, and e. depth-averaged alongshore flow (red line represents
wind-driven component of the flow) displayed for plumes 2 and 3. Line colors in d. and e. correspond to the mooring marker fill colors
from panel a. to show location.

During the study period, three instances occur where tidal pulsing is disrupted by larger outflow; these events are
chronologically dubbed plumes 1, 2, and 3. Figure 1 shows mooring data from plumes 2 and 3 that occur sequentially in
January of 2023. Upstream discharge increased from near 0Om3/s to 75m3/s and 45m3/s for plumes 2 and 3 respectively
(Figure 1b). Along-channel estuary flow responded with strong outflow after peak discharge (Figure 1c). Plume 1 traveled
southward and did not feature a large initial cross-shore extent. Plume 2 traveled northward and farther offshore. Under
low wind conditions, plume 2 traveled offshore more quickly. Plume 3 traveled southward and featured a larger initial
cross-shore extent. The dynamics moderating the initial cross-shore extent of these plumes is investigated in this analysis,
with specific quantification of wave and wind impacts presented.

Momentum budgets of the inner-shelf moorings show an alongshore balance of wind and bottom stress during the
storm events, and negligible contribution from rotational forces. This differs from far-field transport of large plume
systems which is commonly dominated by buoyancy, Ekman wind dynamics, and geostrophy (Horner-Devine et al. 2015).
There is strong coherence in the depth-averaged alongshore flow (Figure 1e) across the inner-shelf, implying the forcings
act on a scale greater than 8km. Assuming a surface to bottom stress balance, the component of alongshore flow that is
driven by alongshore winds (vwind) is quantified by Voing = ( {(L) * (ﬁ)} - \,) (Whitney and Garvine 2005)

Cpa

where C10 and Cpa are the air-sea and sea-seabed drag coefficients respectively; pair and pocean are the air and ocean density;
and V is the alongshore wind velocity. The values of vwing for plumes 2 and 3 are shown with the red line in Figure le
overlain on the measured depth-average alongshore currents. The wind-induced velocity leads the observed velocity by
~3 hours and correlates relatively well during these events, except some periods where the observed velocity exceeds that
predicted by the winds. This suggests that the inner-shelf alongshore flow direction is predominantly driven by alongshore
winds and the plume is transported in this direction in the far-field, as Warrick et al. predicts. However, as plume 2 shows,
this direction is not always southward, particularly when there are back-to-back storm events. Moreover, to more
accurately reconstruct the magnitude of observed alongshore flow, additional consideration likely needs to be given to
the buoyancy driven component. Using mooring observations, an assessment of the buoyancy-driven/ baroclinic
components of the flow during plumes will be quantified.

Pocean

An observable loss of freshwater occurs in plumes 1 and 3 that travel southward between moorings (see Figure 1d
during plume 3). This is consistent with advection, diffusion, and mixing of the freshwater as the plume propagates.
Estimates of diffusion rates of the buoyant waters are presented in this analysis. Additionally, time and length scale
estimates for how far these plumes propagated in the far-field are calculated. These quantities are relevant for
understanding the scope of where and when the potentially polluted plume waters could impact beachgoers and inner-
shelf ecosystems.
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Tide-discharge interactions and detiding of SWOT altimetric observations in the Gironde
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Abstract

Estuaries form the last sections of rivers before reaching the ocean which are both governed by the river flow dynamics
and subjected to ocean forcing, especially tides. The study of their complex dynamics is motivated by environmental and
socio-economic related issues, as estuaries combine special ecosystems to be protected and highly urbanized shores. The
new satellite altimetric mission SWOT, with its two wide swaths and collection of data over both on the ocean and
continental waters, is expected to provide a new view of the estuarine dynamics. However, the SWOT mission has just
started and there is still a long way to go before the data can be routinely exploited for estuarine studies. The first step
indeed is to compare the SWOT water elevations with some reference elevations in order to 1/ evaluate at first order the
consistency of SWOT data with ancillary data and background knowledge, 2/ characterize the measurements errors. A
good understanding of the SWOT data content will also imply to separate tidal signals from other possible dynamical
signals, which requires an accurate tide prediction. However, one of the major difficulties in depicting the global estuarine
dynamics is the representation of the tides that propagate from the mouth to upper river sections where tidal attenuation
occurs, due to an increasing bottom friction as well as the bed slope rise. In addition, the typical quasi-sinusoidal signal
of ocean tides at the mouth is affected by the non-linear processes, the constrained geometry of the estuary and
environmental parameters, mainly the river discharge. These constraints result in an increasingly asymmetrical (e.g.,
Allen et al., 1980) and unsteady upstream signal, the non-stationarity being due to the modulation by time discharge
variations and, to a lesser extent by possible surge events in the coastal ocean or in the downstream estuary (e.g., Hointink
and Jay, 2016; Zhang et al., 2018; Jan et al., 2021). The classical tide prediction method, i.e. the harmonic method, is
therefore no longer fully reliable in such systems. In this work, we aim at characterizing those possibly large tide-discharge
interactions, responsible for unsteady estuarine tides. Most earlier investigations have addressed this point by using
numerical simulations, wavelet analysis or adapting the standard harmonic analysis (e.g., Matte et al., 2013; Guo et al.,
2015). We propose an empirical method, based on rating curve linking river discharge and tidal range, that can be then
used to improve our tidal predictions. The Gironde estuary is a convenient study area because it is well-monitored with a
dense network of tide gauges and river discharge gauging stations upstream the tidal limit on the Garonne and Dordogne
rivers along with the Isle tributary.

The first and main part of this presentation is dedicated to the rating curve method. In a second part, we will present
first results comparing SWOT sea surface elevation with ancillary data. The rating curves are calculated for each year of
the period 2017-2022 and are representative of the dynamics at a given tide gauge station. The analysis reveals two distinct
interaction regimes between the upper estuary and the lower estuary. In the upper estuary, the rating curves clearly depict
an attenuation of tidal range when river discharge increases, possibly because of bottom friction enhancement. The root
mean square error (RMSE) between observed tidal range and parameterized tidal range is of the order of tens centimeters
(whereas tidal range variations are of the order of a few meters) which is an indicator of the great overall performances
(accuracy, robustness) of our approach. In the lower estuary, tides are much less impacted by the river discharge with
variations of tens of cm. Moreover, the river discharge does not interact with tides the same way as in the upper part, as
we no longer observed the highest tidal range for the smallest discharge. Yet, there is a strong Spearman correlation
between tides and the river discharge that suggests that tidal range fluctuations can largely be attributed to variations in
the discharge. Nonetheless, we should keep in mind that other processes, especially coastal processes like storm surges
may modulate tidal amplitude in the lower part of the estuary. Finally, despite strong interannual variability in
hydrological conditions, the parametric curves appeared to be robust over time, especially in the upper estuary. Therefore,
in addition to their contribution to the improvement of the prediction of the unsteady estuarine tide, they have a potential
interest for poorly monitored estuaries for assessing either the tidal range or the river discharge in the absence of one of
the two quantities. As the rating curve is a steady characteristic of the local hydrodynamic properties, it also can serve to
validate numerical configurations. This presentation is complementary to the one of Lyard et al. (this meeting) which
addresses the detiding issue over tidal river systems using a modeling approach with data assimilation.
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Abstract

Barrier island systems comprise 10% of the world’s coastlines and nearly the entirety of the US east and Gulf
Coasts. Behind these barrier islands are coastal lagoons that are generally shallow and connected to the ocean through
tidal inlets. Most of these lagoon systems have multiple inlets connecting them to the coastal ocean allowing a net
and persistent throughflow. Large lagoonal systems, such as Great South Bay along Long Island New York, Barnegat
Bay New Jersey and Pamlico Sound North Carolina, act as low pass filters where tidal variability is strongly
attenuated while lower-frequency wind-driven and other coastal processes that drive subtidal sea level variability pass
into these systems relatively unattenuated. The dominance of wind-forced sea-level variability in these systems has
led to the idea that their flushing is controlled by wind-driven subtidal motions (Wong and Wilson, 1984; Vieria and
Chant 1993).

However, more recent studies have documented the importance of tidally-driven residual motion in driving a net
transport and flushing of these lagoonal systems. In a modeling study of Barnegat Bay, Defne and Ganju [2015] found
that a tidally- averaged rectified flow was the dominant process that flushed the bay and that 75% of the mean
circulation in the bay was driven by tidal rectification. Hinrichs et al. [2018] found that tidally-driven residual
circulation in Great South Bay increased four-fold after the opening of a relatively small new inlet in 2012 following
Hurricane Sandy.
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Figure 1. Model domain and Bathymetry of the Great Bay/Little Egg Harbor/Barnegat Bay system (left panel) Right panel shows
hourly depth averaged currents (white dots) and record mean depth averaged Eulerian mean flows (red arrows) from Barnegat
inlet (upper right) and Little Egg Inlet (lower right)

To investigate the dynamics driving circulation through these inlets we are currently conducting ship board and
moored observations as well as numerical modeling of the Little Egg Harbor/Barnegat Bay lagoonal system which is
located along the New Jersey, USA coast. We are focusing our efforts on the geomorphologically active Little Egg
inlet to the south, and the highly engineered Barnegat Inlet to the north (Figure 1). Our overarching aim is to
understand how realistic inlet morphology and processes, such as channels and shoals, trapping by coves, effects of
buoyancy, finite amplitude tides and friction inside lagoons influence residual circulation in multiple inlets lagoon
systems. Particular emphasis is focusing on processes that influence the phase relationship between currents and sea-
level at the inlets and the resultant Stokes transport, the superelevation in the lagoon, the net transport through the
inlets (Eulerian + Stokes), and the net transport and residence time within the lagoon. Our work is also exploring the
role of local and remote meteorological forcing in modifying lagoon circulation, particularly how it influences tidally-
driven Stokes and Eulerian transports and contrast its relative importance on driving exchange.
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Results to date have confirmed that both inlets drive a mean Stokes landward transport and have a seaward Eulerian
mean transport (Fig 1) and both the Stokes transport and Eulerian mean flows are strongly modulated by the spring Neap
cycle. Complex Empirical Orthogonal Function Analysis (EOF) performed on the depth averaged Eulerian currents found
that 84 percent of the variance was found in the first two modes and both were highly correlated with tidal amplitude.
Wind forcing decomposed into directions that were correlated and uncorrelated with local sealevel were also coherent
with the EOF modal time series but with lower correlations that of tidal amplitude. The EOF modes are laterally sheared
both at the inlet and in the Bay and net transport through the inlet is dominated by flows in the deep channel. The
spring/neap variability augments the mean flow during spring tides and competes with the mean flow during neap tides
Details of these flow, and thus the flushing, are probably dependent on channel morphology and will change in response
to inlet engineering and in systems that undergo rapid geomorphological change.

kil

Figure 2. Mode 1 (red), Mode 2(yellow) and their sum (white) during spring (upper) and neap tidal conditions.
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3D modelling sediment dynamics in the hyper turbid upper Ems-Dollard estuary
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Abstract

The increasing likelihood of extreme natural hazards in coastal areas, driven by global climate change, enhances the
need for coastal risk prediction. The Ems-Dollard estuary in the southern North Sea is characterized by the interplay
between meso-tidal and buoyancy forcing and intensive natural/human-induced changes. Its ecosystem suffers from
enhanced flooding and hyper-turbidity. This study applies the SCHISM 3D unstructured-grid framework, which couples
coastal hydro-, sediment-, and wave-dynamics, and simulates the fine sediment trapping and transport in the Ems-Dollard
system. The model exhibits its capability in qualitatively resolving the development of hyper-turbid conditions, variation
between fully mixed and mud-induced periodic stratification, as well as sediment transport processes in the upper Ems
estuary zone. The model agrees with the E(ms)Do(llard)M(easurements)’18 field measurements. Further, a series of
scenarios are designed to investigate the response of sediment dynamics to different river discharges, significant wave
height, sediment supply. Various tide-related sediment transport mechanisms in the Ems-Dollard Estuary are addressed.
With the major focus on sediment dynamics, this study is subject to extensive human use of the estuarine resource, a natural-
based solution for coastal protection, which represents a crossing point of different interests and the concerns of the
European H2020 Green Deal REST-COAST project.
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How do extreme conditions impact salinity intrusion in Delaware Bay?
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Abstract

Climate change, population growth and sea level rise have put increased pressure on coastal environments such as the
Delaware Bay River Basin, which provides water resources for approximately 13 million people, or roughly 4% of the
US population. Management of the salt front (~0.5 PSU) location is used as a measure to limit salt intrusion and protect
drinking water and industrial intakes. This work is focused on understanding how river discharge and bathymetric features
affect salinity intrusion within the Delaware Bay estuary. We employ the COAWST (Warner et. al. 2010) numerical
modeling system to perform simulations that include river discharge; tidal and subtidal low frequency signals forced at
the mouth of the estuary; and local winds to drive bulk atmospheric forcings. The model was run for a drought year (2016)
and a wet year (2019) to investigate the role of variable hydrodynamic conditions on the location of the salt front. Model
results show good agreement to NOAA and USGS observed time series of water level and salinity and represent seasonal
patterns of the observed daily salt front location (Preucil and Reavy, 2020). The location of the salt front depends primarily
upon the river discharge (Fig. 1), however as discharge wanes in the summer months, bathymetric features, subtidal water
levels and winds become more important. In some cases, these processes can move the daily average salt front over 1
mile a day, and at other times bathymetric sill-like features suppress movement of the salt front and delay the intrusion
event. Understanding relative importance of the driving mechanisms that determine the position of the salt front can aid
in better water resource management in the region, especially during periods of drought.
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Figure 1. Modeled (solid lines) and observation-based (filled in circles) salt front locations for 2016 (red) and 2019 (yellow), and
observed discharge at Trenton NJ (dashed lines). Black dashed line indicates a bathymetric control point at river kilometer 112.
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The characteristics of the tide over the Amazon estuary: evolution in future sea level rise
scenarios
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Abstract

The Amazon River outflows its freshwater to the western equatorial Atlantic Ocean through a macrotidal terminal
delta. This delta is one of the longest and widest on Earth. More than 4 million people are settled there (IBGE, 2010),
among which one third live under consistent exposure to the coastal flooding hazard (Mansur et al., 2016). This already
alarming situation is bound to deteriorate further, under the ongoing sea level rise (SLR). The SLR is going to perturbate
the hydrodynamics of the delta through two mechanisms. On one side, it will have a direct impact on the mean sea level
at the coast and on the other side, it will modulate the characteristics of the ocean tide entering the delta. These two
phenomena jointly are prone to impact the dynamics of coastal flooding in the delta. Indeed, the tide is the dominant
factor of water level extremes across the delta; in this very shallow water region, the tidal amplitude is likely to be
modulated by the long-term trend of water level, as is the case in other deltaic and estuarine regions worldwide (Talke
and Jay, 2020; Khan et al., 2020).

In the present study, we investigate the sensitivity of the tide to SLR in the Amazon estuary based on a hydrodynamic
numerical modeling approach. Our model consists of a 2DH configuration of the SCHISM model, implemented at high
resolution over the whole Amazon River - delta - Atlantic Ocean hydraulic continuum. We conducted a reference
simulation of the model, extensively validated against all available in situ and remotely-sensed tidal datasets over the
study area. Our model was found to reproduce satisfactorily the dominant tidal constituents as well as their seasonal
variability, with a typical error of order 10 cm.

We then assessed the sensitivity of the simulated tide to a range of SLR scenarios, varying from +0.5m to +2.5m with
regards to the current sea level. It was found that the Amazon delta exhibits a regionally-varying pattern of tidal
modulation. In the Northern Channel, M2 amplitude was found to moderately increase as sea level rises, with a typical
amplitude increase amounting to 3% of the SLR. In the Southern Channel, in contrast, M2 amplitude gets augmented by
up to 10% of the SLR. Further to the South-East, at the mouths of Pard, M2 amplitude moderately decays with SLR.
These contrasted responses will obviously translate into different impacts in the long-term trends of high tide water level.
Our results imply that a differentiated, localized perspective is required in any attempt to anticipate the future impacts of
SLR over a region with such a complex geometry as the Amazon delta.
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Storm driven subtidal flows at the confluence of two estuaries
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Abstract

Subtidal flows drive long term material transport, dictating the exchange of sediments, pollutants, and particulate
organic matter within estuarine systems. Subtidal flows can be modulated by external forcings, such as river discharge
and wind. When driven by density gradients, subtidal flows generally follow a vertically sheared pattern, with inflow of
dense water along the bottom and outflow of lighter water along the surface. This pattern can be modified by tides, wind,
and bathymetric forcing. Glacially carved, complex estuaries often feature the confluence of two systems that are likely
to interact under given forcing regimes. This work aims to understand how storm events featuring enhanced precipitation
and wind modulate subtidal flow at the confluence of two estuaries. A field campaign occurred at the convergence of East
Penobscot Bay with the Bagaduce River in Maine, USA. The Bagaduce River is a shallow, low inflow system that
connects to the deeper, partially stratified East Penobscot Bay, both of which experience mesotidal forcing. Field
observations were collected during the stormy season from December 2022 to February 2023. A series of bottom-mounted
Acoustic Doppler Current Profilers were co-located with vertically oriented Conductivity Temperature Depth sensors
along the channel-shoal transition. Preliminary results reveal a vertically sheared two-layer structure with inflow on the
bottom and outflow at the surface during periods of low discharge- consistent with gravitational exchange. Subtidal flow
patterns reverse during the highest discharge events that coincide with stormy periods, where outflow occurs at the bottom
and inflow at the surface. During these reverse circulation events, stratification from East Penobscot Bay is advected into
the Bagaduce River on the flood tide, yielding a pattern opposite from strain induced periodic stratification where floods
are more stratified than ebbs. These results suggest that a deeper, more stratified system can control material exchange at
an adjoining system when storm conditions increase river discharge and enhance tidal currents.
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Physical processes shaping low-oxygen events in a highly flushed coral atoll lagoon
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Abstract

In the coastal ocean, reported low-oxygen and even hypoxic ([O2] < 2 mg L-1) events have increased exponentially
since the 1960s and are associated with fish Kills, sea grass die offs, coral bleaching events, and dead-zones (Altieri et al.,
2017; Gilbert et al. 2010, Zhang et al. 2010). In most coastal systems, hypoxia is induced through eutrophication, long
residence times, and lack of ventilation to the atmosphere (Fennel and Testa, 2019). Here, we investigate the processes
driving observed low-oxygen events in the Dongsha Atoll lagoon, a coral atoll in the South China Sea. The lagoon has
been shown to be a highly-flushed body of water (full lagoon residence times of 2-3 days) and is remote without significant
anthropogenic nutrient inputs. Observations from a field campaign in summer 2019 are used to construct a bottom water
mass budget in Dongsha Atoll lagoon in order to understand the physical processes governing residence time and renewal
of the bottom waters. Deep water renewal events, which typically transport dense, higher oxygen water to depth, have
been primarily observed in fjords, but a recent study observed this mechanism in a tropical embayment (Adelson et al.,
2022). Results show frequent bottom water renewal events driven by tidally modulated advective processes through the
lagoon channels and over the reef flat. Though bottom water renewal events are usually a mechanism for refreshing
oxygen levels in stratified systems, the water advected into Dongsha Atoll lagoon from the reef flat can, at times, be
hypoxic. The water flowing off of the reef flat into the Dongsha Atoll lagoon is intermittently oxygen deficient, due to
seasonal phase-alignments between the primarily diurnal tidal flow and biological respiration on the reef. During the
study period, Summer 2019, the flood phase of the tide, which drives flow of cooler offshore water across the reef flat
from the ocean to the lagoon, occurred at night when strong biological respiration draws down oxygen on the shallow
reef flat. These cooler, low oxygen waters sink to the bottom of the stratified lagoon waters, creating a pool of isolated
low-oxygen water. These observations point to a unique physical-biological mechanism for creating low-oxygen
environments in tropical waters.

54

+*

Carbonate Reef
Platform

3
E
=
H

Figure 1. Schematic illustrating the mechanism for generation of dense, low-oxygen water on a reef flat and transport into the bottom
of a lagoon.
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Abstract

Motivation

Convergent transport of suspended sediment is responsible for generating areas of sediment accumulation named
Estuarine Turbidity Maxima (ETM). ETMs are common features of tidal estuaries worldwide; however, ETM
characteristics (location, concentration, extension) largely differ among estuaries and within the same estuary depending
on external forcing. So far, understanding of ETM generation has been mainly gained through study cases (Uncles et
al., 2002). Although very instructive, such insights are difficult to extend further. A comprehensive understanding of
processes involved in the convergence of sediment in estuaries for various estuary types under a wide range of forcing
conditions is still lacking. The aim of this study is then to provide a broad-based understanding of ETM dynamics and
to suggest a parameter space to classify estuaries in terms of trapping capacity. Two primary questions had to be
answered:

1) Which transport processes are responsible for ETM generation for various combinations of estuarine parameters?
2) How estuarine parameters influence the position and the sediment concentration of the ETM?

Material and methods

The idealized width-averaged modelling framework iFlow v3.0 has been chosen to study the dependence of sediment
transport processes on estuarine parameters in simple domains (Dijkstraetal., 2017). Due to the large number of transport
processes that may be involved in ETM generation, this study will focus on a simplified configuration with a limited
number of parameters and processes. In our first set of 3168 simulations, the estuary was represented by a straight
rectangular channel, where width and depth are held constant. In a second phase, simulations consisting of an estuary
with a constant rectangular cross-section and a sloping bed were used to analyze the influence of bed slope on the sediment
transport processes and to help expanding results towards reality. Four input parameters have been selected to
systematically vary throughout the simulations: the length of the estuary, the bed friction, the river discharge and the tidal
amplitude.

Results

The first set of model experiments has permitted to identify three sediment trapping regimes (named after the
dominant sediment import mechanism): the Baroclinic Regime, the Sediment advection regime and the Dispersive
Regime (Fig.1). These regimes are extreme cases and simulated ETM are mostly generated by a combination of two or
more regimes. The baroclinic regime is defined as a balance between sediment import by the gravitational circulation and
sediment export by the river flow. This regime dominates in low friction setups for short and long estuaries, except for
long estuaries strongly tidally forced. Under this regime, the ETM is moderately to strongly concentrated and may be
associated with bottom fluid mud. The ETM location mostly depends on the river flow and the bottom friction coefficient.
The sediment advection regime is governed by the convergence of sediment import due to spatial settling lag and sediment
export due to internally-generated tidal asymmetry. This regime dominates in strongly tidally forced estuaries and/or long
estuaries. Under this regime, the ETM is generally generated in the upper part of the estuary with a low to moderate
concentration. The dispersive regime is driven by a balance between sediment import due to background dispersion and
export by river-induced flushing. Under this regime, sediment is dispersed along the estuary until the convergent point
and a maximum of sediment availability on the bed is reached at this location. In the water column, the maximum of
suspended sediment concentration is reached at the entrance of the estuary with the concentration imposed at this
boundary. This regime dominates in estuaries characterized by strong bottom friction.

The second set of model experiments has revealed that the presence of a slopping bed induces a fourth dominant
trapping regime: the internally-generated tidal asymmetry regime. This regime dominates in long estuaries characterized
by low to moderate bottom friction. Under this regime, the ETM is generally generated in the upper part of the estuary
with a moderate to high concentration. The slopping bed has a little impact on the trapping regimes for short estuaries,
whereas it strongly affects transport processes in long estuaries. The relative importance of the sediment advection regime
is reduced and superseded by the baroclinic and internally-generated tidal asymmetry regimes for low to moderate mixing
conditions.
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Discussion

Despite most of the major processes contributing to sediment trapping are resolved in this study, some physical
processes have been neglected for sake of simplicity. Among these processes are the sediment transport induced by
temporally or spatially varying eddy viscosity such as tidal straining or stratification-induced turbulence damping,
turbidity gradient induced circulation, flocculation and lateral correlations. Such processes may have a significant
contribution to the SSC distribution along the estuary and could be included in future work to help extend our results
toward more realistic estuaries. The channel model presented in this study should be looked as a starting point for
including more complex processes. It is not supposed to be predictive but rather give insights on physical processes
involved in sediment trapping in estuaries.
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Figure! Mapping of the different regimes for straight estuaries depending on the four dimensionless parameters F r, Ra, € and RI.

Each panel corresponds to constant values of ¢ (i.e. dimensionless amplitude of tide) and Rl (i.e. dimensionless length of the estuary),
whereas interior axes of each panel show varying values of Ra (changing with the inverse of Av) and Fr (varying with values of Q).
Shaded areas show simulations where the sediment export capacity overcomes the sediment import capacity all along the estuary,
impeding the formation of an ETM.
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Abstract

Coastal flooding due to the combination of astronomic tide and storm surge is a well-known hazard for the
communities of Long Island Sound in the north-east United States (Liu et al., 2020, 2021). Associated socio-economic
impacts are often significant due to the high (and increasing) population and infrastructure density along the shore (Poudel
et al., 2023). Ongoing intensification of these impacts is likely, due to rising sea levels and increasingly frequent and
Severe extreme events associated with climate change (e.g. Kirshen et al., 2008; O’Donnell, 2019; Spanger-Siegfried et
al., 2014).

Given this vulnerability, resilient infrastructure design and management policy require a robust understanding of the
expected flood extent for a given total water level (TWL), which is the sum of the contributions from the astronomic tide
(AT) and meteorologically driven, non-tidal residual (NTR). One common approach assumes that AT and NTR elevations
are independent (Idier et al., 2012), and, consequently, that the NTR resulting from a given meteorological condition
could occur at any phase of the tide (Williams et al., 2016). Worst-case-scenario TWL can be inferred by summing the
NTR and highest-astronomic tidal elevations, or by considering the distribution of skew-surge, which is the difference
between the maximum TWL and the elevation within a tidal cycle (irrespective of whether they coincide or not).

Whilst the independence of AT and NTR has been demonstrated in some places (Williams et al., 2016), numerous
studies have shown the interaction between them to be important in others. More recently, Arns et al. (2020) showed that
neglecting tide-surge interactions (TSI) in extreme-value analysis may result in underestimations of extreme TWL of up
to 70 cm globally, and Costa et al. (2023) found TSI of up to 27 cm around coastal New Zealand. In a study domain more
similar to ours, Idier et al. (2012) determined TSI of up to 74 cm (half the maximum storm surge) in the eastern English
Channel. This suggests that extreme value analyses underpinning town-scale risk assessments should include local
analysis of TSI for design purposes.

We present preliminary findings from an investigation into TSI near the coastal town of Stamford, Connecticut, in
south-western Lond Island Sound. A depth-integrated configuration of the ADvanced CIRCulation (ADCIRC, version
55) model (Luettich & Westerink, 2004) on an unstructured mesh is utilized. Three simulations which differ in their
boundary forcing are run; a control member, forced by TWL (i.e. tide and surge), and two members forced at their
boundaries by NTR and AT only, respectively. Each three-member experiment was performed for 4 historical storms:
two tropical cyclones and two extratropical cyclones. Total water levels, tides and surges which develop with and without
dynamical interaction are then compared to each other to determine the magnitude of the TSI. Results indicate that TSI
can cause instantaneous differences in surge and tide of up to 31 and 27 cm respectively in key nearshore areas. These
instantaneous differences are mainly induced by a slight phase shift of the tide, though tidal and surge amplitudes are also
modulated in some cases (and to a lesser extent). Since differences are mainly due to phase shifts, the instantaneous surge
and tide differences do not necessarily produce concomitantly high differences in TWL (and, by extension, flood risk),
and may dampen each other. In the most severe case, neglecting TSI caused a very slight modulation of the tide
(instantaneous difference of 1.4 cm) and an overestimation of the surge (instantaneous difference of 33.4 cm), which
together produced an overestimation of the TWL of 12.1 cm (Figure 1). Since this difference occurred near low water,
the impact would have been minor. Further work is required to determine whether such differences could manifest at high
water, thereby posing a risk of underestimating maximum TWL during a storm.
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Figure 1. Total water level (A), tide (B) and surge (C) during Hurricane Sandy for a point near West Beach in Stamford. Blue curves
show magnitudes and orange curves show the differences between them due to tide-surge interactions.
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Tidal salt transport regimes.
Uncovering the importance of ESCO in estuaries mixed to stratified
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Abstract

The transport of salt in estuaries is governed by various tidal and subtidal processes that depend on the geometry, flow
and salinity in a complex and nonlinear way. As a result, different processes are important in different estuaries. In order
to understand how salt intrusion in any particular estuary changes with climate change and human interventions, it is
important to understand which processes are dominant and how these may change in the future.

One of the processes that is thought to be essential in many estuaries is related to tidal variations in stratification, or
strain-induced periodic stratification (SIPS, Simpson et al (1990)). SIPS has been shown to contribute to an important
exchange flow contribution caused by eddy viscosity-shear covariance (ESCO, Dijkstra et al (2017). The empirical
classification by Geyer & MacCready (2014) hypothesises that SIPS-related processes are dominant in many partially
stratified estuaries all around the world. However, this suggestion has not been verified by means of a physics-based
model. Recent work by Dijkstra et al (2022) started to investigate which salt transport processes are important for which
estuaries based on a width-averaged physics-based model. This has resulted in the identification of 7 estuarine regimes.
However, the work so far has not included SIPS-related processes.

In this contribution, the importance of SIPS-related processes is investigated in over 40,000 different estuarine
configurations, representing different depth, roughness, tide and river discharge. Hence, this represents estuarine
conditions ranging from well-mixed to salt wedge. The model used for this study is a width-averaged physics-based model
that dynamically resolves the water motion and salinity. The effects of tidal variations in stratification on turbulence are
accounted for, so that the model also resolves ESCO.

As a new finding, preliminary results indicate that ESCO has a dominant role in tide-dependent salt wedge estuaries.
Whereas such estuaries are usually described by means of the dynamics during different tidal stages, this finding can offer
a different interpretation of the dynamics in terms of subtidal effects of tidal correlations. As other estuarine types are
interpreted this way, this helps to unify the way we understand estuaries. Also, the identification of the dominant processes
helps to understand how salt intrusion and stratification change with essential variables such as depth and discharge.

Fig. 1 shows an example of a model result for a tide-dependent salt wedge, showing salinity during four stages of the
tide (top row) and the six most dominant transport contributions (bottom row). The transport contributions are described
in terms of subtidal interactions (TMO) and tidal correlations (TM1), following by the two processes that cause variations
in velocity and salinity. Results show similar magnitudes of processes related to gravitational circulation (gc), momentum
advection (adv) and ESCO.

During the presentation, the importance of ESCO for various types of estuaries is discussed as well as the implications
this has on our understanding of salt intrusion in these estuaries.
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Figure 1. Model results for one case with large ESCO contribution (with dimensionless parameters Ra: 5640, Fr: 0.5, StRa: 1278,
Ft:0.35, see Dijkstra et al (2022)). Top: salinity in psu in along-channel (x) and vertical (z) direction during various stages of the tide.
Bottom: transport processes decomposition relative to the subtidal depth-averaged salinity. The purple line indicates ESCO- related
processes (see main text for explanation).
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Abstract

A three-dimensional (3D) numerical model of the Gironde estuary has been implemented in the openTELEMAC
system (Hervouet., 2000) to analyse the indirect effects of maritime navigation and port activities on the estuarine
environment. The Gironde Estuary, as observed in most estuaries worldwide, pose challenges for morphodynamic
modeling due to complex hydrodynamics and complex sediment processes involving diverse sediment types, both
cohesive and non- cohesive. The 3D model developed in this work couples the TELEMAC-3D module (hydrodynamics,
based on the solution of the Navier-Stokes equation), with the sediment transport and bed evolution module GAIA (Tassi
etal. 2023) and TOMAWAC module to account for wave effects. The model has been validated using in situ data collected
in 2018 from the mouth to the central estuary (km81, Fig 1) including water level and vertical profiles of current velocities,
suspended sediment concentrations (SSC) and salinity over the water column. This contribution aims to further analyse
the model ability to simulate seasonal variation in: (1) the hydro sedimentary dynamics in the Garonne tidal river, which
exhibits large differences between summer and winter and (2) the bed morphodynamic, focusing on key parameters
shaping morphodynamics including erosion, consolidation effects, mud sliding, settling velocities. The advection-
diffusion equation is used to model the transport of cohesive material, with the bed structure discretized with 10 layers.
Consolidation of deposited mud is addressed using a multilayer approach with mass transfer coefficients calibrated using
experimental data from Van (2012). A sensitivity test with different settling velocity formulas is conducted, prioritizing
using the Soulshy et al.(2013), van Leussen (1994), Le Hir et al. (2000) and Defontaine et al. (2023) formulas. Different
300-day simulations are performed from winter to fall to assess the ability of the model to track the migration of the
turbidity maximum zone (Jaldn-Rojas, et al., 2015) and the associated mud deposit. Then, the impact of dredging and
dumping operations carried out in the navigation channel is also taken into account through a coupling with the NESTOR
module of the openTELEMAC system. The morphodynamic model is compared with bimensual bathymetric surveys
performed by the port authorities along the navigation channel.

The results (Fig 1) indicated significant variability in the evolution of the mud thickness, influenced by the settling
velocity, the initial fluid mud setup, and the wave effects. Simulations using the Soulsby et al.(2013) formula showed
limited mud evolution in the central part, while those using the van Leussen (1994) and Le Hir et al. (2000) formula
exhibited more variability, suggesting a higher mud layer in the lower and central estuary. Analysis of the influence of
initial mud setup and wave effects using the van Leussen formula revealed enhanced mud development in the central
estuary, likely due to increased currents. This work is important to optimize port operations and better understand their
impact on the surrounding environment, particularly regarding new technologies on water injection dredging. The model
will also help to improve the knowledge of the current and future behavior of the Gironde estuary. It will also be part of
an open-source digital twin aiming at testing scenarios and improving operations of the Port of Bordeaux.

1 Cerema REM-RHITME Research Team, Margny Les Compiegne, France: thi-kim-anh.do@cerema.fr;
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2UNIROUEN, UNICANE, CNRS, UMR 6143, Continental and Coastal Morphodynamics, M2C, Normandy University, France

3 UMR 5805 EPOC, CNRS, OASU, University of Bordeaux, 33615 Pessac, France; isabel.jalon-rojas@u-bordeaux.fr;
aldo.sottolichio@u-bordeaux.fr

4 Electricité de France Research & Development (EDF R&D), National Hydraulics and Environment Laboratory (LNHE), Chatou,
France, pablo.tassi@edf.fr.

5Grand Port Maritime de Bordeaux, Bordeaux, France, F-Klein@bordeaux-port.fr

61


mailto:thi-kim-anh.do@cerema.fr
mailto:nicolas.huybrechts@cerema.fr
mailto:isabel.jalon-rojas@u-bordeaux.fr
mailto:aldo.sottolichio@u-bordeaux.fr
mailto:pablo.tassi@edf.fr
mailto:F-Klein@bordeaux-port.fr

_ | bws
Bathymetry(m) E
> #o08r
o
% 06} Soulsby
= Le Hir
3 04r van Leussen
e =02} ,_,A
0 /
4-5 25 4 ¢) Fluid mud
E
?08
g
%06
e S 0ab
3 FM
=02 2FM
0 =1
Bordeaux -15 v T T
km10 d) Wave effect
642 | Bathymetry | 3 1
Transect A W
®  Station Magest @ 0.8
A Station gxl 20 1.
641  a  Tide station 1 2
5 04
2 02}
0.2
6.38 L : : s " N N 25 . no wave ‘ ‘
36 38 4 42 44 46
& 4 1 1
East (m) 105 0 20 0 60 80 00 20

Distance from the mouth(km)

Figure 1. (Left) Location of Gironde estuary including location of in situ data for validation (surface situ measurement (the blue circle),
near bottom measurement (the black triangle) and tide station (the red triangle); (Right) The influence of model parameters on mud
development was extracted along channel navigation (Transect A in left panel).
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Abstract

Introduction

Transport time scales (TTS) in estuaries quantify the flushing of the system and are relevant quantities that help to
monitor their local and system-wide functioning. In coastal ecosystems that display complex geometry and bathymetry,
like in systems of intertidal basins, TTS can exhibit strong anisotropic response to different forcing mechanisms like
winds (Duran-Matute et al., 2014; Fajardo-Urbina et al., 2023). To capture well this spatiotemporal variability, Lagrangian
transport time scales (LTTS), such as the residence and exposure times, are commonly employed (Monsen et al., 2002).
They are also used as a proxy to understand ecological processes like eutrophication (Schwichtenberg et al., 2017) and as
a first order estimation of the capacity of a system to expel pollutants (Pawlowicz et al., 2019). In recent years, numerous
studies on LTTS have been performed using three-dimensional (3D) hydrodynamic models. These studies showed notable
variations in the vertical structure of the LTTS, which were related to the presence of estuarine circulation (Du and Sheng
2016, Hewageegana et al. 2023). Thus, employing 3D numerical models that account for these circulation patterns is
imperative for accurately determining LTTS in estuaries. However, for coastal systems in which the forcing can exhibit
daily, seasonal and interannual scales, long-term simulations spanning several decades are necessary to understand the
potential response of the LTTS to such temporal variations. The enormous amount of data required to perform LTTS
based on 3D currents for regions that require simulations with high spatiotemporal resolution, motivate studies to use
depth-averaged currents for understanding long-term variations (Fajardo-Urbina et al., 2023). Here, we elucidate and
quantify the differences on the LTTS when using particles advected by 3D or depth-averaged currents. The analysis is
made in the Dutch Wadden Sea (DWS): an estuarine system of intertidal basins of high ecological relevance, but the
results can be extended to other systems with similar dynamics. Due to computational constraints when using high-
resolution 3D currents, we focus on years with different forcing conditions, which were selected from a Lagrangian
simulation spanning 36 years (1980-2015) based on depth-averaged currents (Fajardo-Urbina et al., 2023). To understand
better the effects of depth-averaged currents and currents with vertical dependence on the LTTS, we also performed
simulations with the idealized single-inlet width-averaged estuarine model of Dijkstra and Schuttelaars (2021).

Results

Maps of the residence time per season between 1994 to 1996 computed from depth-averaged (Figure 1, left column)
and 3D (Figure 1, right column) currents are shown in Figure 1. To map the residence time from 3D currents in a 2D
plane, the 3D structure of the residence time is averaged in the vertical. In autumn 1994 and winter 1995, characterized
by prevailing strong southwesterly winds, depth-averaged currents generally yield slightly higher residence times in most
of the domain, but the main spatial patterns are similar for both cases. This suggest that vertical effects are less pronounced
during such events due to wind-induced mixing and predominant horizontal advection. During spring, summer and
autumn of 1995 and winter of 1996, when both the number and magnitude of wind events were lower compared to the
previous two seasons, the results display larger residence times for depth-averaged than 3D currents, particularly
pronounced in the western DWS. During these conditions, less vertical mixing due to the weak or lack of winds, a more
stratified water column together with a more pronounced estuarine circulation, and larger probability of inhomogeneous
velocity profiles, lead to LTTS driven by depth-averaged currents that do not represent well these 3D effects. From a
system-wide perspective similar results are obtained (Figure 2). During periods with strong southwesterly winds, mainly
related to autumn-winter, similar values for the system-wide residence time are found for both cases. During periods with
weak winds, mainly occurring during spring-summer, the residence time computed from depth- averaged currents
overestimates the values from 3D currents up to 5-10 days, which is mainly evident in the western DWS (Figure 2). This
was also the case for anomalous stormy seasons, like in autumn-winter of 1996, a famous period in the North Sea region
due to low temperature records and lack of strong southwesterly wind. We found that during weak-wind periods, the
difference in the residence is positively correlated to the freshwater discharge. However, despite these observed
differences, the temporal variability of the system-wide residence time in the DWS seems to be well captured when using
depth-averaged currents, i.e., larger residence time during weak wind conditions and smaller values during strong winds
are observed when using either 3D or depth-averaged currents, which is consistent with the long- term depth-averaged
simulation of Fajardo-Urbina et al. (2023).
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Storm Surge Amplification by Basin Shape, the Case of Extratropical Typhoon Merbok in
Western Alaska
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Abstract

Observed wind gusts exceeded 33 m s-1 in the Bering Sea on September 16, 2022 as Extratropical Typhoon Merbok
produced a 1 to 2-day surge that flooded >4,000 km of the Western Alaska coastline. A still water level of 4.7 m NAVD88
was measured in Unalakleet, AK, 4.5 times the predicted tidal range of 0.84 m. In this presentation, we investigate the
role that coastal morphology and bathymetry has in amplifying tides and the storm surge. To investigate the effects of
basin shapes on storm surge, water levels at 24 stations were detided with a new tide wavelet tool, CWT_multi (Lobo et
al., 2024), and compared to longwave theory using a nondimensional friction-convergence parameter space. Results show
the surge height increased into Norton Sound (resonant at the diurnal frequency) and decreased into Bristol Bay, which
is resonant at a shorter semidiurnal frequency. Landward funneling occurs at the Kuskokwim River; in a landward
direction, over ~180km to Bethel, the ~2-day surge amplified by 1.3 while O1, K1, and M2 attenuated by 0.43, 0.34, and
0.23, respectively. These results indicate that the bays and estuaries of western Alaska have frequency dependent
relationships that control both tidal long-waves and storm surge and suggests that non-linear frictional interaction is
occurring between tides and surge waves. In the non-dimensional parameter space, the storm surge and tidal waves
represent different regimes where partial reflections from convergence are relatively strong or weak, respectively,
compared to friction. The positive interference from the reflected waves and transmitted waves are greater for the longer
period storm surges than the tides. Findings suggest that, due to local geometry effects, flood exposure for common ~1-
day storm surges are greater for communities with predominantly diurnal tides than communities with semidiurnal tides.
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Characterizing impacts of river discharge on the Alabama shelf during unprecedented 2019
openings of the Bonnet Carré Spillway in the northern Gulf of Mexico
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Abstract

Large-scale management responses to short-term weather phenomena are rare events whose impacts can be difficult
to quantify. The coupling of weather events and management responses can have compounding effects that are not well
understood and can be a cause for significant concern when assessing issues associated with disaster risk and coastal
resiliency (Zscheischler et al. 2020). In spring and summer of 2019, the Mississippi River (4th largest river in the world)
experienced intense flood conditions which required the diversion of freshwater through the Bonnet Carré Spillway to
reduce inland flooding risks. This led to unprecedented, repeated openings of the Bonnet Carré Spillway altering the
typical flow of river water into the northern Gulf of Mexico, potentially impacting natural modes of variability in
Mississippi Bight, a shallow, stratified coastal sea. In addition to the magnitude of the two diversions, the timing coincided
with the typical spring flooding in the local river systems and the seasonal shift in wind forcing driving circulation from
the west (fall/winter) to east (spring/summer). These local changes in river discharge and wind may amplify the impacts
of the spillway opening over the shelf (Fig 1).

Fig. 1 Conceptual diagram of system forcings and circulation in
the Mississippi Bight during the summer season including river
discharge (brown arrows) and upwelling-favorable winds (gray
arrow). The summer circulation (green arrow) favors the
advective of river discharge from western sources, like the MS
River, into the region.

Inset shows the study region in the context of the broader Gulf of
Mexico (Lower right box). Location of the long-term mooring site
(CP, black circle) and Dauphin Island Sea Lab (DI, black
square).
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Amplifying buoyancy inputs during the natural flooding period of the hydrological cycle has the potential to drive shifts in
the hydrographic conditions over the shelf, and in turn modify large- scale circulation, heat budget dynamics, and water quality.
This in turns can alter the expected risk assessments for a range of coastal hazards (e.g., exposure to red tides, hypoxia,
hurricane intensification). The repeated openings of the Bonnet Carré Spillway in the northern Gulf of Mexico, represents an
opportunity to determine whether the compounding impacts of a freshwater diversion in conjunction with the natural flooding
cycle can change the fundamental characteristics of a coastal system. More specifically, the overarching objective is to
determine whether a large-scale river diversion during a specific time period in the natural hydrological cycle will result in
extreme hydrographic conditions which in turn will affect water quality. To address this objective, a combination of in situ
data from a long-term mooring site and from shelf hydrographic surveys were used to characterize variability in the physical
and dissolved oxygen conditions so that the Bonnet Carre Spillway opening can be placed in context with typical shelf
conditions. In addition, the dissolved oxygen dynamics and their relationship to physical processes were investigated during
the summer of 2019. The investigation of a 5-year (2019-2023) time series of hourly bottom dissolved oxygen (DO)
concentration revealed significant interannual variability, including extensive hypoxia in 2019 as well as hypoxic ornear-
hypoxic conditions in subsequent years (Fig. 2). To begin understanding patterns in these data, ensemble statistics over a
calendar year were produced. The ensemble mean and standard deviation showed clear seasonal patterns. During the late fall
through winter, there were high mean values, typically at or near saturation, and low variance. In contrast, spring through early
fall showed lower mean values and higher variance. Further exploration of the monthly frequency of hypoxia or near-hypoxia
conditions showed a larger difference between the summer of 2019 and other years. Hypoxia and near-hypoxia conditions
were common throughout the summer of 2019, while years 2020-2023 had a reduced frequency and showed a peak in
September.
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Focusing on the 2019, extensive areas of hypoxia on the shelf were observed throughout the summer study period
with high variability in both space and time. Patterns in the along and across-shelf bottom dissolved oxygen spatial
structure were apparent in the data. In the along-shelf direction, dissolved oxygen tended to decrease from east to west.
The across-shelf pattern was more complex with mid-shelf minimum between~12-25 m. Furthermore, timeseries of
bottom DO from June through September were correlated with changes in bottom temperature (Fig. 3), revealing a
significant connection to upwelling/downwelling events and the presence or absence of hypoxia on the inner to mid-shelf.
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Fig. 2 Ensemble statistics of bottom dissolved oxygen from the CP/FOCAL mooring from May 2019 to October 2023(Top). Percent

occurrence of hypoxic(red), near-hypoxic(yellow), and norm-oxic (blue) conditions at the CP/FOCAL mooring during summer for
2020-2023 (Bottom Left) and 2019 (Bottom Right)

Identifying the direct impacts of the Bonnet Carré Spillway requires more robust exploration of the physical data as
well as experiments with a regional numerical model. At this point, 2019 clearly stands out as a summer with excessive
hypoxia in this region of the shelf. Interestingly, September emerged as a critical month for hypoxic conditions with the
highest percentage, highlighting the importance of considering periods beyond summer for water quality management.
Further investigation will focus on the impact of a storm event during July of 2019 as well as combining the survey data
with the time series data to conduct an oxygen budget at the mooring site. The results of this study are expected to facilitate

the development of more effective mitigation and adaptation strategies in response to impacts of current and predicted
changes from river inflow into coastal oceans.
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Fig. 3 Time series of bottom dissolved oxygen and temperature from the FOCAL/CP mooring during the summer of 2019. Note that
0 OC has been removed from the water temperature so that the variability in both time series can be more easily compared. Circles
(Triangle) at the top of the plot indicate dates of CTD surveys (passage of T.S. Barry). Red highlighting on the dissolvedoxygen time
series indicate periods of hypoxia.
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Abstract

Small glacial river plumes are important features in the dynamics of the Patagonian fjords. They can generate high-
frequency internal waves, produce a horizontal advection of freshwater near the coast, and vertical entrainment and
mixing near the water surface. However, the multiple physical processes governing the interactions of turbulence in the
water column at different scales are not well understood, including the importance of fundamental forcings that influence
the plume dynamics, such as the interactions with the coastal morphology, discharge variations by glacial melting, tidal
amplitudes, Earth’s rotation, and wind.

To study the basic dynamics of these plumes, in this investigation we perform numerical simulations at different
scales. First, we carry out large-eddy simulations (LES) (Barros and Escauriaza, 2024), to resolve the dynamics of
freshwater plumes based on the experimental work of Yuan and Horner-Devine (2013, 2017). We analyze the non-
dimensional parameters that characterize the structure of the plume and study the development and evolution of turbulent
coherent structures, quantifying the vertical density fluxes and effects on mixing. From the LES results we provide
additional insights on the potential mechanisms of internal wave formation and transport processes.

To observe these processes at larger scales, we also incorporate basic field data to reproduce the propagation of internal
waves in an idealized geometry, considering dimensions based on a field site, to represent the basic river-fjord interactions
and internal wave motions. We perform simulations in SUNTANS (Fringer et al., 2006), solving the 3D nonhydrostatic
Reynolds-averaged Navier-Stokes equations, using the Boussinesq approximation. The interaction mechanisms of the
plume with the fjord are captured along with the wave reflection on the steep bathymetry and trapping for multiple tidal
cycles (Figure 1).
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Figure 1. Instantaneous image of vertical velocity contours near the surface showing the generation of internal waves, reflection and
trapping in an idealized fjord geometry after multiple tidal cycles using SUNTANS.
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Abstract

Introduction

In tidal coastal areas, rapid water exchange and hence dispersal of material occurs due to a mechanism known as
chaotic stirring or advection. This is a consequence of Lagrangian chaos in deterministic time-dependent 2D or 3D flows
(Aref et al., 2017), like the flows in coastal regions where currents are induced by the interaction of the coastal geometry
and the bottom topography with the tides (Ridderinkhof and Zimmerman, 1992; Orre et al, 2006). In coastal environments,
the wind-driven circulation can also promote transport of material over large distances (Cucco and Umgiesse, 2006), and
induce transport time scales with variability at daily, seasonal, and interannual scales (Duran-Matute et al., 2014; Fajardo-
Urbina et al., 2023). In the present work, we study the transport of particle patches in a multiple-inlet estuarine system:
the Dutch Wadden Sea. Here, we define a particle patch as a cloud of passive particles, which can either follow only the
currents or the currents with diffusion added to the trajectories, with the latter case to approximate better an advection-
diffusion tracer equation. Initially, we aim to establish a connection between the forcing and the variability of the
displacement and dispersal of the particle patches. Our second aim is to develop a deep learning surrogate method to
predict the transport of these patches, which can potentially be extended to track, for example, micro-plastics, oil, or
larvae. This last aim is motivated by the need of fast, cost-effective and accurate forecasting solutions.

Method

We performed a realistic 3D hydrodynamic simulation between 1980-2015 using the General Estuarine Transport
Model (see Fajardo-Urbina et al. 2023 for details). From this simulation, we use depth-averaged and 3D currents to feed
a Lagrangian model to track particle patches released at every grid cell of our domain. The transport of these patches is
then simplified by computing their advective and dispersive components at the end of a tidal period ~12.42 h (as originally
proposed by Ridderinkhof and Zimmerman, 1990). Advection represents the displacement of the center of mass and
dispersion the spread of the patch given by the covariance matrix of the particle positions. Both quantities are determined
for each tidal cycle spanning the duration of the simulations. For our second aim, we perform three different experiments
(prediction, reconstruction, and benchmark). As a proof-of-concept these experiments are only based on simulations using
depth-averaged currents. The prediction experiment contains two steps. First, we train a deep learning model to predict
advection and dispersion after one tidal period. Then, we propose a simplified Lagrangian model based on these statistics
to predict the transport of particle patches for times larger than a tidal period. The reconstruction experiment skips the use
of machine learning, and instead, it feeds the actual advection and dispersion to the simplified Lagrangian model. This
experiment allows us to show that our simplified model works well, and to determine what can be achieved if a perfect
prediction of advection and dispersion is obtained. Finally, the benchmark experiment uses a Lagrangian model driven
by currents to track particle patches (the ground truth).

Results

Maps of advection and dispersion based on depth-averaged currents for two cases with distinct wind conditions (weak
and strong winds from the southwesterly quadrant) are shown in Figure 1. Advection reveals mostly features at the scale
of the basin (Figure 1a,c), whereas dispersion shows the predominance of localized structures covering mostly the regions
around the inlets and with strong bathymetric gradients (Figure 1b,d). These regions of large dispersion with filamentary
composition reveals the localized nature of chaotic stirring. A strong correlation is found between the wind and the
system-wide (spatial average) norm of advection. This correlation is observed both on the temporal scale of events (i.e.,
storms), and on a seasonal scale due to the seasonality of the wind forcing, which is stronger during autumn and winter.
On the other hand, the spring-neap tidal cycle governs the system-wide dispersion. However, an enhancement in
dispersion is observed during a few storms (Figure 1d). The results based on 3D currents are similar to those obtained
with the vertically averaged fields. The main difference is that the dispersion of particles is enhanced when using the 3D
currents due to the more intrinsic chaotic nature of 3D flows (Aref, 2017).
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For our second aim, the prediction and reconstruction experiments show that the evolution of a particle patch, during
a windy period, follows quite well the results from the benchmark (Figure 2). This patch is clearly advected towards the
northeast due to strong southwesterly winds. Dispersion also takes place, but advection is quite dominant in the transport

of the patch. Good predictability is also found for other periods, like during weak wind conditions when chaotic stirring
is more dominant. Notably, our approach eliminates the need for currents during predictions, and our simplified
Lagrangian model achieves speeds one to two orders of magnitude faster than state-of-the-art alternatives. Thus, our
surrogate model can potentially be used as an auxiliary fast tool for predicting the transport of substances in coastal areas.
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Figure 1. (a) Advection and (b) dispersion coefficient
during weak winds, and the same quantities for (c) and (d)
but during a strong wind event.

Figure 2. Normalized particle counts per grid cell for different
elapsed times tv during strong winds for the prediction
experiment (a)-(c), reconstruction experiment (d)-(f), and
benchmark experiment (g)-(h). The initial position of the patch
is indicated with the letter P; the trajectory of the center of mass
is indicated with a red line; and the dispersion ellipse is drawn
with a dashed line. The percentage (below the time 1)
represents the current number of particles in thesystem.
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Influence of seawater intrusion on the residual circulation at the Guadiana Estuary
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Abstract

The residual circulation in estuaries should result from the competition between barotropic (tidally driven) and
baroclinic (density-driven) forcing. In most estuaries, however, the dominant forcing is baroclinic. At these settings, the
residual flow is modulated by tidal forcing but generally maintains a persistent direction and lateral distribution.

However, recent observations at various (less described) systems suggest a switching of the residual flow driver at
fortnightly time scales (Garel and Ferreira, 2013; Ross et al., 2017; Valle-Levinson and Schettini, 2016; Tenorio-
Fernandez et al., 2019). The present study addresses the dynamics of such variability based on ADCP observations at the
Guadiana Estuary (South Portugal).

The Guadiana is a long (80 km), narrow (700 m at maximum at the mouth) and relatively shallow (5 m mean depth)
estuary with low freshwater inputs (about 10 m3/s, year-round). The tide in the area is semi-diurnal, with a large variation
in amplitude (from 0.4 m to 1.6 m) due to a relatively strong S2 component.

ADCP data were collected in summer 2023 along two cross-channel transects, one near the mouth and one 20 km
upstream. At each transect, 3 ADCPs were moored at the seabed (at deep, intermediate and shallow water depths) from
July 14 to September 21. These records were completed by tidal-cycle surveys of 24 h performed simultaneously at both
transects (using 2 boats), at neap (July 27) and spring (August 03) tides. Residual along-channel velocities were obtained
from low-pass filtering (moored data) and least square fits to tidal harmonics (tidal cycle data). The transverse structure
of the residual flow at the two transects was then determined and compared to theoretical expectations.

Furthermore, the temporal variabililty of the subtidal circulation was characterized based on Empirical Orthogonal
Functions (EOFs) applied to the concatenated moored data.

The transverse structure of along-channel residual flows varies between a vertically sheared 2-layer exchange flow at
neap tide and laterally sheared vertically homogeneous outflows or inflows at spring tide (Figure 1).

Comparisons with predictions from analytical solutions suggest a switch between baroclinicity being the dominant
forcing at neap to tidal forcing at spring. In support, the EOF analysis of the moored time series indicates distinct trends
for the main residual flow variability when the tidal velocity amplitude is weaker or larger than a threshold (0.6 m/s in
this case). To evaluate the forcing variability, both temporally (between neap and spring tides) and spatially (between
both transects), the ratio of the barotropic and baroclinic forcings was computed as the densimetric tidal Froude number.
The fortnightly variability of the horizontal salinity gradient between the two transects was derived from previous
measurements collected under similar low river discharge conditions. In general, the Froude number depicts a fortnightly
modulation between tidally and density-driven flows, which is concordant with observations of the lateral flow structures.
Yet, barotropic processes are strongest near the mouth than upstream, resulting in transition periods when the residual
circulation has a distinct driver at both transects. The temporal variability of the drivers relates to fluctuations of the
horizontal density gradient between neap and spring tide, induced by differences in the seawater intrusion length along
the channel. At spring tide, seawater salinity (about 35 PSU) is observed at more than 10 km upstream from the mouth.
As a result, the horizontal density gradient is negligible at the lower estuary and the tidal forcing dominates. At neap tide,
seawater hardly intrudes the estuary, resulting in a horizontal density gradient that dominates over tidal forcing.

Overall, this study challenges the typical view of residual flow drivers in estuaries, generally assumed to be baroclinic.
It reports that, at some settings, the dominance of barotropic and baroclinic forcing may alternate between neap and spring
tide, but also, and this is a new finding, along the system. At the Guadiana estuary, the switch in residual flow drivers is
mainly produced by the large difference in seawater intrusion (hence horizontal density gradient) along the lower estuary
at neap and spring tides. Ongoing work aims at exploring further the dynamics of drivers’ variability at the Guadiana, and
at generalizing the results to other estuaries.
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Figure 1. Residual along-channel flows (m/s, positive upstream) at Transect 1 (left panel) and Transect 2 (right panel). a,b: tidal
velocity amplitude at the mouth; c-h: subtidal flows at deep (M1W, M2W), intermediate (M1C, M2C) and shallow (M1E, M2E) water
depths; i, I: residual flows across the channel at spring (i, k) and neap (j, ) tides, with indication of the approximate location of the
ADCP moorings (red triangles).
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Abstract

Estuarine salt intrusion is a phenomenon that arises when saline water infiltrates the estuarine system, potentially
leading to a shortage of freshwater. This can have significant implications for drinking water extraction, industry,
agriculture and environmental stability. The amount of vertical mixing and freshwater river flushing are key predictors of
the amount of salt intrusion, which both decrease salt intrusion when enhanced (Geyer & MacCready, 2014). Estuarine
sand dunes are a type of bedform with heights in the order of meters and wavelengths of tens to hundreds of meters, and
are found in several river mouth estuaries (e.g. Berne et al., 1993 and Zorndt et al., 2011). Due to an increase in large-

(i) Maintaining mean depth (in orange) (ii) Maintaining navigable depth (in green)

scale turbulence (Bradley et al. 2013), tide-averaged circulation cells (Hulscher & Dohmen-Janssen, 2005) and resonant
internal waves (Pietrzak et al., 1990), these bedforms potentially increase the net vertical transport and, as such, decrease
salt intrusion. In this study, we aim to understand the influence of estuarine sand dunes on salt intrusion and investigate
determine the influence of dune geometry on salt transport dynamics on an estuarine scale.

Figure 1: Top: Model setup and geometry, with inflowing width-averaged river discharge griver =1.5 m?/s of salinity .- = 0ppt at
the riverine boundary x = Z. Free surface elevation 7sea(2) that consists of an M2 tide with amplitude 1 m at the seaward boundary .»
= 0. Inflowing water has salinity ssw.. = 35 ppt. Bottom: Dune geometry with indicated dune height Zzand dune length 7. Two types
of dune geometry configurations are shown relative to reference level z = —/4 Type (i) maintains mean depth and decreases
navigability with height #Zz/2 for increasing dune height Zz Type (ii) maintains navigability and increases mean water depth with
Ha/2for increasing dune height 4z These changing depths are indicated by the grey arrow.

Estuarine sand dunes can be schematised as 2DV bedforms, and the main transport mechanisms occur in the same
directions. Therefore, we develop an idealised morphostatic model with 2DV geometry that explicitly implements sand
dunes (Figure 1). This model is implemented and solved in Delft3D-FLOW. The geometry allows us to study the effect
of vertical flow behaviour without possible interaction with other estuarine-scale processes. Model settings are based on
the Rotterdam Waterway, the Netherlands, during summertime conditions, when salt intrusion is most detrimental. A
mean initial water depth is 2 = 15 m and estuary length L =50 km (over which the tidal flow decays) are used. The model
effectively captures most of the flow and transport dynamics representative of field measurements of the Rotterdam
Waterway (de Nijs et al, 2011). Its characteristics are similar to other modelling studies (Dijkstra et al., 2022).
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We focus on two dune types relative to the reference level z = —h, both visualised in Figure 1. We vary the dune
characteristics (such as dune height Hd, dune length Ad and asymmetry) while (i) maintaining the mean water depth, and

(if) maintaining the navigable depth. Consequently, we determine the salt intrusion length; the tide-averaged distance

from the seaward end where the maximum concentration over the water column equals 1 ppt. Furthermore, we
quantify all horizontal and vertical transport processes such that the dominant processes can be determined.

The dominant horizontal transport mechanisms and stratification remain relatively similar across all model runs. The
presence of estuarine sand dunes changes the salt intrusion length. (i) An increase in dune height and a decrease in dune
length reduces the salt intrusion length significantly (Figure 2a), which is correlated to an increase in vertical advective
transport (Figure 2c). In this model, the influence of dune asymmetry on salt intrusion is negligible (not shown) which
likely originates from the hydrostatic assumption. (ii) Small dunes that increase the mean depth increase the salt intrusion,
by a similar mechanism as channel deepening (Figure 2b). With increasing dune height Hd, salt intrusion is significantly
decreased, which follows the trend of type (i). A decrease in salt intrusion length is accompanied by an increase in mean
vertical advective transport, changes in dispersive transport are negligible.
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Figure 2: (a) Influence of dune aspect ratio on the salt intrusion length for dunes that maintain mean depth (type (i)). (b) Influence of
changing dune height, comparing type (i) with type (ii). The influence of an equivalent channel deepening of depth change #./2is also
shown. (c) Relation of mean amount of vertical advective transport in the region of significant salinity and the salt intrusion length
across all model runs with equal markers as in panels (a) and (b).

This research shows that estuarine sand dunes need to be taken into account when predicting the salt intrusion length
with numerical models. Changes in dune geometry significantly impacts the salt intrusion length, with dune height being
the most influential factor. Dredging practices — either by replacing sediment from the troughs into the crest, or by
removing sediment — leads to reduced vertical transport and increased salt intrusion as local topography is removed.
Furthermore, this research demonstrates the potential of new efficient dredging strategies, that retain these bedforms and
maintain navigability. Steep and high sand dunes can counteract the adverse effects of channel deepening. Overall, as a
naturally-existing bedform, estuarine sand dunes can likely be used as a nature-based solution to mitigate salt intrusion.

References

Berne, S., Castaing, P., Le Drezen, E., & Lericolais, G. (1993). Morphology, internal structure, and reversal of asymmetry
of large subtidal dunes in the entrance to Gironde Estuary (France). Journal of Sedimentary Research, 63 (5), 780-
793.

Bradley, R. W., Venditti, J. G., Kostaschuk, R. A., Church, M., Hendershot, M., & Allison, M. A. (2013). Flow and
sediment suspension events over low-angle dunes: Fraser estuary, Canada. Journal of geophysical research: Earth
surface, 118 (3), 1693-17009.

de Nijs, M.A.J., Winterwerp, J.C., & Pietrzak, J.D. (2010). The effects of the internal flow structure on SPM entrapment
in the Rotterdam waterway. Journal of Physical Oceanography, 40 (11), 2357-2380.

Dijkstra, Y.M., Schuttelaars, H.M., & Kranenburg, W.M. (2022). Salt transport regimes caused by tidal and subtidal
processes in narrow estuaries. Journal of Geophysical Research: Oceans, 127.

Geyer, W.R., & MacCready, P. (2014). The estuarine circulation. Annual review of fluid mechanics, 46,175-197.

Hulscher, S. J. M. H., & Dohmen-Janssen, C. M. (2005). Introduction to special section on marine sand wave and river
dune dynamics. Journal of Geophysical Research: Earth Surface, 110 (F4).

Pietrzak, J. D., Kranenburg, C., & Abraham, G. (1990). Resonant internal waves in fluid flow. Nature, 344 (6269), 844—
847. Zorndt, A.C., Wurpts, A., & Schlurmann, T. (2011). The influence of hydrodynamic boundary conditions on
characteristics, migration, and associated sand transport of sand dunes in a tidal environment: A long-term study of the
Elbe estuary. Ocean Dynamics, 61, 1629-1644.

74



Abstract for the 21% Physics of Estuaries and Coastal Seas Conference, 2024

Exploring the Coastal Protection Potential and Resilience of Mangrove Forests in Grand-
Pierre Bay, Haiti using Remote Sensing and Hydrodynamic Modeling

Georges A.E.S !, Stacey M.T. 2, and Ramsewak D. 3

Keywords: Estuarine and Coastal Dynamics, Estuaries under Climate Change, Mangroves, Remote Sensing, Storm
Surges, Haiti, the Caribbean

Abstract

Coastal areas and estuaries worldwide are increasingly facing vulnerability due to the impacts of climate change. This
is particularly true in the Caribbean, as the Small Island Developing States (SIDS) in the region are becoming increasingly
vulnerable to rising sea levels and increased hurricane activity (Murakami et al., 2020). These changes lead to more
frequent storm surges in the regions and potential worsening of their effects on coastal communities therein. As the cost-
prohibitive nature of built protective infrastructure, such as seawalls and floodwalls, keeps them out of reach of SIDS,
nature-based/landform solutions such as the mangrove forests native to the region may act as an alternative or adapted
pathway to coastal resilience. Mangrove trees, which are prevalent in the intertidal zones of the tropics, possess complex
and dense root systems, which, at a tree/local scale, have been shown to increase turbulence levels and reduce velocity
fields near the bed. (Maza et al., 2017) When scaled up to the forest, the aggregated drag created by the roots serves to
attenuate storm surges and dissipate surface waves. In a storm surge event, mangroves choke the flow going through the
forest, reducing water transport, velocities, and water levels within and behind the forest. (Montgomery et al., 2019) (Chen
et al., 2021). Additionally, mangroves exhibit sediment accretion properties as a byproduct of the velocity reduction.
When combined with sediment accretion, mangroves’ elevation building property due to the slow decomposing nature of
their roots may in some instances help them keep pace with future sea-level rise. These properties make mangrove forests
promising natural barriers against storm surges, and in certain cases, against sea-level rise, making them potential “climate
change attenuators” that can be strategically used for coastal defense. However, despite their undeniable importance as
both rich habitat and coastal defense structures, mangrove forests in the Caribbean are under stress by human activities
and may be increasingly vulnerable to rapid sea-level rise and extreme weather events (Lagomasino et al., 2021; Duke et
al., 2017; Saintilan et al., 2020). This means that the potential of mangroves as effective natural infrastructure hinges then
on their resilience against climate change and their conservation.

This research aims to investigate the potential of mangrove forests as critical parts of adaptation pathways for
Caribbean islands. To assess the future protection provided by mangroves as well as their vulnerability to climate change
in the region, we conduct the hydrodynamic modeling of the Grand-Pierre Bay mangrove forest in Haiti under different
storm surges, sea-level rise, and forest cover scenarios. The Baie de Grand-Pierre (Grand-Pierre Bay) mangrove forest
(Fig. 1) is the largest extent of mangrove forest in Haiti and is situated in the largest estuary system of the country. It is
situated south of Gonaives, the 3rd most populated city in Haiti, and serves as a buffer to parts of the Artibonite Valley
coastline. We model this system due not only to its size but also its strategic location close to some of the largest
population and economic zones of Haiti.

As a preliminary step, we conducted the land classification and detection of mangroves in Grand-Pierre Bay using
imagery from PlanetLab’s RapidEye satellite, deriving high-resolution maps of mangrove cover at the site. With its’ 5-
meter pixel resolution, this satellite lets us distinguish smaller-scale forest cover compared to other satellites such as
Landsat (30-meter resolution). Using the satellite’s 5 bands (Red, Green, Blue, Red Edge and Near-Infrared), indices such
as the Normalized Difference Vegetation Index (NDVI) and Normalized Difference Water Index (NDWI), and the
Histogram-based Gradient Boosting Classifier (HGB), a supervised learning method, we classify our satellite images into
the following categories: water, mangrove, mud flat, intertidal zones, crops, and urban cover. Classifying images between
2010 and 2020 vyields a library of mapped mangrove cover for our site, which can be used not only for looking at the
forest evolution within that period but also for parameterizing and modeling different mangrove cover scenarios. The
covers derived from our remote sensing workflow are parameterized as a bottom friction coefficient in the ADCIRC
hydrodynamic model based on vegetation health and density. Estimating bottom friction coefficients in a storm surge
model based on land cover is an effective way of simulating vegetation effects on storm surge flooding (Zhang et al.,
2012) and this method has been used to simulate storm surge interactions with other wetlands. Developed by Luettich
and Westerlink, 1991, ADCIRC (ADvanced CIRCulation model) is a numerical model extensively used for simulating
hydrodynamics in coastal regions and is primarily used for reproducing storm surges and tides. The model runs explore
different variables such as mangrove cover (using current and different historic covers as derived from remote sensing),
river outflows, and mean sea levels, based on IPCC projections for different global warming scenarios, and storm surge
scenarios.

L University of California, Berkeley, alexandre georges@berkeley.edu
2 University of California, Berkeley, mstacey@berkeley.edu
3 University of Trinidad and Tobago, deanesh.ramsewak@utt.edu.tt

75


mailto:alexandre_georges@berkeley.edu
mailto:mstacey@berkeley.edu
mailto:deanesh.ramsewak@utt.edu.tt

These simulations, running on 3-year timescales, quantify the spatial and temporal variability of salinity and
inundation in the mangrove forest under forcing from sea-level rise, to help determine which sections of the forest are
most vulnerable to diebacks due to environmental stressors. Additionally, shorter simulations of various surge events will
be used to evaluate the coastal protection provided in different scenarios. Together, these two simulations allow us to
evaluate: 1) how the Grand-Pierre mangrove forest contributes to shoreline protection and, 2) the resilience of the forest
itself under climate-change forcing.

Figure 1. The Grand-Pierre is locate ‘
Image ©2023, Planet Labs PBC.
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Salinity variance and mixing processes in the Rhine-Meuse Delta under drought conditions
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Abstract

Deltas are complex and dynamic coastal ecosystems that are particularly sensitive to environmental changes,
especially in the context of climate change. The vulnerability of deltaic environments to drought events is further
increased by a combination of climatic and anthropogenic factors. Changing precipitation patterns, coupled with rising
temperatures, contribute to prolonged periods of water scarcity and increased evapotranspiration rates, all the while water
demands increase (KNMI, 2023). This combination can lead to increased salt intrusion, which may impact both the
availability and quality of freshwater resources and the estuarine ecosystem. Yet, the impact of droughts on estuaries is
not well understood. Therefore, this study investigates one of the most notable droughts in recent years, the severe 2022
European drought. We explicitly examine its effects on salt intrusion in the Rhine-Meuse Delta (RMD).

The RMD is a highly branched and engineered delta with a multitude of islands, gates, weirs, and barriers. The Rhine
River’s only natural open connection to the North Sea is the Rotterdam Waterway. The Rotterdam Waterway is an
example of a dynamic strongly forced salt wedge estuary (De Nijs et al., 2010), which has been significantly altered by
humans for shipping and harbour activities. The outflow of the Rhine River through the Rotterdam Waterway forms the
strongly stratified Rhine River plume (De Boer et al., 2006; Rijnsburger, et al., 2021). Besides this natural connection,
the estuary is also connected to the sea through the Haringvliet gates, a row of seventeen gates that together form a storm
surge barrier. This storm surge barrier is opened during ebb tides, but can also be completely shut as a measure to decrease
salt intrusion during droughts.

Although previous studies have looked at the estuary and the plume separately, they together form a coupled system
that is not well understood. The geometric complexity of the system also obscures insight into the overall governing salt
transport processes. In this work, we therefore look at the overall coupled-coast delta system but also zoom in on its sub-
systems, to get the most complete picture of the system’s response as a whole.
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Figure 1: Overview of RMD model bathymetry and domain. The Main branches are indicated with abbreviations: New Waterway
(NW), New Meuse (NM), Old Meuse (OM), Hollandse 1Jssel (HY), Lek (LE), and Haringvliet (HV). The red line indicates the location
of the Haringvliet gates.

To be able to look at the entire system in detail, we use an unstructured 3D coupled coast-delta model implemented
in D-FLOW Flexible Mesh (see Figure 1). The model extends 40 kilometers offshore as well as 70 kilometers alongshore,
while also extending 100 kilometers inland. Its resolution varies throughout the domain, with the highest resolution in the
estuary and the lowest resolution in the far-field region of the plume. The ocean boundary conditions are obtained from a
nested simulation of the Dutch Continental Shelf Model (DCSM), which covers the entire North Sea. Boundary conditions
on the river side are obtained from measurements. Meteorological conditions, such as the boundary conditions for the
heat flux model, are obtained from the high-resolution HARMONIE weather model.
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We investigate the tidal plume fronts and their response throughout the drought and couple this to the changing
dynamics in the estuary. The dominant processes in different parts of the coupled coast-delta system are determined by
applying a salinity variance analysis following Li et al. (2018) to our model results, from which we obtain spatial patterns
of stratification, straining, and mixing. We highlight different dynamic zones in the estuary and look at how the dynamics
in these zones change throughout the drought. To determine the relative importance of lateral, along-channel, and vertical
contributions for the processes following from the salinity variance analysis, we additionally determine the terms in a
simplified along-channel momentum balance.

Throughout the drought, the frequency and intensity of the tidal plume fronts change. As the tidal plume fronts retreat,
we observe a changing salt wedge structure in different parts of the estuary. We find that different branches of the estuary
have contrasting responses to the drought, as the timing of maximum salt intrusion in the Old Meuse branch is markedly
different from the timing of maximum salt intrusion in the New Meuse. Through a dissemination of the along-channel
momentum balance, we find that in the Rotterdam Waterway and the New Meuse the subtidal baroclinic pressure gradient
and along-channel advection term together compete with the barotropic pressure gradient. In contrast, the along-channel
advection term competes against the baroclinic pressure gradient in the Old Meuse. Interestingly, the vertical advection
term is dominant in the Old Meuse branch. This dominance suggests that bathymetric features contribute to local mixing,
altering the strength of the salt wedge and influencing the timing of maximum salt intrusion in the branch.

Our findings emphasize the connection between the river plume dynamics and the estuarine response of the different
branches in the RMD, while also highlighting the dissimilarities in their respective responses.
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Figure 2: Plan view of the absolute value of the horizontal salinity gradient in the Rhine region of freshwater influence and part of the
Rhine-Meuse Delta in the beginning of the drought period.
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Abstract

The James River is the “classic” partially mixed estuary, being selected by Pritchard to provide the first description
of the balance between along-estuary mixing and estuarine exchange flow. Pritchard did not have many data points to
verify his depiction of the estuary as a region of relatively uniform along-estuary salinity gradient and along-estuary
mixing. Seventy-two years later, our measurements and models tell us that neither the salinity gradient nor the intensity
of mixing is uniform.

A high-resolution, finite-difference simulation of the James River estuary using the Regional Ocean Modeling System
(ROMS) was used to examine the spatial and temporal distribution of mixing in the James River during moderate river
discharge, when the estuary exhibits partially mixed conditions. Mixing was quantified based on the destruction of salinity
variance. Similar results are obtained by considering the distribution of turbulent buoyancy flux, but the destruction of
variance is a more precise measure of mixing, and it has been recently shown to be closely linked to the along-estuary
variation of exchange flow.

This study revealed that the strongest mixing in the James River occurs at the mouth of the estuary during the middle
to late ebb tide, in association with the lift-off front, where the low-salinity estuarine water rises and buoyantly spreads
over the saltier water of Chesapeake Bay. A similar lift-off front occurs behind a pronounced constriction within the
estuary, making a smaller but significant contribution to mixing. Two other important mixing zones were identified.
During the flood tide, significant mixing occurs in association with a tidal intrusion front that occurs at the same
constriction just mentioned. An extensive but not particularly intensive zone of mixing occurs in the upper estuary during
the mid-ebb, where stratified boundary-layer mixing is supported by the destruction of stratification that is created by
both local ebb-tide straining and lateral straining during preceeding flood tide.

The most intense mixing occurs as a result of baroclinic strain-the shear and strain that re- sult from localized regions
of intensified along-estuary (and sometimes cross-estuary) salinity gradient. The strain acting on the horizontal salinity
gradient increases the stratification. But in the hydraulically supercritical conditions that occur in the lift-off zones, the
square of the shear increases more rapidly than the stratification (as measured by the buoyancy frequency squared),
causing the gradient Richardson number (Ri) to go below its critical value of 0.25, initiating mixing. The “marginal
instability” regime ensues, in which Ri ~0.25 and an approximate balance is maintained between straining and mixing.
This baroclinically driven mixing regime explains three of the four important mixing zones in the James River, including
the two lift-off zones and the tidal intrusion front. The intensity of these localized mixing zones are explained by the
nonlinear dependence of mixing on the horizontal salinity gradient, which is highly heterogeneous, in stark contrast to
the assumptions in Prichard’s classic formulation for partially-mixed estuaries.
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Reconstructing water levels during flooding in the Seine estuary using machine learning
methods
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Abstract

With the global context of climate change, most of researchers claim that the water level variability and the increase
of extreme events are considered significant hazards for several low-lying coastal and estuarine communities (Nicholls et
al. 2011). Hence, many efforts have been devoted to better understand the natural processes driving the multi-scale
variability of the hydrodynamics with the aim for producing a more accurate estimation of their fluctuations and ensuring
reliable coastal risk assessments. This challenge serves as the basis for implementing an appropriate adaptation strategy
for estimating extreme water levels and mapping compound floods, which is crucial to reduce the disastrous risks of the
flooding in the different context of coasts, estuaries and rivers.

In estuarine contexts, controlled by the combined effects of different continental and marine drivers, the compound
flooding events are frequently produced and cause severe con- sequences. For such systems, the main approach used
considers the predominance of high- energy storms, extreme discharge and wave-induced events responsible for flooding.
The effects of hydrological forces on superficial flooding is neglected.

This research aims at investigating the dynamics of extreme water levels, induced by cascading flooding risks in a
river-tide environment, with the objective to reconstruct extreme water levels at different timescales between 1990 and
2019. The studied case, the estuary of Seine, is considered an excellent natural laboratory to analyze river-surge
interaction because of its time-varying flow and the available water-level records provided by tide gauges along the
estuary.

This context is controlled by different drivers that are produced cascading since they are induced by the same climate
forcing. For example, the combined effects of low atmospheric pressure and strong winds associated with synoptic-scale
storms can induce storm surges along the coast (Turki et al., 2023).

The physical drivers, including the effects of tides (non-stationary tidal signal), hydrological (discharge),
meteorological (precipitation, wind, temperature, evapotranspiration), marine (swell, tide), and hydrogeological
(groundwater levels) forcings, have been extracted from ERA-5 models and in situ observations. They have been used as
stochastic variables within an integrated comprehensive range of environmental datasets through the development of an
innovative Al-based approach. The different events have been modelled by the application of advanced supervised
machine learning techniques were implemented, featuring gradient boosting and XGBoost, at five key tide gauge stations.

The results obtained highlight good accuracy in predicting water levels, with a margin of error of 20-30 ¢cm during
training phases and 30-40 cm during flooding periods. This ac- curacy is more pronounced down the estuary. Tides
considered as the predominant factor and accounting for more than 90% of the estuary’s hydrodynamic dynamics,
contribute to a range of between 2—7% of the reconstructed signal. Other parameters, such as meteorological and
hydrogeological conditions, although in the minority, play an essential supporting role in the flood dynamics.

This research offers a new perspective on the underlying mechanisms of flooding in the Seine estuary, by integrating
a variety of parameters that were previously neglected or difficult to incorporate into models. This finding demonstrates
the crucial role of non-stationary tides for monitoring estuarine flooding. It highlights as well the accuracy of machine
learning techniques for assessing the hydrodynamics of tide-river environments.
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Abstract

The S3ao Sebastiao Channel hydrodynamics (SSC) is dominated by the local wind stress. During winter, the
thermohaline vertical structure is quasi homogeneous and during summer, the South Atlantic Central Water (SACW)
enters the SSC, creating a stratified vertical profile. The process and mechanism of the SACW intrusion in the channel
are relatively well known. During persistent upwelling favorable wind events, especially in the summer and spring, the
SACW intrusion can be observed at the bottom of the channel Coelho (1997). According to Castro (1998) and Dottori et
al. (2015), the intrusion of the SACW at the bot- tom occurs by the south entrance of SSC. This study aims to explore the
favorable periods of the intrusion, in response to the remote wind stress and the tracking mechanism of SACW intrusion.
To achieve this, we used historical in-situ temperature time series (recorded every 0.5 hour from 2009 to 2019) at the
surface (at 3.5 m) and near the bottom channel (Figure 1), and winds from ERADS reanalysis (25 km of resolution) of the
northern part of SBB (Cabo Frio and surrounding areas) in order to estimate the wind impulse, combined with a serie of
simulations based on the ROMS model in order to consolidate the statistical analyzes. High vertical temperature gradients
in the channel are associated with the arrival of SACW (temperature colder than 18 °C) in summer (December-February).
Strong values of temperature gradient are associated with weak values of local (SSC) wind magnitude, while they are
strongly associated with remote (Cabo Frio) wind magnitude (Figure 2). This reveals that remote wind plays an important
role in temperature change in the SSC. We observed various negative trends of the remote along-shore winds impulse,
that testifies the favorable upwelling winds event in the northern part of the SBB. During the summer, high lag-correlation
coefficients (0.93 and 0.75) between the remote along-shore wind impulse and the channel near bottom temperature was
found, respectively for lag -7 and -14 days (Figure 3). Low correlation coefficients (0.07 and -0.12) were found for
positive lag, respectively for 7 and 14 days. The high correlation indicates clearly that the SSC near bottom temperature
changes in summer are related to the northern upwelling winds system that occurred one or two weeks in advance.

The ROMS model was adapted to the SBB on a 3km resolution grid, in order to simulate the temperature changes in
the SSC during the months of July and December that represent winter and summer respectively, for each year from 2010
to 2020. Initial and boundary conditions were set using climatology characteristic of winter and summer for all the
simulations and a daily wind stress (from ERA5 wind products) was provided as atmospheric forcing at the sea surface
boundaries. The model response showed no SACW upwelling in Cabo Frio and a bottom thermal structure almost
homogeneous along the coastal region, associated with temperature values between 20 and 21 C in July (Figure 4). In
December the simulation showed cold water about 15 C in Cabo Frio and the whole continental shelf. The simulation
indicates that along-shore wind stress favors the Cabo Frio SACW upwelling and controls upwelled water flowing
southwestward (Figure 5). Additionally, cold water can be observed reaching the SSC bottom. During the summer period,
SACW flows southward from Cabo Frio and intrudes toward the bottom channel, due to along-shore wind intensification.
During winter, this flow of SACW weakens, going northward, keeping the SSC temperature structure almost
homogeneous at the surface and bottom.
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Abstract

Bays and estuaries are transitional environments between the open sea and the coast, enabling large exchanges of
sedimentary material. In the English Channel, these environments experience infilling of their intertidal zones with marine
sands combined with erosion of their tidal delta fronts (Verger, 2005; Tessier et al., 2012; Latapy, 2020; Grenard-Grand
et al., 2021). Polderization (Bastide, 2011) and climate change-induced evolution of forcings (like tidal range, sea level,
and storm intensity) may increase these processes (Van Vliet-Lanoé et al., 2014) leading to significant changes in land
use (fisheries, navigation...).

The Somme Bay is an example of an infilling environment (Verger, 2005; Michel et al., 2017) relatively unaffected
by human activity, mainly confined to the inner bay (Bastide, 2011). This bay is a very dynamic environment under the
combined action of strong tidal current (macrotidal regime) and swell climates. Sediments in the bay correspond to fine
marine sands coming from the subtidal sedimentary supply and sandy-muddy mixtures in restricted sheltered areas
(Dupont, 1981; Anthony, 2000; Anthony & Héquette, 2007; Ferret et al., 2010; Michel et al., 2017). While the bay is
generally infilling, temporary erosion occurs in some sectors (Michel, 2016).

This study aims to enhance understanding of the spatio-temporal variability of the bay’s morphodynamics in response
to hydrodynamic forcings on a seasonal to pluriannual scale. Airborne LiDAR topographic data provide spatial
information on intertidal topography at biennial to 2-year time-intervals for the last decade (11 datasets between 2011
and 2020). In addition, hydro-marine-meteorological data (tides, winds, waves, storms, etc.) extracted from a
DELFT3DFM model (Solano et al., 2024) are used to characterize the hydrodynamic regime across inter-survey periods.
Spatial and temporal variability of the morphodynamic evolution is analyzed. The recent infilling of the bay is quantified:
volumetric sediment budgets are computed for the entire bay (within the derived Digital Terrain Models limits from the
LiDAR data in the intertidal zone) at each inter-survey period from seasonal to pluriannual scale. For the whole surveyed
period (from 2011 to 2020), the mean elevation of the bay has increased of more than 20 cm. Most inter-survey periods
between 2011 and 2020 (8 out of 10) show general accretion, with budgets varying between 0.7 cm.year™ and 12 cm.year
L at the bay scale.

At more local scales, variation trends are observed, particularly in the external intertidal part of the bay: volumetric
variation is higher in the lowest/external intertidal parts compared to the highest/internal already mostly infilled parts. In
the external part (Fig. 1), with sediment budgets computed for a resolution of 100 m x 100 m, some sectors display a
systematic accretion or erosion pattern, while others show variable evolution trends.

Morphological evolutions are confronted with hydrodynamic, marine and meteorological forcings (including storms)
for each specific period through correlation analysis, in order to identify the forcing key-parameters that govern the
morphodynamic evolution of the bay at a pluriannual scale. Finally, this paper focuses on morphological evolutions at
'intermediate time scales’ that are relatively unexplored in the literature, which is much more abundant on 'short-
term/process' scales (i.e. tidal range, swell) or 'long-term' scales (i.e. century to geological scale).
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A simple method for estimating potential turbidity maximum in NW European tidal estuaries
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Keywords: estuary, sediment dynamics, suspended particulate matter, in-situ observation, numerical modeling.
Abstract

Large amounts of suspended particulate matter (SPM) are observed in tidal estuaries, increasing water turbidity and
impacting estuarine ecosystems. However, the SPM concentrations strongly vary between estuaries, ranging from a few
mg/l to tens of g/l at the surface, implying specific management strategies. Mechanisms driving estuarine turbidity
maxima (ETM) formation are now relatively well understood (Allen et al., 1980; Burchard et al., 2018) and ETM
responses to environmental conditions are well characterized (Sommerfield & Wong, 2011). However, a realistic
description of estuarine sediment dynamics currently requires extensive in-situ observations (Jalon-Rojas et al., 2016)
and validated numerical modeling (Van Maren & Cronin, 2016). Such time-consuming and costly approaches limit their
use for estuary stakeholders.

The overarching goal of this study is to predict the maximum SPM concentration expected within an estuary based on
a limited number of environmental parameters. For practical use, these parameters have to be easily accessible to estuary
stakeholders (i.e., tidal range, river discharge, estuary morphology). To reach this objective, this work relies on the
analysis of in-situ measurements and validated numerical simulations in seven meso- to macro-tidal NW European
estuaries (Elbe, Weser, Scheldt, Seine, Loire, Gironde, and Ems; Fig. 1). These estuaries present contrasted forcing, in
terms of tidal range, river discharge, and estuary morphology (Fig. 1). It results in maximum SPM concentrations at the
surface ranging from 0.4 to 6 g/l. This one-year-long high-frequency (every 30 minutes) dataset provides the opportunity
to investigate estuarine physics for a wide range of configurations and to go beyond site-specific analyses.

The definition of appropriate estuary boundaries is essential to properly compare the different systems. Using the limit
of tidal influence up-estuary and the maximum of the horizontal salinity gradient seaward provides a relevant frame for
characterizing estuarine physical functioning. Computed within this range, the fresh-water Froude number (Fr) and the
mixing number (M), characterizing river and tidal energies, respectively (Geyer & MacCready, 2014), are more consistent
for inter-estuary comparisons. Measurements and simulations corroborate that maximum SPM concentrations occur at
specific locations of the Fr-M diagram. In addition, using easily accessible estuary parameters (i.e., tidal range and river
discharge at the mouth, estuary depth and width), a simplified Frs-Ms diagram proves to be relevant as well for
characterizing measured SPM concentrations at the surface (Fig. 2).

The obtained Frs-Ms-SPMmax parameter space still needs to be completed with worldwide observations, especially
within areas where SPM concentration is likely to decrease due to strong mixing conditions (i.e., large Ms). Nonetheless,
it already provides an interesting tool for predicting the expected turbidity maximum within estuaries and the potential
trajectories resulting from human-induced and natural changes (e.g., estuary deepening and narrowing, low river
discharge decreasing).
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Figure 1. (Left) NW European estuaries investigated in this study. (Right) Synthesis of the yearly-averaged conditions observed in the
seven estuaries. The relative length is the ratio of the estuary length (Le) over the tidal length (Lt). The measured SPM concentration is

expressed as the yearly 95" percentile.
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Figure 2. (Left) Mean conditions observed for the seven estuaries within the frame of the simplified Frs-Ms diagram (Elbe ‘El’, Weser
‘W, Scheldt ‘Sc’, Seine ‘Se’, Loire ‘L’, Gironde ‘G’, and Ems ‘Em’). (Right) Tide-averaged SPM concentration at the surface (SPM:s)
measured at the highest-turbidity station for each estuary, interpolated in the frame of the simplified Frs-Msdiagram. Black contours
represent SPMs concentration levels.
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Taming turbulence closure in tidally driven simulations of coastal oceans and estuaries

Harcourt R.R. 1, Mickett J.B., and Prakash K.R. 2

Keywords: Turbulence parameterization, numerical stability, open channel, tidal forcing, coastal ocean, estuaries.
Abstract

Simulations of the coastal shelf ocean of Washington (WA) State from LiveOcean, and operational model (MacCready
et al., 2021), based upon the Regional Ocean Modeling System (ROMS), were compared with observations of
thermohaline stratification layers responsible for a widespread prevalence of mid-frequency (1-10 KHz) subsurface
acoustic ducts observed over the outer shelf and the continental slope in July-August 2022. These layered variations of
sound speed were observed throughout the WA coastal ocean between 100 m mid-shelf depths and the continental shelf
break near 200 m and sampled intensively with the Shallow Water Integrated Mapping System (SWIMS; Klymak and
Gregg, 2001) towed body platform. Cycling between surface and bottom boundaries, SWIMS recorded high-resolution
rapid transects of temperature, salinity and dissolved oxygen, during a wide-ranging coastal shelf and slope survey, and
continuously along a cross-shelf transmission line during two weeks of acoustic propagation measurements over the outer
shelf, set within an instrumented mooring array and extensive archived regional ocean observatory data.
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Figure 1. SWIMS sound speed section along acoustic line survey track (between magenta circles), through ocean moorings OM-W,
OM-C and OM-E (blue stars), with the track for this section starting further inshore (green). The subsurface acoustic ducts are
characterized by the mid-depth layers of local sound speed minima, creating waveguides for propagation of acoustic energy.

A great benefit of interdisciplinary collaborations is that requirements of the counterparties can set a higher bar of
performance for each discipline to adopt as a goal. In this case, a nearly complete absence of the observed layered
thermohaline structure of the subsurface acoustic ducts throughout the LiveOcean operational model was traced first to
ocean lateral forcing at open boundaries using the formatted netCDF output distribution from the Hybrid Coordinate
Ocean Model (HYCOM; Chassignet et al., , 2007), a product in widespread use wherein vertical resolution of such
features can be negatively impacted by interpolation to standard geopotential (z-gridded) levels from the model’s native
hybrid coordinate system. Replacing this ocean forcing at the lateral open boundaries, and reinitializing as well, with
higher vertical resolution GLORYS12 global operational and reanalysis products, based on the NEMO ocean model and
distributed by Copernicus Marine (Lellouche et al., 2021), successfully populated the slope and offshore portions of
LiveOcean with resolved acoustic ducts. However, poor model skill in prediction of layered structures over the outer shelf
persisted in LiveOcean, accompanied by significantly low model values of both stratification and shear in the lower half
of the water column over the outer shelf. These shortcomings in predicting outer shelf dynamics and tracer profiles were
traced to excessive vertical mixing due to a high default setting for minimum turbulent kinetic energy (TKE) in the
selected k- second moment turbulence closure parameterization. This k-¢ parameterization for vertical eddy viscosity
and diffusivity employs prognostic equations for TKE (‘k’) and dissipation (¢ and an algebraic solution to Reynolds
covariance equations linearized in second moments by ‘Weak-equilibrium’ closure assumptions, attributable in part to
Canuto et al. (2001) and couched in the Generic Length Scale (GLS) framework of Umlauf and Burchard (2003). It is
one of three options commonly available in the open distributions of ROMS, where the two other choices are the ‘Quasi-
equilibrium’ version (Kantha and Clayson, 1994) of the Mellor-Yamada second moment closure, and the non-local first
moment closure of K-Profile Parametrization (KPP; Large et al.., 1994).

Lharcourt@uw.edu
2 Applied Physics Laboratory, University of Washington
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In some sense, both Mellor-Yamada and KPP give shorter shrift to the greater mathematical articulation of physically
complex turbulence dynamics that is pursued within the formulation of the local, Weak-equilibrium k-¢ closure. A default
minimum TKE value setting of k >7.6 x 10-°m?/s2 in ROMS traces through the General Ocean Turbulence Model (GOTM;
Burchard et al., 1999) to model-data comparisons between measurements of tidally-driven ¢ in the Irish Sea and a column
model implementation of the k-¢ closure to parameterize vertical mixing (Burchard et al., 1998) where the addition of
this floor on TKE levels is used to match observed mid-depth dissipation levels and attributed to unresolved internal wave
forcing.

In three-dimensional regional ocean models that span from estuaries and inland seas out to deep ocean lateral
boundaries through the coastal ocean, the pernicious effects of excessive vertical mixing in the weaker deep stratification
stemming from this high default for minimum TKE is not unknown, at least within the ‘grey literature’ of periodic re-
discovery within the ROMS modelling community (Scully, 2011; Pringle, 2017; Cherian, 2020). However, the
straightforward prescription to drastically reduce the floor on TKE to a level below O(10° m?s?) was found to
immediately render LiveOcean numerically unstable when the tidal forcing critically relevant to simulating the inland
Salish Sea and Puget Sound was retained, even at greatly reduced and operationally impractical timesteps. While neither
KPP nor Mellor-Yamada parameterization options suffer from either the excessive deep mixing in weak stratification or
such problematic instability of tidally driven open channel flows, a modification of constraints in the k-¢ turbulence
parameterization was sought, based upon possibly blind faith in the prospective benefits to modelling stratified turbulence
with the more modern, higher order closure. A simple and effective solution was obtained by replacing the minimum
TKE constraint with a minimum dissipation level directly constraining mid-depth predictions of ¢ that originally
motivated the TKE minimum. This constraint on ¢ is always physically justified in coastal and estuarine circulation
models, irrespective of the level of internal wave forcing potentially unresolved in a high-resolution regional model.

The new approach to directly constraining the dynamic & equation predictions in the Weak-equilibrium k-¢ closure is
examined in both 3D and column model implementations, along with the implications for other choices of turbulence
length scale or frequency for the second prognostic equation within the unifying GLS formalism. The question set aside
by this new constraint, of how to represent the impact of unresolved internal waves on turbulent mixing is restated as an
unresolved source of shear and strain impacting both the linearized algebraic closure and the dynamic equations for TKE
and dissipation. Reframing the problem in these terms charts a self-consistent approach to including important internal
wave forcing, at least some of which remains unresolved in regional ocean models, either because it is absent from larger
scale model forcing at the boundaries, or because the grid puts the waves or their generation beyond possible resolution.
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Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Storms & tides: studying their effect on salt intrusion in rivers using a 2D model

Harper R. !, Dijkstra Y. !, and Schuttelaars H. *
Abstract

Storms can intensify saltwater intrusion in rivers, threatening freshwater ecosystems and water supplies. This study
aims to investigate the sensitivity of salt intrusion in estuaries with various geometric and forcing conditions to storm
surges, high winds and river discharge changes. To this end, we construct and use a 2DV model applied to idealised
estuaries. In the expected results it is hoped that key conditions that increase salt levels in rivers will be identified,
providing general insights for improving understanding of potential extreme salt intrusion events.
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HF Radar observations of flow curvature-enhanced upwelling at the entrance to the South
Australian Gulfs

Hetzel Y. 1, Pattiaratchi C. 2, and Cosoli S. 3

Keywords: Upwelling, topographic influences, HF Radar, surface currents
Abstract

Eastern boundaries of ocean basins are generally characterised by upwelling that influences coastal bays, gulfs, and
estuaries. Australia’s western and southern coasts do not experience the same intense and persistent upwelling as the
Benguela, Canary, Humbolt, or California current systems due to anomalous boundary flow. However, seasonal and
episodic upwelling events are important contributors to the ecological health of coastal ocean and embayments (Largier,
2020). Low rainfall and river input means that nutrient inputs to coastal regions along Australia’s southern and western
coasts are generally low and upwelling at the entrances to these bays likely plays an important role. The dominant
mechanism along major upwelling coasts is alongshore winds driving offshore Ekman transport that results in upwelling
of colder water along the coast regardless of coastal topography. However, where conditions are less favourable for wind-
driven upwelling, the influence of along-shelf topographic variations on currents and winds becomes significant (Alaee
et al., 2007; Largier, 2020). Where currents encounter rapid changes in the coastline such as occurs near a headland or
island, flow divergence and centrifugal forces drive secondary flows that can induce or enhance upwelling (Alaee et al.,
2007; Geyer, 1993).

During January 2024, stronger than normal winds induced upwelling and anomalous cooling along South Australia
and northwest of Australia (Figure 1a) due to the El Nifio event. In South Australia (Figure 1b), flow curvature and
upwelling were observed at distinct locations across the entrance to the Gulfs (Figure 2).

Understanding the mechanisms driving upwelling requires oceanographic observations both high temporal and spatial
resolution. The Australian Integrated Marine Observation System (IMOS) Ocean Radar facility has been collecting hourly
maps of surface currents around Australia since 2007, with more than 10 years of hourly surface current data available at
the entrance to South Australia Gulfs. This study used these HF Radar and satellite data to investigate flow curvature as
a mechanism to induce or enhance upwelling in the study region.

The South Australian Gulfs are known as the testbed used by Lennon et al. (1987) to characterise inverse estuaries
due to the high evaporation rates and strong density gradients with unique ‘dodge’ tides within the gulfs that strongly
modulate the strength of tidal currents and mixing on a fortnightly basis. The Gulfs represent an important commercial
fishery for prawns, fish, and aquaculture including Bluefin tuna raised in the entrance to Spencer Gulf. The HF Radar
domain covers the entrance to Spencer Gulf and Gulf St. Vincent between Cape Wiles and Kangaroo Island over depths
of 80 m out past the edge of the continental shelf, which narrows to 40 kilometres to the west of Kangaroo Island. The
HF Radar is the German WellEn RAdar (WERA) system operating with linear antennae arrays at Cape Wiles and Cape
Spencer (Figure 2a).

Around 19 January 2024 strong southeasterly winds drove along-shelf currents toward the northwest that were curved
toward the right as they encountered western end of Kangaroo Island and to a lesser extent as they passed Cape Wiles
further north (Figure 2a). Each of these regions where flow was observed to curve toward the land was associated with
enhanced local cooling (Figure 2a) and chlorophyll production (Figure 2b). When currents reversed a week later (not
shown), flow curvature in the opposite direction occurred along Kangaroo Island and near Cape Wiles and Cape Spencer,
but at a smaller scale with weaker and more localised influences on SST and chlorophyll. This talk will explore these and
other events in more detail to assess interactions of winds and currents with topographic features in order to better
understand the dynamics of periodic upwelling along Australian coasts.
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Figure 1 — (a) Sea Surface Temperature (SST) anomaly for January 2024 showing enhanced upwelling and colder water in South and
Western Australia due to strong winds; (b) South Australian Gulf study region showing HF Radar domain and monthly mean surface
currents for January 2024 at the entrance to the gulfs.
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Figure 2 — (a) HF Radar 2-hour mean of surface currents showing flow curvature around Kangaroo Island overlaid on satellite sea
surface temperature (SST); and, (b) Sentinel-3 image of surface chlorophyll concentrations at the entrance to the South Australian
Gulfs for nearest cloud-free image, 22 January 2024, showing upwelled areas with high chlorophyll concentrations off of Kangaroo
Island, Cape Spencer, and Cape Wiles.
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Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024

Physical drivers of near shore hypoxia in the western Baltic Sea and consequences for fish
stock

Holtermann P. *, Nauman M. 2, Bukowski C. 3, Haase S. *, Thiele O. %, Mohrholz V. ¢, and
Krumme U.’

Keywords: turbulent mixing, physical transport, coastal seas, anoxia, hypoxia, fish stock.
Abstract

Coastal hypoxia is a global and growing threat to the health of coastal marine systems (Breitburg et al. 2018). Since
the middle of the last century the deep water of the the Baltic Sea is almost permanently anoxic (Carstensen et al. 2014).
The causes and consequences of the anoxia have been studied since then by a manifold of scientists (for example Wulff
et al. 1990; Conley et al. 2002; Neumann et al. 2017; Holtermann et al. 2020 and references therein).

In contrast to the anoxia in the deep water of the Baltic Sea, near coastal hypoxia, which is defined here as hypoxic
water in depths shallower than 20 m, has not been extensively observed in the Baltic Sea but for roughly a decade several
signs point to the direction of an increase of coastal hypoxia (Conley et al. 2011; Lennartz et al. 2014; Piehl et al. 2022).
To increase our understanding of the relevance, spatial-, timescales and strength of coastal hypoxia we have setup up a
coastal long term observatory in the western Baltic Sea near the town Boltenhagen, an area used as well by commercial
and recreational fishers. The observatory measured water velocities, temperature and bottom oxygen concentration along
a slope between 5 and 25 m water depth using moored temperature and oxygen sensors in combination with an acoustic
current meter. The moorings are accompanied by regularly sampling cruises along the same slope using standard CTD
measurements as well as measurements with a velocity shear microstructure probe. Measurements started in Jul. 2021
and are continuing (Naumann et al. in prep.). The most surprising results of the measurements are short term hypoxic
events even in the shallowest parts of the sampling area. See Fig. 1A for an overview of a one year record in 10 m depth
and Fig. 1B for a detailed zoom of a hypoxic event during Aug. 2022. These events can be shorter than half a day, having
oxygen concentrations low enough to be lethal for higher organisms. Such short term events are hard to resolve with a
regular monitoring program and require a different monitoring regime, for example a continuous sampling with moored
sensors. An investigation of the relevant processes show that the hypoxic events are generated by a combination of coastal
upwelling of deep hypoxic water, local turbulent mixing, oxygen consumption processes and lateral transport. Our
analysis shows that a major factor for the coastal hypoxia is the oxygen concentration of the deep water in the western
Baltic Sea, that is itself highly variable over the course of a year. The contribution of the different processes to coastal
hypoxia is discussed.

We found that one of the drivers of the hypoxic events is the increased stratification by the thermocline during the
summer months. The thermocline reduces the vertical transport of oxygen and fosters the risk for hypoxia. In addition it
reduces the size of usable habitat for fish. For example cod avoid temperatures above 15°C (Freitas et al. 2016) and
requires oxygen concentrations well above 30% saturation (Claireaux and Dutil 1992). During the summer months, with
the warm upper water above the thermocline, large areas of the western Baltic are unhabitable by cod. We show that
additionally to the warm surface waters, within the observation location, which has been a fishing ground for cod, almost
50% of the time of the year, the watercolumn has extremely unfavourable abiotic conditions for cod. This is by a
combination of the warm surface water with the local hypoxia, which is both lethal to fish and caused by the physical
processes discussed above. The fish become heckled by heat and anoxia, see also Fig. 2 for a schematic representation of
the processes. The lack of continuous habitat use may be a major stressor to cod (Receveur et al. 2022) and other fish
species. Moreover, local up- and downwelling events could lead to increased natural mortality in cod, thus possibly
providing a link to the missing recovery of the western Baltic cod stock despite historically low fishing pressure. While
the presented measurement are a local study, they are nevertheless shedding light on the potentially strong negative effects
of hypoxia and a warming climate on shallow non-tidal estuarine ecosystems. They do serve as well as the basis for a
subsequent study that will extrapolate these processes to the western Baltic Sea using high resolution numerical modeling.
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Temperature and oxygen saturation in 10 m depth
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Figure 1: Temperature and oxygen saturation at the Boltenhagen observatory, western Baltic Sea, in 10 m water depth (0.5 m above the
seafloor). Temperature in red, oxygen in green. Black lines in A depict a zoom of panel B.
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Figure 2: Sketch of the habitat compression of a cod population due to a thermocline in the upper watercolumn and hypoxia near the
seafloor. These effects can be generated or amplified by local water mass transport mechanisms as, for example, upwelling.
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Diagnosing the drivers of cross-shore freshwater flux through the surf zone

Horner-Devine A. 1, Giddings S. 2, Lou Y. 3, Simpson A. 4, Derakhti M. °, Flores R. &, Williams
M. 7, Kastner S. 8 Thomson J. °, Spydell M. 19 Byrne S. 11, and Rodriguez A. *?

Keywords: physics, river plume, surf zone, waves

Abstract

Freshwater carried to the coastal ocean by rivers typically carries sediment, nutrients and pollutants that can impact
the coastal ecosystem. In small systems, discharge often occurs on short timescales associated with storm events that
carry high concentrations of terrestrial material from the watershed. At the coast, wave action has been observed to trap
freshwater discharge in the surf zone, increasing the residence time of water-borne pollutants and other material nearshore.
While transport and mixing processes in large-scale river systems, which are unaffected by surf zone processes, have
been studied for decades (Horner-Devine et al., 2015), the processes that mix, retain and transport freshwater from small
rivers discharging into the surf zone is not well understood. This research seeks to understand the following questions: 1)
under what conditions is river water trapped in the surf zone instead of being discharged directly to the inner shelf? 2)
can these conditions be generalized and applied across a range of sites? 3) what are the primary processes responsible for
the cross-shelf exchange of freshwater that is initially trapped in the surf zone? The present research addresses these
questions using data from field campaigns in three different coastal river systems and compared with idealized numerical
modelling results.

Prior idealized numerical modelling showed that trapping of freshwater in the surf zone depends on offshore wave
height (Hs) and river discharge (Q); trapping occurs preferentially for higher values of wave height and lower values of
discharge (Rodriguez et al., 2018). This work concluded that the trapping was a result of the competition between the
radiation stress gradient and river momentum. In a separate modelling and observational study, Wong et al. (2013) showed
that the wave angle was also important to the fate of coastal discharge; as waves deviate from shore-normal, alongshore
currents in the surf zone deflect the discharge jet, causing it to be trapped in the surf zone. They develop a dimensionless
ratio that compares the cross-shore length scale imposed by the alongshore current (La) with the surf zone width (Ls).
They show that their field observations from San Pedro Creek CA are consistent with the trapping limit suggested by this
ratio. Using drifter-based field observations in the Quinault River WA, Kastner et al. (2019) found that an alternative
ratio, (Ln/Ls;) provided a reasonable prediction for trapping of the plume. Here, Ly is the nearfield length scale, which
characterizes the momentum of the river discharge. They also observed escapes during low discharge periods, when wave
breaking was interrupted offshore of the river mouth due to a channel. This latter case occurred when the channel length
L. exceeded Ls;. More recently, Lou et al (in prep), using a numerical model of an idealized plume, found that the
alongshore plume extent and the volume of freshwater trapped in the surf zone scaled with Lyi/Ls,.

In the present work, we compile 112 field observations of plume fate from three river systems to address the three
questions listed above. For each of the field observations we have obtained corresponding independent parameters that
influence the fate of freshwater in the surf zone: Hs, Q, wave direction, tidal elevation and phase, and discharge velocity.
The compiled data set also includes an assessment of whether or not the plume was trapped in the surf zone. This
assessment was based on: 34 drifter tracks from the Quinault River WA (Kastner et al., 2019), 72 high resolution satellite
images from the Maipo River, Chile (Flores et al., 2022; Moreno, 2023) and six dye releases from Los Pefiasquitos
Lagoon, CA. The dye releases at the mouth of Los Pefiasquitos Lagoon (LPL) took place in January - February 2023 as
part of the Plumes in Nearshore Conditions (PiNC) project led by S. Giddings and A. Horner-Devine. This experiment
included moorings, drifters, hyperspectral and RGB drone imaging and jetski transects. For the current work we focus on
the six dye releases that occurred on 1/20/2023, 2/1/2023 and 2/2/2023. Two dye releases were conducted per day, early
and late in the ebb tide. Please see descriptions of the Quinault data in Kastner et al., (2019) and Maipo River data in
Flores et al., (2022) and Moreno, (2023).
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Figure 1 shows a preliminary result, in which all 112 observations from the three study systems are plotted on the
Lni/Ls; and L¢/Ls; regime plot proposed by Kastner et al., (2019). As predicted, escapes (traps) tend to occur for higher
(lower) values of Ln/Ls;. However, there are many exceptions, and the predictive skill of this approach is relatively low.
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Figure 1: Regime plot of plume fate based on observations from the Quinault River WA, Los Pefiasquitos Lagoon, CA and the
Maipo River, Chile.

While the Lni/Ls; scaling successfully explains the variability with Q and Hs in an idealized model (Lou et al., (in
prep), it is clear in Figure 1 that there is much more variability in natural systems. This work will evaluate whether this
variability can be characterized to improve our ability to predict the fate of freshwater in the surf zone. In addition, we
will evaluate the conditions that activate secondary transport pathways such as rip currents, which are observed often in
the LPL and Maipo River observations.
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The role of storm winds and river discharge in modulating overtides in a well-mixed reach of
an estuary

Huguenard K. ? and Lakmali E. 2

Keywords: tide, surge, river interaction, tidal distortion, subtidal flows
Abstract

Storm surge and river discharge cause tidal distortion by modulating superharmonics in long, shallow estuaries. Sixth-
and eighth- diurnal overtides can be exacerbated during storm events, and their amplitudes can exceed water levels driven
by storm surge alone. The exact mechanism responsible for the tidal distortion, such as currents induced by wind, storm
surge, or river discharge, isn’t well understood. This work aims to discern how storm events enhance overtides in the
Penobscot River, which is an estuary that features moderate tidal distortion and tide-surge-river interactions. Field
observations were collected from August to November 2023, where two moored Acoustic Doppler Current Profilers
(ADCPs) collected profiles current velocities at two locations- one near a partially removed dam and one farther
downstream. These observations were complemented by eight pressure sensors measuring water levels along the river in
order to understand spatial patterns of storm influenced currents and water levels. A rare storm event, Hurricane Lee,
skirted the coast of Maine, inducing significant offshore wind and increased precipitation. The storm effects can be
considered in two phases, where the first phase features the initial passage of the storm with strong winds (15 m/s), low
barometric pressure and a slight increase in precipitation on September 15th. The second phase occurs after winds have
calmed, yet the river discharge continues to increase, peaking approximately 4 days after the storm passage at Q > 1000
m3/s. The storm influenced spatial differences in the water levels during both phases, where the D2 tidal species amplitude
reduced upstream, and D6 and D8 oscillations were identified during both storm phases. Offshore wind during phase 1
did not markedly affect D2 tidal currents, but it did modulate D6 and D8 tidal currents. Conversely, elevated river
discharge during phase 2 did enhance D2 currents, in addition to D4, D6 and D8 currents. A measure of tidal distortion
can be assessed by comparing the relative amplitudes of overtide velocities with that of the principal tide. During the
initial passage of the storm where winds and river discharge acted in concert, tidal distortion was enhanced and dominated
at the D8 superharmonic, with D6/D2 = 1.09 and D8/D2 = 1.34, compared to D6/D2 and D8/D2 = 1 during non-storm
conditions. During phase 2, where river discharge was the primary external forcing, tidal distortion was diminished under
increasing mean flows, where D6/D2 = 0.9 and D8/D2 = 0.78. The storm also promoted a shift in subtidal flow direction
from predominantly landward, induced by flood dominant tidal distortion, to seaward during the duration of the storm
effects. These results indicate that external forcing by wind and river discharge can modulate overtides during extreme
conditions, and the amplitudes of overtide velocities exceed that of the principal tide under the action of wind. This
suggests that storm events may play a role in the local resuspension and seaward export of sediment during extreme
events.
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Temperature variability scales at the Rio de la Plata estuary and its maritime front
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Abstract

The Rio de la Plata is an estuary, located between Uruguay and Argentina that discharges into the Atlantic Ocean
(Figure 1). It has relevant features such as high fluvial discharges from Parana and Uruguay rivers (second highest basin
in South America), micro-tidal astronomical tides and relevant meteorological tide, and strong effect from the atmospheric
forcing such as winds and pressures at the surface. This combined with its particular geometry, lead to very complex
hydrodynamic conditions.
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Uruguay rivers
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Figure 1- Rio de la Plata estuary location. Red dots indicate some of the stations with temperature in situ data.

Over the years, much progress has been made in the knowledge of the estuary regarding variables such as sea level,
currents, waves and salinity, both through measurements analysis (e.g. Mosquera & Pedocchi, 2019) and the
implementation of 2D (e.g. Santoro et al, 2017) and 3D (e.g. Jackson et al, 2021) numerical models. Despite the
importance of improve research regarding temperature dynamics as a means to manage water quality issues in the
Uruguayan coasts, there are no specific local studies describing the dynamics of temperature and its dependence on the
different processes involved and the estuarie forcings. However, in recent years, efforts have been made through research
projects and others that managed to leave a large data base of historical measurements (e.g. Simionato et al, 2011).
Neverthless, these data present several measurement frequencies and was made in different periods, which does not allow
a complete understanding of the processes and variability scales of water temperature.

Thus, the objective of the present work is to improve knowledge of the estuary by applying a numerical model to
resolve temperature. In particular, the 3D baroclinic hydrodynamic numerical model MOHID (Mateus and Neves 2019)
is applied, which solves the flow governing equations using the finite element approach, with the hydrostatic and
boussinesq approximations.

In addition, in order to obtain a model that could be used as a temperature prediction tool, we work with global forecast
models as forcing to the local model. Through what is observed in the measured data, we look forward to analyze which
processes related to temperature are explain by measurements, as well as which scales of variation are related to the
different forcing of the estuary.

Figure 1 shows several of the measurement stations where temperature in situ data are available. On the other hand,
as an example, figure 2 shows measurements along year 2019 corresponding to the stations Juan Lacaze, Punta del Tigre
and Jose Ignacio (figure 1), one located closer to the rivers discharge, one in the estuary intermediate zone and another
on the Atlantic Ocean. An annual scale variation is clearly observed in all stations corresponding to high temperatures in
the summer months and low temperatures in the winter months.

The MOHID numerical model has been successfully implemented in the estuary of the Rio de la Plata in previous
works, modelling variables such as sea level, currents (Alonso et al, 2017) and salinity (Jackson et al, 2021). Regarding
temperature, the model has been used in other estuary with good results (De Pablo et al 2019).
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By modeling scenarios from less to more forcings, we seek to analyze the influence of the different forcing on
temperature dynamics. In order to correctly model the temperature, all forcings considered includes:

- Freshwater fluvial discharges with continental water temperature.
- Astronomical and meteorological tide from open ocean boundary.
- Temperature and salinity from open ocean boundary.

- Winds and pressures at sea surface.
- Air temperature, relative humidity, clouds and radiation at the sea surface.

Temperature in-situ data
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Figure 2- Surface water temperature mesured data in Juan Lacaze, Punta del Tigre and José Ignacio stations for 2019.

The domain used for the simulations arises from previous work (e.g. Alonso et al 2017) and comprises the Rio de la
Plata and the Atlantic Ocean continental shelf. The grid is structured in longitude-latitude with a resolution of 0.1°x0.1°
and sigma layers vertical discretization. A sensitivity analysis of the domain, spatial and vertical discretization is being
carried out. Data from NOAA-NCEP RTOFS-HYCOM model, combined with FES2014 is used as ocean boundary
forcing for sea levels, while those used as atmospheric forcings are from NOAA GFS with 1/4° spatial resolution. Mean
fluvial discharges based on historical series are used as the fluvial boundary.

Vertical discretization | Ocean boundary Discharges Surface
Sim 1 10 sigma AT, MT Annual mean with T W, P
Sim 2 10 sigma AT, MT, Tand S | Annual mean with T W, P
Sim 3 10 sigma AT,MT, Tand S | Annual mean with T | W, P, Air T, RH
Sim 4 20 sigma AT,MT, Tand S | Annual mean with T | W, P, Air T, RH

Table 1-Simulation details. AT: astronomical tide; MT: meteorological tide; T: temperature; S: salinity; W: wind; P: pressure; RH:
relatuve humidity

Figure 3 shows as an example the annual temperature series in Montevideo (Figure 1) obtained as results of the model
with different forcings according to table 1. Radiation in these cases is calculated by the model at surface level and
cloudiness is not considered. It is mainly observed that the annual cycle observed in the measurements analyzed along
the estuary is only captured by including the air temperature and relative humidity forcing. This way, we continue
analyzing the dependence of different scales and processes with the forcings, as well as the effect of the simulation
characteristics.

Model temperature in Montevideo 2022
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Figure 3-Model temperature from simulations according to table 1.
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Abstract

The accumulation of cohesive sediments is one of the most prominent issues in many tidal estuaries, as it has major
implications on estuarine morphodynamics and on water quality and dredging strategies to support harbour activities.
The work presented here focuses on the Gironde estuary, and more specifically on the Cadillac site located 40 km
upstream of Bordeaux where sediments were taken.

The first step was to characterise the physical properties of these materials by means of a granulometric analysis and
rheological tests. Granulometric analysis (Mastersizer 3000, Malvern) is used to ensure the homogeneity of the
sediments taken during the various campaigns. These reworked materials are then studied from a rheological point of
view (HR2, TA Instruments) in order to identify in particular their yield stress for setting in motion (Yang et al. [1]).
After testing several methods of determining yield stresses, using stress ramps, oscillations and flow curves, our choice
fell on flow tests which were carried out in a coaxial disc geometry in order to define the corresponding rheogram
(Fig.1a). The Hershel-Bulkley behaviour law is then applied to the down curve to identify the yield stress. Once the
protocol has been established, the effect of concentration is measured by diluting the sediments taken and the
concentration is measured a posteriori by weighing the samples before and after drying. In this way, the law governing
the evolution of yield stress as a function of concentration can be established (Fig.1b). A power law can be applied,
providing a good model of the observed behaviour.

10 ; : : .

Model Allometric1

5] 1' Equation y=a'x'b ]
= g L |ReducedC 0118 .
fat e Ad). R-Squa 0.985
— ] Valve  Standard
S ) - I a 10036.0 5469.216
= 5 P e TR 7 T R Se——

= ] T 4F a

5 o 29

= & -

2 - -
rest time
. () A L r AL
Time 0.20 0.25 0.30 0.35 0.40 0.45

Concentration (%)
Figure 1. a) Applied protocol to obtain flow curves. b) Evolution of the yield stress as a function of mass concentration of sediment.

Erosion tests were then carried out in a laboratory channel. The sediments were placed in the space left free between
two ramps placed at the bottom of the channel (Fig. 2a). Initially, the threshold stress for setting the various samples in
motion was established by gradually increasing the flow rate in the channel for a given height of water. The flow rate
at which movement starts to occur on the sediment surface is noted (Fig. 2b). This flow rate is then translated into
parietal stress on the bottom using PIV calibration on a rigid surface. In a previous study to qualify the channel (Nihlat
[2]), PIV velocity field measurements were carried out in the developed boundary layer. Analysis of the velocity profiles
using the closer-chart method made it possible to trace the parietal stresses on the bottom of the channel (in this study,
the sediments were replaced by a rigid PMMA block). It is assumed that the friction stress on the rigid bottom is equal
to the minimum stress required to set the sediment in motion. These tests are repeated for different sediment
concentrations. In this way, the thresholds for erosion initiation are related to the rheological yield stress of the
sediments.
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Hydropower peaking in the Lower Columbia River Estuary: capturing transient tidal
processes using “super-resolution”
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Abstract

Introduction

Here, we attempt to define the physics of a transient, quasi-tidal phenomenon—hydropower peaking from a reservoir
at the head of a tidal river, the Lower Columbia River Estuary (LCRE)—and to inquire how to best capture a process that
challenges time-frequency resolution limits set by the Heisenberg Uncertainty Principle. Demand for hydropower exhibits
diel (period 24 hr) and weekly (W7D) cycles, both of which vary seasonally. A diel cycle in water level (WL) has the
same period as minor tidal constituent S1, whose origin is usually mostly radiational (e.g., from diel sea breeze). S1 is
difficult to capture in a short tidal analysis window, because it is sandwiched between two of the three largest diurnal
(D1) constituents, P1 and K1, from which it differs by only +1 cy/yr. The S1 and W7D waves propagate and damp
seaward from Bonneville Dam (at Rkm 233), but are detectable to the head of the estuary, 87 km from the ocean (Jay et
al., 2016). Accordingly, average S1 amplitude () increases from about 10-20 mm in the estuary to >80 mm below the dam
(Fig. 1). Also, as they propagate, the S1 and W7D waves are subject to nonlinear friction, creating many overtides; e.g.,
at N2 (approximately =01+S1), S2 (=2xS1) and 3.5 d (AKA W3.5D=2xW7D). Accordingly, the time-average ratio
increases by ~3.5x from the Rkm 29 to Rkm 232, and grows modestly (Fig. 1).
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Figure 1: Harmonic analysis results (1-year window) for channel stations (continuous curves) and floodplain stations (symbols): left,
average amplitudes in m (black) and phases (gray) of S1; and right, constituent ratios as a function of rkm (from Jay et al., 2016).

The above statistics are annual averages obtained by harmonic analysis (HA). However, when salmon spawn below
the dam, what matters for survival of the eggs is the magnitude of the WL fluctuations (largely driven by power peaking)
during a spawning period of 1-2 weeks. Accordingly we need to derive time-variable estimates of tidal species properties
(e.g., IDD1| to [DD4|, [W3.5D|, and |W7D| and their corresponding phases), but also of transient constituent values like
|PP1|, |SS1], and |[KK1| (and other constituents), needed to quantify the role of power peaking in WL fluctuations.
Moreover, a sizeable

SS1wave provides an opportunity to look at tidal dynamics, by looking for fluctuations in constituents like N2, R2
(=SS1+KK1),

S2 (=S1+S1 or PP1+KK1) and T2 (=SS1+PP1). While S2 is a large constituent, R2 and T2 are small and only 1
cy/yr from S2. The Heisenberg Principle (and its cousin the Rayleigh Criterion) suggest that a window approaching 1 yr
is needed to estimate R2 and T2; clearly, we need to cheat efficiently on Heisenberg Principle to capture transient
variations.

Method

How to proceed? We employ here a new continuous wavelet transform (CWT) tidal analysis code written in Matlab,
CWT_Multi (available from https://github.com/mjclobo/CWT_Multi; Lobo et al., 2024) that implements the Munk-
Hasselman idea of super-resolution beyond the limits of the Rayleigh criterion, based on the background noise level of
the data (Munk and Hasselman, 1964).

1 Department of Civil & Environmental Engineering, Portland State University, Portland, OR USA
2 princeton University, Atmospheric and Oceanic Sciences Program, Princeton, New Jersey
3 Department of Civil & Environmental Engineering, Cal State Polytechnic University at San Luis Obispo
4 College of Fisheries and Ocean Science, University of Alaska Fairbanks, Fairbanks, Alaska
Environment and Climate Change Canada, Meteorological Research Division, Québec City, Québec, Canada
It provides tidal species estimates on times scales of a few days and estimates for selected constituent groups (the 3-4
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largest in the D1 to D4 species, e.g., N2, M2 and S;) with fortnightly filters (weekly time scale=half the filter length). This
is possible despite the strong overlap of the constituent filters, because wavelet convolution is linear and the response
functions of the filters are known. Obtaining estimates for smaller constituents requires another step — we define a new
form of tidal inference (“Dynamic Inference” or Dynln) that uses constituent ratios defined with 6-mo filters (time scale
= 3 mo) to separate constituents like P1, S; and in the constituent group, and T, Sz, Rz, and K3 in the S, constituent group.
No user-defined constituent ratios are needed. DynIn assumes that the constituent ratios found with the 6-mo filters are
stable over the several month time scale of the filter — this is not entirely true for power peaking, but results suggest that
the assumption is good enough. CWT_Multi also provides SNR estimates, confidence limits, and a novel constituent
selection criterion, with the standard error defined by either a Residual Spectrum or a Moving-Block method, the latter

per Innocenti et al. (2022).
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Fig. 2: A time-space view of Sz (left) and Wrp (right) amplitude in the LCRE over a 3.5 yr period. Station 1 is at Rkm-29, Station 9 at
Rkm 232, determined by CWT_Multi. Amplitudes larger than ~20 mm have SNR >2.

Results

We show the time time-space dependent variability of S; and Wrp in Figure 2. Obviously, both are highly variable,
and have their greatest amplitude upriver. Both also penetrate to Station 1 (Rkm-29) at times, though there is also weekly
variability entering from the ocean, strongest in winter. |W7p| can reach 0.35m while |S:| can be as large 0.17m near the
dam, with amplitudes 30-60% that large at stations 7 and 8, of significance to navigation in Portland Harbor. We can also
compare outputs at the fortnightly level (after DynIn) with those from the seasonal filters (Figure 3). While we expect the
fortnightly filters to show additional detail, large deviations might indicate that the DynIn process was unstable;
fortunately, the Dynlm results seem stable, and |S1| is consistently larger than |P4|. Finally, it is useful to examine small
constituents like T, using an admittance (y); i.e., a complex ratio of T at upriver stations to its value at Rkm-29. (Fig. 4).
Clearly, |T| is much elevated upriver, suggestive of nonlinear effects.
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Conclusions and caveats

The preliminary results shown here are encouraging—the S; and W-p results are statistically robust and represent
seaward propagation of waves from Bonneville Dam most of the way to the ocean. Other results are less clear. Yes, ||
is elevated upriver, but we cannot conclude that we are observing nonlinear generation, absent a careful examination of
the frequency structure of the river flow input at the dam. Also, it may be hard to disentangle the marine N, from the
nonlinear component generated near the dam, and R results are not very satisfactory. On the other hand, we are also not
at end of the road w.r.t. methods—adjustment of filter lengths, and/or use of Gabor filters rather than Kaiser filters in
some or all of the filter banks may improve results.

References

101



Innocenti, S.,Matte, P., Fortin, V., Bernier, N. (2022) Analytical and residual bootstrap methods for parameter uncertainty
assessment in tidal analysis with temporally correlated noise. J. Atmos. Oceanic Technol., 39, 1457-1481,
doi.org/10.1175/JTECH- D-21-0060.1.

Jay, D. A, Leffler, K., Diefenderfer, H., Borde, A. (2014) Tidal-fluvial and estuarine processes in the Lower Columbia
River: I: along-channel water level variations, Pacific Ocean to Bonneville Dam, Estuaries and Coasts, DOI
10.1007/s12237-014-9819-0.

Lobo, M, Jay, D. A, Innocenti, S., Talke, S. A, Dykstra, S., Matte, P. (2023). Implementing Super-Resolution of Non-
Stationary Tides with Wavelets: An Introduction to CWT_Multi, submitted to Journal of Atmospheric and Oceanic
Technology.

Munk, W., Hasselmann, K. (1964) Super-resolution of tides. Studies on Oceanogr., Collection of papers dedicated to Koji
Hidaka, Seattle, WA, 339-344.

102



Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Understanding three-dimensional subtidal salt transport processes in estuaries

Jongbloed H. 1?2, Schuttelaars H.M. 2, Dijkstra Y.M. 2, and Hoitink A.J.F. !

Keywords: 3D idealized modelling, salt transport processes, gravitational circulation, averaging
Abstract

Estuarine environments worldwide are subject to rapid development as a result of direct and indirect effects of
human activity as well as natural processes. Amidst these changing conditions, surface water salt intrusion is on average
expected to increase in the coming decades, threatening but also being enhanced by drinking water extraction, irrigation
and industry (Hoitink et al., 2020). In addition, in estuaries worldwide large-scale system interventions are implemented,
such as large-scale deepening for shipping purposes.

In order to understand estuarine dynamics on long timescales or after large-scale interventions, knowledge of
dominant salt transport processes is crucial. The study of dominant processes leads to the notion of idealized estuarine
salt transport modelling, in which one aims to include only dominant terms in the momentum and salinity advection-
dispersion equations. Currently, salt transport processes are mainly understood in terms of width-averaged processes,
e.g. through idealized models of Hansen and Rattray (1965), MacCready (2004), and Dijkstra et al. (2021). However, it
is known that in estuaries dominated by gravitational circulation, estuarine depth plays a very sensitive role in governing
salt transport and intrusion. Since many estuaries exhibit considerable lateral depth variation, the goal of this
contribution is to study how the traditional 2DV salt transport processes, dominant balances and resulting transport
regimes respond to such lateral variation, which may even be a dominant contributing factor to longitudinal salt
intrusion. In a broader sense, we want to systematically extend current understanding in terms of width-averaged salt
transport processes to three dimensions, so we may start to understand the role of e.g. estuarine bathymetry and geometry
on salt intrusion.

We present a three-dimensional subtidal model for water motion and salinity in partially stratified estuaries,
extending the width-averaged approaches of Hansen & Rattray (1965) and MacCready (2004) to general 3D geometries.
The model is nonlinear, and the equations are solved using analytical techniques and the Python-accessible FEM-
package NGSolve (Schéberl, 2014). Despite its nonlinear nature, a clear interpretation of different transport terms and
mechanisms is possible, as a decomposition of the transport terms can be defined unambiguously. This way, to quantify
the effect of laterally varying bathymetry on salt transport processes and salt intrusion, we are able to semi- analytically
derive a width-averaged effective depth parametrization that follows directly from the analysis of the transport
equations.

As a first result, we demonstrate that in single channel systems, lateral depth variations may directly cause a first-
order increase in salt intrusion, keeping other parameters (i.e. width-averaged depth and thus cross-sectional area)
unchanged More specifically, in single-channel estuaries dominated by gravitational circulation, it is well-known that
the importing mechanism scales as H8, where H is the width-averaged depth of the estuary. We demonstrate that this
large sensitivity carries over to the 3D salt transport equations as H8, where the power 8 is inside the lateral averaging
operator (). Since_ H8 > H 8, this results in a considerably larger effective width-averaged depth and a significantly
increased salt intrusion for estuaries showing lateral depth variations (Figure 1).
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Figure 2: Salinity distribution in an estuary with a
tributary (top view). Blue contours denote salinity
levels. With the 3D model, we are able to study and
decompose salt transport mechanisms at channel
junctions to study the influence of e.g. bed discordance.

Figure 1: Comparison of salinity distribution (green) in an flat-bottom estuary
(left) and a laterally variable-bottom estuary (right). The more than twofold
increase in salt intrusion (red dot) is well explained by a semi- analytically
derived effective depth.
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Secondly, we quantify the influence of bed variations in branched estuaries in which a width-averaged interpretation
is challenging, and demonstrate that bed variations impact the horizontal distribution and transport processes of salinity
again significantly in case of estuaries dominated by gravitational circulation (Figure 2).

We conclude by examining the role and sensitivity of the chosen turbulence closure and eddy diffusivity in the
model, in particular a horizonal eddy diffusivity tensor parametrizing tidal dispersion.

In short, using a newly developed 3D idealized model, we demonstrate that lateral variability in parameters (e.g.
bathymetry and geometry) induce additional transport terms and mechanisms that would in 2DV or 1D models have to
be parametrized. These mechanisms may become significant and even dominant in systems of large lateral variability,
and we are able to study and quantify their impact on longitudinal salt transport and resulting salt intrusion semi-
analytically.
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Abstract

Estuaries play a crucial role in the transport, stock, and transfer of matter at the land-sea interface, including emerging
pollutants such as microplastics. Microplastics are defined as minute plastic particles ranging in size from 0.1um to 5mm
whose production and discharge into marine systems have increased dramatically over the last decades. Once within the
estuaries, they undergo different transport processes influenced by hydrodynamics, the particle's physical properties
including density, shape, and size, as well as interaction with sediments or microorganisms (Jalon-Rojas et al., 2024).
Understanding the dynamics of microplastics in estuarine environments is crucial for identifying plastic sinks, quantifying
the plastic export to the ocean, evaluating environmental and socio-economic risks, and implementing effective mitigation
programs. However, this can be very challenging due to the vast diversity of plastic particles, numerous sources of plastic
pollution and the complex hydrodynamics of estuarine environments. In this context, advanced numerical models are
have emerged as valuable tools for exploring and predicting microplastic transport.

The Gironde estuary (SW France) is a macrotidal estuary renowned for its significant trapping of suspended particulate
matter (Jalén-Rojas et al., 2015). The complexities of microplastic transport in this estuary are notably linked to energetic
tidal currents, strong turbulence, and hyper-turbid conditions. Understanding and predicting microplastic transport trends
and accumulation requires a comprehensive investigation of the influence of diverse physical processes. In particular, the
main objective of this study is to assess the significance of various physical processes that may be relevant to the
microplastic dynamics in an estuarine environment including vertical turbulence, water density patterns, beaching,
refloating, and bottom resuspension, as well as to explore the transport mechanisms governing their trapping. For this
purpose, we simulated and compared 36 scenarios using the TrackMPD Lagrangian particle tracking model (Jalon-Rojas
et al., 2019) coupled with the TELEMAC3D hydrodynamic model (Huybrechts et al., 2022), both well-validated from
Lagrangian and Eulerian perspectives, respectively. Each scenario was characterized by specific physical process (e.g.
turbulence, water density, beaching, and resuspension conditions), particle behavior (floating/sinking, different critical
shear stress), release configuration, and hydrological conditions. In light of the potential sources of microplastics in the
estuary, two release scenarios were examined: one involving release only at a single point near Bordeaux city, and the
other one, releasing particles throughout the estuary at different locations. Simulations were performed during the summer
and spring seasons to identify the impact of river discharge on the underlying transport mechanisms.

The simulated particle trajectories and density distributions suggest a limited influence of the spatio-temporal
variability of vertical turbulence on floating particles. However, a notable impact is observed for settling particles
underscoring the significance of vertical turbulence in particle resuspension and transport within the estuary. The time-
space varying water density shows a relatively low impact on the transport patterns of both floating and settling
microplastics, probably related to the well-mixed nature of the estuary and the stronger influence of turbulent processes,
which can mitigate the effect of changes in the particle buoyancy. Noticeably, the process of beaching-refloating emerges
as a crucial factor, leading to an increased residence time of floating particles within the upper estuary.

Our numerical simulations also emphasize the seasonal variability of microplastic transport patterns in the estuary and
the mechanisms inducing particle trapping. The heightened river discharge during the spring season plays a pivotal role
in mobilizing a large chunk of floating particles that eventually end up in the open sea (Fig 1.b). Notably, floating particles
form elongated lines in the middle estuary, aligning with convergent currents at the onset of each ebb period (Fig. 1.b).
Concurrently, the settling particles exhibit persistence within the estuary throughout both the summer and spring seasons.
During the summer season, the denser microplastics tend to be trapped within the upper estuary by tidal pumping, aligned
with the previously identified estuarine turbidity maxima (Fig. 1.c). In a flood-dominated estuary like Gironde, the peak
current velocity and associated vertical turbulence during the mid-flood period increase the resuspension rate of
microplastics compared to the ebb phase, leading to residual upstream transport and the formation of an Estuarine
MicroPlastic Maxima.
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Physical Processes in Clam Gardens
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Abstract

For at least 3500 years, the Indigenous people of the Pacific Northwest and Southeast Alaska have improved shellfish
access and productivity through the use of clam gardens, low rock walls across embayments that extend the intertidal
zone and create favorable conditions for clam growth (Augustine and Dearden, 2014, Lepofsky et al., 2017, Smith et al.,
2019, Lepofsky et al., 2021). Clam gardens have been constructed and managed for millenia to replicate ideal natural
growing conditions for a variety of bivalves, including weak velocities that facilitate larval settling and warming of the
water (Groesbeck et al., 2014, Deur et al., 2015, Roegner, 2000). In the Pacific

Northwest, clam gardens have become an important component of Indigenous resurgence as communities restore
existing gardens and build new ones. The first of these new clam gardens was built in 2021 by the Swinomish Indian
Tribal Community (SITC) on Kiket Island, WA. In partnership with SITC, we are conducting the first study to
investigate the physical processes that result in increased bivalve productivity in clam gardensand the hypothesis that
low velocities contribute to high clam growth rates in clam gardens by creating growth-favorable conditions.

Specifically, slow flow in the gardens may lead to high residence times, increased temperatures, and be favorable for
larval recruitment in the clam garden (Groesheck et al., 2014).

As an intertidal features, the SITC clam garden experiences a variety of physical forcing over the course of both the
semidiurnal and neap-spring tidal cycles. As the clam garden is in a low wave energy environment, at high tidal stage,
the surf zone is onshore of the garden wall, leading circulation at the wall to be primarily influenced by forcing from the
wind and local estuarine dynamics. As the tidal stage decreases, the surf zone edge and waterline migrate offshore,
exposing some of the garden bed to the air and the garden wall to breaking waves. When the tidal range is large, the
entire garden is be exposed at low tide. As the tidal stage increases from its minimum, this progression reverses, and the
garden is resubmerged. Throughout the tidal cycle described here, the mechanisms that determine flow characteristics
and water properties in the clam garden change, potentially altering the residence time of the clam garden.

We will present observations from a two week field campaign at the SITC clam garden to characterize the clam
garden hydrodynamics and residence time. The garden wall is roughly 0.5m high, and extends 50m alongshore.
Instruments deployed will include Acoustic doppler current profilers (ADCPs), acoustic doppler velocimeters (ADVs),
and conductivity, temperature, and depth (CTD) sensors on either side of the clam garden wall and at a nearby beach
with no garden wall, as well as an alongshore array of pressure sensors within the clam garden to assess water level
variability. RTK GPS surveys will be conducted at low water each day to assess bathymetric variability and to allow the
calculation of a clam garden volume budget. We will use this budget to assess the relative importance of cross-shore and
alongshore velocities to flushing the clam garden, and how these processes may change in response to tidal, wind, and
wave forcing, in turn altering the garden residence time.
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Can the Internal Tidal Froude Number determine the dominant residual flow driver in
estuaries?

Khosravi M. !, Garel E. !, Fortunato A. 2, Lopez-Ruiz A. 3, and Valle-Levinson A. *

Keywords: residual flow drivers, internal tidal Froude number, numerical simulations.

Abstract

Recent observations from subtropical, semi-arid, and temperate estuaries indicate that the drivers of residual flow,
such as horizontal density gradients and tidal stresses, can vary on a fortnightly or seasonal time scale (Reyes- Hernandez
and Valle-Levinson, 2013; Valle-Levinson and Schettini, 2016; Valle-Levinson et al., 2000). Despite few observations,
it has been suggested that the dominant driver of the residual circulation can be locally characterized by a non-dimensional
Internal Tidal Froude Number (Fr0). Fr0 is derived from scaling the tidal stresses to the baroclinic pressure gradient terms
in the tidally averaged momentum equation, under the assumption that the tidal excursion length equals the salinity
intrusion length (Valle-Levinson and Schettini, 2016), although this restriction can be relaxed (Valle-Levinson, 2021).

This study aimed at investigating the applicability of Fr0 in identifying the spatiotemporal switches in dominant
residual flow drivers in narrow estuaries. This aim was pursued with a 3D process-oriented numerical model. The
hydrodynamic model, Delft3D (Lesser et al., 2004), simulated a 80 km semi-closed channel with a Gaussian-shaped
cross-section of 1 km. A series of 20 six-month runs explored the effects of depth, river discharge, and M2 tidal amplitude
on the lateral structure of residual flows. Based on these experiments, a neap-spring cycle experiment was conducted
using a depth of 10 m and a river discharge of 50 m3/s, reproducing varying transverse residual flow distributions. To
evaluate the applicability of FrO in representing the changes of the residual flow drivers, the ratio R=log10(tidal stresses
/ baroclinic pressure gradient), derived from the momentum terms of the model, was compared against Fr0. The tidal
excursion was obtained from the semi-diurnal period and the local tidal velocity amplitude, while distinct salinity intrusion
length scales were tested.

The fortnightly experiment showed variable lateral residual flow structures (see for example the residual bottom flow
in Figure 1a, b) related to a laterally sheared flow at spring tide and a vertically sheared flow at neap tide. These distinct
patterns correspond the lateral flow structures described theoretically for barotropic and baroclinic circulations,
respectively. Near the mouth, R indicated a fortnightly switching in dominance between tidal stresses and baroclinic
pressure gradient, over both the thalweg and shoals (Figure 1c, d). In this presented experiment, the tidal excursion (about
14 km) was significantly different from the salinity intrusion (about 30 km). Considering these lengths, FrO failed to
diagnose the dominance of the baroclinic forcing at neap (the flow is always barotropic). A similar result is obtained when
the salinity intrusion is considered as equal to the tidal excursion at each grid point. Further analyses show that smaller
salinity intrusion length scales (of the order of 1 km or less) improve the prediction capability of Fr0, particularly over
the thalweg. For example, Fr0 is similar to R at the mouth considering a salinity length scale of 300 m (Figure 1e, ).

Overall, these preliminary results indicate that Fr0 is sensible to the salinity intrusion length scale. For the simulated
conditions, FrO failed to predict the residual flow driver when scaled by the total salinity intrusion length or when taken
as equal to the tidal excursion. Ongoing work is investigating the range of application of Fr0 in function of the scaling,
position along the channel and external forcing (particularly, the river discharge).
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Figure 1. Results of the simulations over a fortnightly cycle: bottom residual flow (m/s, positive landward) at the thalweg (a) and

shoals (b), R (positive: barotropic driver dominates) at the thalweg (c) and shoals (d), and tidal Froude number (positive: barotropic
driver dominates) at the thalweg (e) and shoals (f).
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Periodic Stratification and Tidal Dynamics in the German Bight Region of Freshwater
Influence
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Abstract

In a Region of Freshwater Influence (ROFI), the state of stratification is determined by the competing effects of
stratifying processes like lateral freshwater input and mixing by tides, winds, and waves. Alternating mixed and stratified
conditions on intra-tidal time scales are considered to be controlled by strain-induced periodic stratification (SIPS,
Simpson et al., 1990). The oscillating vertical shear of the tidal currents interacts with the horizontal density gradient
maintained by the lateral freshwater input, periodically stratifying and mixing the water column. Tidal ellipses respond
to the density straining, which is reflected in modifications of the vertical velocity structure. For different ROFIs
characterized by SIPS conditions, it was shown that the stratified period of the tidal cycle is associated with a counter-
rotation of the tidal current ellipses (e.g. Palmer, 2010; Verspecht et al., 2010; Souza and Simpson, 1996; Visser et al.,
1994). The counter-rotation is the result of a separation in an upper and lower layer by the temporary pycnocline, which
decouples the upper layer from the influence of bed friction (Simpson and Souza, 1995).

The German Bight ROFI is located in the Southeast of the European North Sea. The region is strongly affected both
by freshwater inflow of the rivers Elbe and Weser and tidal wave propagation, communicating the signal of the North
Atlantic autonomous tides. In this study, the characteristics of the tidal velocity profile and their relation to stratification
are investigated based on high-resolution current and hydrographic data collected at four locations (Kopte et al., 2022).
The measurements were conducted during field campaigns in August 2016 and May 2018 with each deployment covering
two to three tidal cycles. The time series of the tidal velocity profiles consistently show tidal asymmetries with higher
flood than ebb velocities near the surface and counter-clockwise rotation of the velocity trajectories at depth (Figure 1a,
b). Near the surface, phase-locked periodic changes in the sense of rotation within the tidal cycle are observed during
episodes when the water column is stratified (Figure 1a). Counter-rotation is initiated after a sudden decoupling
developing from the surface downward with subsequent rapid development of stratification and velocity shear (Figure
1c). The observed decoupling is triggered by advection of the plume-induced lateral surface density gradient by weakly
sheared ebb currents toward the study site. The observed dynamics are qualitatively compared to the well-studied Rhine
ROFI and Liverpool Bay. The two regimes differ in terms of the phasing of the occurrence of counter-rotation and
associated straining relative to the tidal motion. In the Rhine ROFI, maximum stratification and therefore the occurrence
of counter-rotation is reached around high water (Souza and Simpson, 1996; Visser et al., 1994), whereas in Liverpool
Bay it is observed during low water (Fisher et al., 2002; Palmer, 2010; Verspecht et al., 2010). According to Fisher et al.
(2002), these differences in the phasing are explained by the characteristics of the tidal wave. The tide in the Rhine ROFI
is dominated by a coast-parallel Kelvin wave interacting with a coast-normal horizontal density gradient. In contrast, the
tide in Liverpool Bay is a standing wave, where the major tidal axis is directed parallel to the lateral density gradient. The
tide in the German Bight ROFI is a hybrid of progressive and standing wave. The orientation of the horizontal density
gradient in principle allows for interaction with both the major and minor axes of the tidal flow. However, since the
standing wave dominates in the German Bight, the observed dynamics are more similar to the Liverpool Bay than to the
Rhine ROFI, with maximum stratification and the onset of counter-rotation occurring shortly after low water.

During a follow-up field campaign, six similar data sets were acquired within a 2-week period in March 2022. The
measurement locations were arranged parallel to the orientation of the plume-induced lateral density gradient across the
Helgoland Mud Area, close to the 2016 and 2018 deployment sites. These data will help to understand whether the SIPS-
induced periodic counter-rotation is spatially confined to a band extending along the main density front of the plume, as
hypothesized in Kopte et al. (2022).
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Figure 1: Observed tidal dynamics at deployment site NOAHC in May 2018. a) current velocity (m s, top) and direction (bottom). b)
Vertical structure of M2 tidal current ellipses. Red ellipses indicate clockwise rotation, blue lines indicate anti-clockwise rotation. Axis
u refers to velocity in east-west direction, while v refers to velocity in north-south direction. c) Trajectories of tidal current depth-
averaged for the upper layer (top-most 8 m, black line) and lower layer (lowest 8 m, grey line). Coloured squares show the potential
energy anomaly (PEA, J m?). Black and grey arrows indicate the direction of upper and lower tidal trajectories, respectively. Light
grey lines show the direction and strength of velocity shear between upper and lower layers at each point of the tidal cycle.
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Perspective
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Keywords: research strategy, sediment transport modelling, sediment dynamics, climate change
Abstract

Introduction

The PECS community offers a unique opportunity to present and discuss recent scientific findings to gain and share
knowledge of physical processes in estuaries and coasts. This exchange has contributed to transfer analysis methods and
process descriptions were between research groups worldwide. Examples that have influenced our work were tidal
straining effects or salt flux decomposition methods. However, a coordinated discussion on mutual future research
directions is somewhat neglected. Due to limited resources in terms of human work force and money, a joint effort would
be beneficial to advance research even further. As a starting point, the German Federal Waterways Engineering and
Research Institute’s (BAW) perspective is de-scribed here. BAW is currently in the process of updating its research
program for a new 5-year period. Main topics are the adaption to climate change, sustainable sediment management,
nature-based solutions in coastal engineering, and the interaction of ships and waterways. This abstract focuses on the
adaption to climate change and sustainable sediment management. It is hopefully likely that this view can be transferred
to other governmental organizations and there-fore represents a more general perspective.

Recent studies and future needs

e  Sediment transport

Uncles (2002) stated in his review on recent studies and future needs in estuarine research that our understanding of
fine sediment dynamics needs to be improved. In the field of sediment transport progress has been made, e.g., by a
description of trapping mechanisms (Burchard et al. 2018). However, sediment transport modelling still suffers from a
lack of sound physical process descriptions or at least the validated transfer into numerical models. Instead, many
empirical formulations are still used which necessarily depend on regional settings and are therefore of limited use in
estuarine applications. This imposes limitations if modelers consider cross-scale sediment transport models, e.g., from
local dredging operations in connection with the large-scale sediment transport patterns. Uncles (2002) gave sediment
transport properties such as settling velocity and the effects of flocculation as topics of future research. Progress can be
seen here but a general description of settling velocity still seems far away. One drawback here is certainly the low
availability of techniques for measuring in-situ settling velocity for operational use. The same uncertainty applies to the
exchange processes between sea-bed and water column. Erosion rates of sediments depend on the sediment composition
of the bed, i.e. sand-mud inter-action (Colina Alonso et al., 2023), and the degree of consolidation. Again, these processes
cannot yet be described sufficiently well in cross-scale numerical models. Finally, the impact of biology such as
macrofauna on sediment transport has made first steps (Nasermoaddeli et al. 2017) but has somehow come to a standstill.

e Climate change

The scientific assessment of climate change has produced and still produces numerous studies and authorities had the
chance to develop adaption measures. What is needed today in coastal engineering is most often more of a site-specific
recommendation than basic research. Due to the uncertainty of the effects of climate change, e.g., the exact increase in
mean sea level over time, authorities follow a step wise plan. For the German coast this has led to coastal defence
structures (dikes) which are designed for a medium increase in mean sea level but can easily be adapted to higher rates of
sea-level increase. What is missing in climate change impact studies, are sound descriptions of long-lasting effects due to
the interaction of hydrodynamics and sediment transport. The Wadden Sea and its tidal flats will certainly change with
climate change (Wachler et al. 2020) and sensitivity studies have shown the resulting impact of hydrodynamics (Lepper
et al. 2024). It is at least questionable to which extent reliable projections of future bathymetric evolution can be made.
To refine existing estimates, new (data-based) techniques and improved descriptions of sediment transport mechanisms
in numerical models are needed. Moreover, regional studies need to consider the effect of adaption measures in order to
optimize them. Here we need to improve our understanding of the interaction of large-scale flow and hydraulic structures,
e.g., storm surge barriers, which will be necessary more frequently in the future.

! Federal Waterways Engineering and Research Institute (BAW), Frank.Koesters@baw.de
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Mechanisms behind circulation, mixing and salt transport in a former estuary after
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Abstract

We study the dynamics behind circulation, mixing and salt transport in the Haringvliet, a former estuary in the Rhine-
Meuse Delta. This estuary was closed-off in 1970 with floodgates blocking seawater inflow and regulating freshwater
outflow. A limited seawater inflow was reintroduced into this system in 2018, to enhance fish migration. As the incoming
saltwater may threaten freshwater intake from the basin, the dispersion of salt through the system needs to be carefully
managed. This invokes the question how the salt spreads through the system under various circumstances, by what
mechanisms this is determined, and how this spreading may be influenced by control measures.

In an earlier observational study (Kranenburg et al, 2023), we established the importance of wind-driven upwind
currents in former tidal channels for the salt transport in the Haringvliet. To further study the dynamics, we now developed
a high-resolution 3D numerical model, using the unstructured hydrostatic modelling software DFlow-FM. The model has
a horizontal grid with typical cell side lengths of 60 m and a combination of z- and o-layers in the vertical with a typical
thickness of only 0.125 m. The model results show - in accordance with the observational data - that the incoming
saltwater reaches the deeper parts of the system, induces a strong stratification, and is only flushed out of the system after
multiple events of large outward floodgate discharges. When the gates are closed during low river discharge and salt is
still present in the system, wind becomes the dominant forcing of mixing and transport. For axial winds, the model results
show a considerable horizontal circulation, with downwind currents over the shallow parts and significant upwind currents
over the deep parts of the system. Analysis of the dynamics confirms our earlier interpretation of the observations that
this circulation is explained by the fact that in the deeper parts the wind stress influence is too small to balance the set-up
induced pressure gradient (in line with Csanady, 1975; and Fischer, 1976). The upwind currents in the former tidal
channels are an important mechanism for inland transport of salt after upward mixing, and increased salinity values are
found at landward locations for seaward wind.
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Figure 1: Salinity (log-scale) as function of height and distance along the thalweg for a situation with wind-driven horizontal
circulation (top) and with a discharge related seaward flow (bottom), both showing most intense mixing where the saltwater reaches
shallower areas due to interface tilting.
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The next question is then: what mechanism(s) is/are responsible for the upward mixing? We found that for the situation
with closed gates, the shear due to the wind-induced currents was generally not strong enough to induce interfacial mixing
directly above the deep parts. Mixing mostly occurs when, due to tilting of the pycnocline, saltwater reaches less deep
areas, where it is subsequently more easily entrained by the current (see figure 1). Also in the presence of discharge related
currents, the strongest mixing takes place after transport of the high-salinity water to shallower areas. We will discuss a
further analysis of this ‘mixing pathway’ in our presentation.

Finally, with scenario analyses, we investigated the changes in the circulation, mixing and underlying dynamics for
changing wind conditions and discharge situations. In this way, we determined for what rates of seawater inflow and
outward floodgate discharges dynamic equilibria can be reached in which the incoming salt mass equals the mass flushed
out during the subsequent ebb — and how this depends on the salinity of the inflowing water, the level of the density
interface and flushing velocities.

Around the world, estuaries have been partially or completely closed-off from the sea as prevention against flooding,
and the number of closed-off estuaries may increase with rising sea levels. At the same time, there is a trend to reintroduce
seawater inflow into enclosed systems for ecosystem improvement. Against this background, studying the dynamics of
this former estuary after reintroducing seawater inflow has a much wider relevance.
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Lateral transport controls the tidally averaged gravitationally driven estuarine circulation:
Tidal mixing effects

Kukulka T. *and Chant R.J. 2

Keywords: physics, estuaries, estuarine circulation, exchange flow, density driven flow.

Abstract

In classic models of the tidally averaged gravitationally driven estuarine circulation, denser salty oceanic water moves
up the estuary near the bottom while less dense riverine water flows towards the ocean near the surface. Traditionally, it
is assumed that the associated pressure gradient forces and salt advection are balanced by vertical mixing. This study,
however, demonstrates that lateral (across the estuary width) transport processes are essential for maintaining the estuarine
circulation. This is because for realistic estuarine bathymetry, the depth-integrated salt transport up the estuary is enhanced
in the deeper estuary channel. A closed salt budget then requires the lateral transport of this excess salt in the deeper
channel towards the estuarine flanks. To understand how such lateral transport affects the estuarine salt and momentum
balances, we devise an idealized model with explicit lateral transport focusing on tidally-averaged lateral mixing effects.
Solutions for the along-estuary velocity and salinity are non-dimensionalized to depend only on one single non-
dimensional parameter, referred to as Fischer number, which describes the relative importance of lateral to vertical tidal
mixing. For relatively strong lateral tidal mixing (greater Fischer number), salinity and velocity variations are
predominantly vertical. For relatively weak lateral tidal mixing (smaller Fischer number), salinity and velocity variations
are predominantly lateral. Overall, lateral transport greatly affects the estuarine circulation and controls the estuarine
salinity intrusion length, which is demonstrated to scale inversely with Fischer number.
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Seasonal and Synodic Longitudinal Distribution of Water Properties in Sdo José Bay,
Maranhao, Brazil

Lago L.C.O. tand Schettini C.A.F.?

Keywords: Estuaries; longitudinal distribution; seasonal variations; synodic variations.
Abstract

Estuaries serve as critical transitional zones between continents and oceans, spanning diverse coastal regions
worldwide and subject to varying climates and tidal patterns (Fairbridge, 1980; Nichols & Biggs, 1985; Perillo, 1995;
Dyer, 1997; Miranda et al., 2002). These environments foster remarkable productivity while remaining highly sensitive
to hydrological, meteorological, and oceanographic influences. Despite their significant geomorphological,
oceanographic, and sedimentological diversity, they share common characteristics (Nichols & Biggs, 1985). Sao José
do Ribamar Bay, located on the coast of Maranhdo, exemplifies such complexity as a macrotidal environment with
dynamic hydrodynamics. The significance of S8o Jose de Ribamar Bay, situated in Maranhdo, Brazil, lies in its
ecological and socioeconomic importance as an estuarine ecosystem. This study aims to explore the longitudinal
distribution of water properties within this region, with a specific focus on zonal and synodic variations. Understanding
the dynamic nature of these properties is crucial for the sustainable management of natural resources and the
preservation of coastal ecosystems. Thus, this research offers a meticulous analysis of the spatiotemporal variations in
the physical and chemical attributes of water in Sdo José de Ribamar Bay, providing invaluable insights into the
environmental processes shaping this vital Brazilian estuary. Our investigation delves into the longitudinal distribution
of water properties — salinity, temperature, and turbidity — across Sdo José Bay throughout both wet and dry seasons,
particularly during spring and neap tides. Four comprehensive surveys were conducted, covering So José Bay (~40
km), the connecting channel (~20 km), and the lower section of S8o Marcos Bay (~5 km). Leveraging a CTD sensor
and a turbidity meter, we captured vertical water property profiles at 2 km intervals. Conductivity and temperature
measurements obtained via the CTD were transformed into salinity using the Practical Salinity Scale-1978 (UNESCO,
1981). In addition to direct measurements, advanced data analysis techniques were employed, including tide forecasts
to account for tidal influences and complex demodulation and Hilbert transform to extract detailed temporal variations
in water properties. Despite the expansive study area hindering a quasi-synoptic snapshot of variable distributions,
notable variations were observed between spring/neap tides and more pronounced disparities between wet and dry
periods. Our findings illuminate the dynamic interplay between tides and seasonal fluctuations within the studied
estuarine system, shedding light on the intricate relationship between water properties and environmental factors.
Recognizing the influence of climatic factors on the management and conservation of coastal ecosystems is paramount
(MARQUES et al., 2020). This research deepens our comprehension of coastal dynamics, offering insights with direct
implications for estuarine management and conservation endeavors.
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Dam remnant effects on tidal hydrodynamics in a mesotidal estuary
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Keywords: Estuary, dam remnants, tidal harmonics, distortion.
Abstract

The general behaviour of an estuary is dependent on both natural phenomenon and anthropogenic activities like dams
or bridges. These human interventions can alter the tidal range, tidal wave propagation, stratification, sediment transport
and pollutant dispersion through an estuarine system. This study investigates the impact of a partially removed dam on
tidal dynamics at a heavily engineered stretch of the Penobscot River estuary. The dam remnants located about 43km
upstream from the Penobscot bay, where in the dynamic region of the flood limit. This partially removed dam creates a
sudden change of the reiver bathymetry acting as a hump making an obstruction to the landward tidal flow. The analysis
combines

field observations of water levels upstream and downstream of the dam remnants from August to November 2023,
and (2) a calibrated and validated DELFT3D numerical of the Penobscot River estuary. The analysis focuses on the dam
remnant’s effect on the amplitudes of tidal harmonics during typical river flow conditions and during high river discharge
conditions. According to the measured data, the tidal energy is still evident in the upstream of the dam remnants. Principal
lunar tidal constituent M2 and shallow water overtide constituents (M4, M6 and M8) were examined to understand there
behaviour individually in upstream and downstream of the dam remnants. In addition to individual harmonic constituents
D2, D4, D6 and D8 tidal species bands were examined, and asymmetric ratios (D4/D2 and D6/D2) were computed. The
dam remnants promoted a decrease in the amplitude of M, from 1.6284 m to 1.0080 m, a 38% reduction, while the
amplitude of M4 increased from 0.1597 m to 0.2410 m, demonstrating a 51% increase. M8 increased from 0.0331 m to
0.0480 m (44%) while M6 was nearly constant with only a 4% reduction. The amplitude decay of the dominant constituent
M2 evident the energy dissipation due to frictional effect from the dam remnants. However not all the energy is dissipated
due to frictional effect, and some is transferred to higher order harmonic M4 through the nonlinear interaction and
frictional effect that create tidal asymmetry. The nonlinear tidal distortion, assessed using the D4/D2 ratio, increased from
0.1788 to 0.3553 which is nearly a 100% increase. The D6/D2 ratio also increased from 0.2262 to 0.3142 (39%) across
the dam remnants. These numbers suggest that the dam remnants locally enhance tidal distortion. During high river
discharge conditions, subtidal water levels are enhanced upstream of the dam, suggesting the dam remnants act as obstacle
to river flow, causing an increase in mean water levels. These observations reveal that partially removed dams can alter
tidal behaviour, increase tidal distortion, and affect mean flows. Numerical modelling will be used to analyse the
magnitude and phase differences of the tidal currents in the vicinity of the dam remnants, how it makes impact on net
sediment transport in the system and to assess the role of reflection in reducing the principal tide.
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Modeling the impact of wastewater discharge on oxygen in Puget Sound
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Abstract

Puget Sound is a fjord-like estuary in the Salish Sea with a large population that includes the Seattle metropolitan
area. Several inlets in Puget Sound experience seasonal hypoxia which degrades water quality and occasionally results
in fish kills (Newton et al., 2007). One suspected driver of low dissolved oxygen (DO) is excess nitrogen discharged
from wastewater treatment plant (WWTP) outfalls (Khangaonkar et al., 2018; Ahmed et al., 2021). However, WWTP
nutrients currently account foronly~2% of the dissolved inorganic nitrogen (DIN) supplied to the region, whereas ocean
upwelling contributes ~95% (Figure 1). Complex physical processes such as energetic tidal mixing, estuarine
circulation, and deep water intrusions also play a role in the region’s oxygen dynamics (Ebbesmeyer et al., 1988; Geyer
& Cannon, 1982). Furthermore, it is difficult to identify the dominant factors contributing to low DO because Puget
Sound’s hypoxic inlets are sparsely sampled (Mascarenas et al., 2024). Thus, numerical models are critical tools for
building a mechanistic understanding of Puget Sound hypoxia.
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Figure 1. Major sources of dissolved inorganic nitrogen (DIN) loading to the Salish Sea. Each circle corresponds to an individual
source, and circle area is proportional to DIN loading. The percentage value in the bottom right corner of each panel denotes the
percent contribution of DIN from each source type. We use river and WWTP loading data from Washington State Department of
Ecology (2020).

Our research goal is to understand the physical and biogeochemical processes contributing to Puget Sound’s
hypoxia, and to quantify the sensitivity of Puget Sound’s DO concentrations to WWTP discharge. We explore these
topics using LiveOcean (MacCready et al., 2021), a realistic ROMS model coupled to a NPZD+O (nutrients,
phytoplankton, zooplankton, detritus, plus oxygen) biogeochemistry module (Shchepetkin & McWilliams, 2005; Davis
et al., 2014). To this model, we have added 99 WWTPs and 179 rivers. Figures 1la and 1b show the locations and
loadingof these WWTPs and rivers. We use this model to compare a hindcast scenario with existing levels of DIN in
WWTP effluent (anthropogenic) to a scenario with zero DIN in WWTP effluent (natural). Results from this modeling
study in 2013 suggest that WWTP loading alters bloom dynamics and slightly decreases bottom DO concentration. In
Puget Sound Main Basin (Figure 2d), WWTP loading introduces ~10% more DIN to the water column. These excess
nutrients delay the onset of the spring bloom by two weeks (see surface chlorophyll in Figures 2a and 2b), but also
intensify summer blooms during June and July (Figure 2c). By mid-June, the anthropogenic run has a consistently lower
bottom DO concentration, deviating from the natural run by only ~0.1 mg/L. Notably, this DO deficit fluctuates with a
step-like pattern at a monthly frequency (Figure 2c). This step-like signature is consistent with known deep water
intrusion events observed over Admiralty Sill at the mouth of Puget Sound every other neap tide (Deppe et al., 2018).
These intrusion events tend to drive anthropogenic DO concentrations back towards their natural values.
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Figure 2. Modelled surface chlorophyll and bottom DO time series in Puget Sound Main Basin for the year 2013. (a) Time series from

the natural test case. (b) Time series from the anthropogenic test case. (c) The anthropogenic time series minus the natural time series.
(d) Puget Sound Main Basin location from which we extracted time series results.

Through continued comparison of the anthropogenic and natural scenarios, we hope to understand how and why
WWTP loading influences DO throughout Puget Sound. By identifying the dominant drivers and processes leading to
hypoxia, we can ultimately help inform nutrient management decisions in the future.
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An experimental testbed for environmental stratified turbulence and mixing: the Stratified
Inclined Duct

Lefauve A. *
Keywords: laboratory experiment, exchange flow, density stratification, shear instability, stratified turbulence, mixing.
Abstract

We discuss a relatively recent laboratory experiment, the Stratified Inclined Duct (SID) (see figure 1a), that sustains
a buoyancy-driven exchange flow and allows to accurately control and measure sheared stratified turbulence and mixing.
Coastal flows, and particularly estuaries, experience very high levels of turbulent kinetic energy dissipation and mixing,
which have first-order impacts on their circulation, salinity levels and stratification, chemistry and biology. This stratified
turbulence and mixing involves an extraordinarily large range of eddies and lengthscales, from the forcing scale of 1-10
m to the um scale at which molecular diffusion irreversibly mix the active scalar (typically salinity) and other passive
scalars (e.g. nutrients, dissolved gases). The environmental fluid dynamics community recognises that efforts are still
needed to improve our understanding of multi-scale turbulent mixing processes, which is necessary to improve their
subgrid-scale parameterisation in large-scale circulation models (Dauxois et al. 2021). To complement idealised
numerical studies, laboratory studies such as the SID have a key role to play in this community effort as they allow real
(i.e. not overly idealised) turbulence to be generated and sustained in a parameter regime approaching that relevant to
environmental flows. This paper will argue that SID can serve as a versatile and fruitful testbed for studying the physics
and parameterisation of turbulent mixing processes in estuaries and coastal seas, in the hope to stimulate collaborations
with physical oceanographers and turbulence modellers.

First, we present the SID setup, first introduced in Meyer & Linden (2014), whose latest version consists of two large
(400 litres) reservoirs containing salt solutions at densities po + Ap/2 connected by a long rectangular duct of height O(10
cm). The long-lasting exchange within the duct has a Reynolds number Re = O(10%-10%). Importantly, the apparatus can
be tilted at a small angle 0, which energises the flow and increases turbulent dissipation levels, due to hydraulic control.
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Figure 1: (a) Schematic of the SID setup; (b) typical regime diagram; (c) illustration of the regimes with laser induced fluorescence.
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The beauty of SID is that its simple two-dimensional parameter space (Re, 0) harbours multiple flow regimes (figure
1b) containing the key physics of stratified turbulence. Beyond the laminar flow regime we find interfacial Holmboe
waves, intermittent turbulence with periodic cycling between mixing and restratification mediated by shear instabilities,
and fully developed turbulence and mixing (figure 1c) energised by continuous baroclinic shear production.

Second, we present high-resolution measurements of the three-dimensional velocity and density fields within the duct
(see figure 2a) using simultaneous Particle Image Velocimetry (P1V) and Laser Induced Fluorescence (LIF). These data
set a new standard in the field and enable us to delve into the finescale properties and energetics of stratified turbulence
(Lefauve & Linden, 2022). We show that in the fully turbulent regime, the level of TKE dissipation in the turbulent shear
layer is approximetely e = 2.2 HY? (Ap/p")¥? 6 m? s (where H is the duct height in m, and @ is the tilt in rad). Meanwhile,
the mean buoyancy frequency is N = 2.6HY? (Aplpo)'? rad s, resulting in a buoyancy Reynolds number
Rep = 3 x 10° H¥2 (Aplpo) Y2 6 = 0.2 Re 8. This scaling shows that large values Re, = 0(10? — 10%), i.e. well above the
viscous limit of 20, can be accessed even at relatively low Re = 103 — 10* thanks to modest slopes of order 8 = 0.1 (i.e.,
6 degrees). This explains the ability of SID to achieve in the laboratory the required separation of scales found in
environmental stratified turbulence, and also enables us to extrapolate the &, N and Rey, values in future, larger experiments
(see figure 2b, and the yellow ‘Practical SID region’).
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Figure 2: How to extrapolate laboratory turbulence to environmental turbulence? (a) Example of turbulent velocity and density
measurements in a ~250 x 45 mm window. (b) Mean dissipation and stratification in SID vs environment (after Geyer et al. 2008).
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Abstract

Despite the recommendations given in Ashley (1990) for the description and naming of “large-scale subaqueous
bedforms”, a plethora of terms continues to be used for flow-scale flow-transverse sedimentary bedforms, often without
clear definition or distinction between the different nomenclatures. For example, (marine) dunes and sand waves are used
interchangeably in many contexts, but they are also sometimes differentiated based on bedform size (dunes are smaller
than sand waves), asymmetry (dunes are asymmetric and sand waves are symmetric) or environment / formation process
(dunes form in rivers under the action of unidirectional currents and sand waves in tidal environments under the action of
reversing currents). A survey of the literature showed that the names are used more or less depending on the environment
(Figure 1). It is currently unclear if different terms are used due to intrinsic morphological or genetic differences, or to
the traditions of different scientific communities. Ashley (1990) already noted that the “poor communication among
scientists and engineers has perpetuated the multiplicity of terms”. Researchers from fluvial, coastal or deep-marine
environments, from industry or academia, from various disciplines, such as sedimentology, oceanography, coastal and
offshore engineering or geomorphology may use a specific vocabulary. Furthermore, terminology may differ depending
on the country or research group in which they work. All this makes communication difficult and may cause
misinterpretations, hindering progress in understanding and cross-disciplinary collaborative pursuits.
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Figure 1. Percentage of papers depending on main bedform type and environment. n refers to the total number of papers for the specific
environment.

The aim of the present contribution is to provide an updated classification of the different types of underwater flow-
transverse sedimentary bedforms. The intent is to propose a common nomenclature to enable translation between
classifications and to improve knowledge exchange, comparison and dialogue for researchers coming from different
disciplines and working in varied environments.

As a starting point for this endeavour, users need to describe the bedforms in a standard, comprehensive manner in
order to foster better understanding. For this, we first propose a standardised description table (Table 1), which can be
used by scientists and practitioners to describe the sedimentary bedforms with which they are working. Importantly, each
bedform characteristic is described and the way to calculate the quantitative descriptive parameters is detailed. The
description table aims at providing a standard and consistent way to describe bedforms and their environmental setting
prior to classifying them. The description table can be used independently of bedform type and further classification,
which should minimise communication issues.
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Two classification schemes are then proposed. The first is based on an understanding of the genetic processes. This
should be used whenever possible because it informs about the underlying processes which formed the bedform. In order
to complement the process-based classification, or in situations where the genetic processes are unknown, a second
classification is introduced, based on geomorphological characteristics. Thus, we urge the different communities to
consider using these descriptor and classification tools in order improve communication and research.

Table 1. Descriptive parameters of underwater flow-transverse sedimentary bedforms

Size
Coverage
3D shape
2D shape
Hierarchy

Bedform dynamics

Orientation compared to the
flow

Sediment characteristics
Sediment availability

Internal architecture

Main hydrodynamics

Flow structure

Flow variation

Non-dimensional numbers

Water depth
Large-scale bed topography

Anthropogenic context

Biota

References

Morphology
Height and length
Number of bedforms; fraction of bed covered by bedforms

Height and length 3D variability; crestline, brink line and/or troughline sinuosity; bifurcation
index; presence of scour holes

Asymmetry; stoss and lee slope lengths and mean angles; value and position of maximum
angles; crest roundness

Presence and possible superposition of several bedform scales

Variations of morphological properties in time; migration history and rates

Main orientation and variation in the orientation of the bedform (field) compared to the flow
(from truly flow-transverse to oblique)
Sediment

Size; sorting; skewness; spatial variability
Thickness (and continuity) of the mobile layer

Thickness, angle, type and presence of cross bedding; angle of bounding surface between sets;
grading and sorting pattern within strata
Hydrodynamics

Presence of river, tidal, (internal) wave-related, wind-driven, storm-induced, geostrophic or
general ocean circulation related currents, surface or internal waves

Velocity and turbulence characteristics of the hydrodynamics, with as much detail as possible
(e.g. mean and max. tidal currents, directional variability). Also note the timing of the current
measurements compared to bedform measurements.

Flow variation in time and/or space. In the case of tidal currents, relative strength of opposite
flows degree of tidal ellipticality and the temporal variation in each relevant process

Typical Froude; Reynolds and Particle Reynolds numbers

Environment

Total water depth; boundary-layer thickness if appropriate

Flow/channel width if relevant; degree of confinement

Slope of the underlying bed, presence of bar, ridge, sandbank or other topographic elements,
confinement in a channel

Dredging activities, offshore infrastructure, bottom trawling, etc.

Distribution and dynamics of pelagic and benthic biota

Ashley, G. M. (1990) Classification of large-scale subaqueous bedforms: A new look at an old problem, Journal of

Sedimentary Research, 60, 160-172, https://doi.org/10.2110/JSR.60.160
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Abstract

Introduction

Large estuaries have historically undergone extensive artificialization to support urban and port development.
Embankments and deepening of navigational fairways have significantly impacted morphology and subsequently
hydrodynamics. These impacts manifest through different aspects such as tide propagation and Suspended Particulate
Matter (SPM) dynamics (e.g., Grasso and Le Hir, 2019). Among these developments, the areas artificially deepened for
navigation experience significant siltation rates as they act as sediment traps. These depositions often conduct port
authorities to engage in nearly continuous dredging, displacing colossal quantities of sediment to maintain safety
conditions. For instance, Liu & Zhang (2019) reported that in the Yangtze, 100 M.m3 per year can be dredged. In some
cases, these sediment fluxes induced by MD are comparable to natural sediment fluxes (e.g., 159 M.tons per year of
continental sediment supply in the Yangtze, as estimated by Xie et al., 2023), thus they are potentially strongly interfering
with natural estuarine functioning.

The direct and short term implications of MD and associated sediment disposal have been extensively studied by many
authors (e.g., Van Maren et al., 2015). However, the literature about the mid-term effects (i.e., over 10 years) of quasi-
continuous dredging and dumping is limited, as it can only be assessed in-silica through the use of a validated model
capable of reproducing dredging and disposal site dynamics at this timescale. Our research based on the use of a well
validated model aimed to understand the implications of MD on the mid-term functioning and dynamics of estuarine
systems to improve sediment management strategies.

Case study

The Seine Estuary, located in NW France, is a macrotidal sandy-muddy estuary that harbors both the ports of Rouen
and Le Havre. Continuous dredging is essential to maintain its fairways, resulting in an annual displacement of around 7
M.m3 of sediment. In contrast, continental sediment inputs from watershed erosion were estimated at 1 M.m3/year.
Dredging primarily occurs in three specific areas within the most downstream 20 km of the estuary, particularly in the
Estuarine Turbidity Maximum (ETM) excursion zone. Sediment dumping is carried out at two distinct offshore sites (for
more detailed information, see Lemoine et al., 2021).

Methods

The hydro-morpho-sediment model of the Seine Estuary, as described in Lemoine et al. (2021), was used to investigate
the impact of MD on sediment dynamics over a decade (2009-2018). This morphodynamic model simulates the movement
of both sand and mud in response to various environmental factors such as wind, waves, tides, and river inputs. Dredging
operations are modeled as sedimentary processes triggered by sediment deposition in navigated areas. In addition to the
validation described in previous research (e.g. Grasso et al., 2018), the simulated dynamics of dredging and dumping sites
are in good agreement with in-situ data collected by port authorities, reproducing spatial and temporal variabilities in
dredging effort, dredged sediment characteristics, and dumping site dynamics.

In this study, a comparative analysis is conducted between a reference simulation (including dredging and sediment
dumping) and theoretical scenarios (without dumping and dredging) to investigate the indirect effects of dredging on: i)
dynamics of suspended particulate matter, ii) composition of surface sediment, iii) morphological changes, iv) sediment
fluxes, and v) quantities of sediment dredged during calculations. A numerical tracing protocol was implemented in the
model to monitor the fate of dredged sediment and to evaluate their contribution and impact to the total SPM and surficial
sediment cover (see also Lemoine et al., 2020).

Results

At the annual scale and at the estuary mouth scale, the dynamic of SPM is not affected by MD, despite a notable
amount of previously dredged material returning to the system (Lemoine et al., 2020). Indeed, model results highlight
that sediment exchanges between the water column and the sea-bed, driven by erosion/deposition processes, are
approximately 10,000 times greater than the dredged quantities.

L GIP Seine-Aval, Espace des Marégraphes, Quai de Boisguilbert, F-76000 Rouen, France Ifremer —- DYNECO/DHYSED, Centre de
Bretagne, CS 10070, 29280 Plouzané, France, Now at Cerema REM, RHITME Research Team & UMR CNRS 6143, Continental and
Coastal Morphodynamics “M2C”, University of Rouen, jp.lemoine@cerema.fr
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However, over a decadal timescale, it appears that dredging impacts morphodynamic evolutions, and generates either
erosion or reduced deposition. It is noteworthy that MD influences the morphological changes of the entire system, even
indirectly and at distance (~ 5km) from the dredging and dumping sites (Figure 1). Consequently, the distribution of
currents is also affected by dredging at this timescale.
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Figure 1. Differences in bathymetric changes simulated with and without dredging over the period July 2009 - July 2018 (bathymetric
evolution with dredging minus without dredging) The dredging zones are located in the vicinity of Le Havre and along a narrow channel
between Honfleur and the Bay (intense blue). The dumping zones of Le Havre are not depicted here; the dumping zone of Rouen
corresponds to the intense “higher with dredging” area (red) in the north-western part of the outer estuary. For precise locations of
dredging and dumping areas, please refer to Lemoine et al. (2021).

higher without dredging

These numerical bathymetric observations can be linked to the sediment budget deficit induced by the port dredging
strategy (disposal at sea). Flux computation also highlights that dredging alters sediment fluxes both in terms of spatial
distribution and intensity. In particular, dredging amplifies sediment fluxes towards the estuary. Despite this
amplification, simulations with dredging highlight an erosion of the inner estuary of approximately -2.5 M.m3/year, while
simulations without dredging show the natural infilling tendency of estuaries at a rate of nearly +3 M.m3/year (Figure 2).
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Figure 2. Changes in sediment volume within the inner estuary (see orange map) over the period July 2009 - July 2018

Conclusion

Our research confirms that the effect of maintenance dredging on sediment dynamics is negligible in the short term.
However, over the mid-term or at hydro-morpho-sedimentary equilibria timescale, it reveals that sediment fluxes
generated by maintenance dredging can significantly impact the sediment budget of estuaries. Thus, MD has the potential
to influence the natural hydro-morpho-sedimentary dynamics of estuaries. Overall, we have shown that maintenance
dredging is a potential primary driver of long-term estuarine dynamics, which need to be considered in prospective studies.
Indeed, its implications on sediment budgets and associated morphological evolution trajectories are worth considering
in prospective risk assessment and ecosystem service evaluations in response to global changes.
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Abstract

Seagrass beds play a major role in coastal and estuarine sediment dynamics, due to their ability to promote particle deposition and
limit bed erosion (Ward et al., 1984; Gacia et al., 1999; Neumeier and Amos, 2006; Kombiadou et al., 2014; Donatelli et al., 2018).
However, the recent decline of seagrass meadows on a global scale has greatly reduced their function regulator of sediment fluxes. The
Arcachon Basin (SW France) is an atlantic mesotidal lagoon hosting the largest Zostera noltei meadow in Europe, which have been
particularly affected by decline. The reduction in the spatial footprint in the lagoon is estimated at 45% in 23 years, as proven several
surveys made between 1989 and 2012 (Figure 1). Several observations indicate consequences on sediment coverage and water turbidity
but they have barely been analyzed in detail. In this study, a hydro-bio-sedimentary numerical model is used in order to understand
how the regression of seagrass beds has modified the sediments dynamics of this environment, where 75% of the total surface is
occupied by intertidal mudflats.
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Figure 1: a) Location of the Arcachon lagoon. b) Maps of the lagoon showing the surface of meadows in 1989, 2005, 2007 and 2012
(data from Auby, 1991; Plus et al., 2010; Lafon et al., 2013)

The model used is based on the coupling of MARS3D model (Lazure and Dumas, 2008) for hydrodynamics and MUSTANG model
(Mengual et al., 2017) for suspended sediment transport (mud and sand). It has the specificity of taking into account the influence of
vegetation on hydrodynamics, but also on erosion and deposition fluxes, through the parameterization of effects of blocking or trapping
by the foliage and the stabilization of the sediment bed by the roots. For the simulations, two scenarios are run with identical forcings,
differing only in the map of vegetation coverage, to represent the pre- and post- decline configurations, before 1989 and after 2016
respectively.

Results revealed a significant increase of erosion fluxes with the regression of seagrass beds (Figure 2a and 2b). Between the pre-
and post- decline scenarios, SSC increased by about 10 % in the channels and 30 % in the northern corner of the lagoon, but decreases
by 30 % on the rest of the tidal flats. In summer, the increase in SSC is observed throughout the lagoon, with a percentage increase
ranging between 50 % and 100 % in the western part of the lagoon and the inlet, and a 3- to 6-fold increase in the eastern part of the
lagoon. The most significant changes in SSC occur at the landward end of the inner channels. These hotspots of SSC change (> 600
%) indicate the tendency for more sediments to reach the landward end of the channels and accumulate in these areas following seagrass
decline.giving rise to suspended sediment concentration (SC) which on average doubled at the scale of the Basin and going so far as to
be multiplied by 6 in certain internal channels of Basin bottom.

Seagrass loss not only modified tidal hydrodynamics by intensifying current velocities and altering tidal asymmetry, but also
enhanced sediment erosion and limited deposition, due to the reduction of their capacity to stabilize the seabed and trap sediment.

The modification of these processes contributed jointly to the reorganization of sediment fluxes and the redistribution of the
different sediment classes, consequently altering the seabed composition throughout the lagoon. A clear contrast emerged between the
tidal flats in the center of the lagoon, which eroded and became sandier, and those located along the lagoon’s coastline, which accreted
and became siltier. The simulated changes in seabed level appeared very consistent with the observations made in the Arcachon lagoon,
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suggesting that the decline of seagrasses may account for most of the bathymetric changes observed in this environment over the last
three decades.

Although similar tendencies regarding the modification of sediment dynamics were observed in summer and winter, the intensity
of the changes was much milder in the winter period, characterized by lower seagrass biomass. Only the seabed level exhibited larger
variations during this season, due to the loss of below-ground biomass and subsequent reduction in seabed stabilization, associated
with more energetic hydrodynamic conditions.

The significant remobilization of sediment and increase in suspended sediment concentration were shown to have deteriorated the
environmental conditions by reducing light availability, which is expected to have induced additional seagrass loss. Future research
should evaluate the impact of light condition deterioration on the decline of Zostera meadows in the Arcachon lagoon.

In addition, the regression of seagrasses implies a redistribution of the different sediment classes, leading to accretion and siltation
of the basin bottom foreshores, as well as erosion and the increase in the sandy fraction of the foreshores in the areas more central
(Figure 2c). Finally, the modification of the net erosion/deposition flows made it possible to explain the morphological evolutions
observed in the lagoon over the past 30 years, suggesting that seagrass regression is the main contributor.

0 constant x2 x3 x4 X5 X6 0 x0.5 constant x1.5 x2 AErosion/deposition rate (mm.year)
ASSC () ASSC (-)

Figure 2: (a) and (b): Changes in time-averaged suspended sediment concentration (ASSC) due to seagrass decline in summer (a) and
in winter (b). Positive values indicate increase in SSC. (c) Changes in the erosion rate due to seagrass decline. Positive/negative values
denote more deposition/erosion.
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Abstract

Intertidal flats and salt marshes in channel-shoal environments are at severe risk from drowning under sea level rise
(SLR) ultimately ceasing their function in coastal defense. Earlier studies indicated that these environments can be
resilient against moderate SLR as their mean height is believed to correlate with tidal amplitude and mean sea level.
Recent morphological analyses in the German Wadden Sea on the Northwestern European Continental shelf contradicted
this assumption as mean tidal flat accretion surpassed relative SLR Shelf tenfold (Benninghoff and Winter, 2019; Lepper,
2023); indicating that nonlinear feedback between SLR, coastal morphodynamics, and tidal dynamics played a role. We
explored this relationship in the German Wadden Sea’s channel-shoal environment by revisiting the sensitivity of tidal
dynamics to present-day SLR and coastal bathymetry evolution over one nodal cycle (1997 to 2015) with a numerical
model (Lepper et al., 2024, in review). We found a proportional response of tidal high and low water to SLR when the
bathymetry was kept constant. In contrast, coastal bathymetry evolution caused a spatially-varying hydrodynamic reaction
with both increases and decreases of tidal characteristics within few kilometers (Figure 1). To our surprise, local and
regional patterns differed significantly. In some places, we observed that the increase of tidal high and low water from
sea level rise was nearly compensated by local bathymetry evolution (e.g., Figure 1, a, bottom left). As most observational
data are obtained at the coast, this phenomenon has noteworthy implications on e.g., tidal gauge data or coarse resolution
models.
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Figure 1. A detailed view at the changes in tidal high water (a) and low water (b). The displayed differences result from bathymetry
evolution and SLR. Red and blue patches indicate an increase and a decrease of the respective tidal characteristic. White patches
represent no-data values or land while gray patches indicate the intertidal zone at low water. Note that tidal high and tidal low water
differences were illustrated with respect to the modeled SLR of 5.9 cm.

An explorative assessment of potential mechanisms gave some indication that energy dissipation declined near the
coast which we related to decreasing tidal prism and declining tidal energy import. Results stress the fact that an accurate
representation of coastal morphology in hind- and nowcasts and ensembles for bathymetry evolution to assess the impact
of SLR are needed when using numerical models. However, it remains uncertain, why bathymetry evolution caused
declining tidal prims although one may expect opposite under sea level rise.
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Abstract

Nearshore transport and distribution of suspended sediment are greatly controlled by coastal waves and current. To
study sediment fate and transport processes, the Eulerian and the Lagrangian modelling are two approaches that are often
applied in numerical simulations of a water body. The Eulerian simulation of a current field focuses on fixed locations in
a model domain and investigates flow variations over time, whereas the Lagrangian modelling focuses on individual
water particle and the flow analysis is performed by following each particle within the model domain. While the
Lagrangian modelling presents an individual particle’s pathway by calculating its position over time, the Eulerian
modelling describes the transport of water particles and dissolution by advection and diffusion in continuous flow field
and demonstrates the concentration and distribution of water properties. Therefore, investigating migration of sediment
plume, it is more appropriate to apply the Eulerian modelling approach, such as sediment transport modelling, sediment
tracer simulations (see Elias et al., 2011).

Dredge and placement activities are required for maintaining a navigable depth for vessels traveling along a navigation
channel and through an inlet. During these operations a great amount of sediment materials can be suspended and carried
around by ocean current. The suspension and transport of sediments form a sediment plume surrounding dredge and
placement sites. In nearshore coasts and estuaries, the sediment plume could travel a long distance, and suspended
sediment concentrations in water column and sediment deposition in atypical locations could have a significant impact
on aquatic species and ecosystems (see Suedel et al., 2015). In this study, the Eulerian modelling is performed at Beaufort
Inlet, North Carolina. Sediment materials placed at designated nearshore and offshore sites are tracked as released
sediment tracer and the sediment plume dynamics and fate are evaluated.

The Coastal Modelling System (CMS), consisting of a hydrodynamic and sediment transport model (CMS-Flow) and
a spectral wave transformation model (CMS-Wave), is applied in the Beaufort Inlet system (Figure 1a). This model
includes representation of relevant nearshore processes for practical applications of navigation channel performance and
sediment management at coastal inlets and adjacent beaches (see Linetal., 2011; Sanchez et al., 2011). To assess sediment
migration from dredged material placement sites, the present study needs to trace sediment and demonstrate sediment
plume spreading originated from those sites. This process can be specified and computed using the CMS feature of
sediment tracer simulations (see Li et al., 2019).
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Figure 1. Beaufort Inlet, North Carolina: (a) Location map, (b) Designated material placement sites around the inlet system.

A telescoping variable-resolution CMS-Flow grid is developed for Beaufort Inlet and adjacent beaches. The
telescoping grid system permits much finer local grid resolution to resolve hydrodynamic and sediment features in areas
of high interest. The CMS-Wave grid with varying cell sizes is generated for wave modelling, covering the same domain
and with similar spatial resolution as the CMS-Flow grid. Sediment materials from regular channel maintenance dredging
are placed in designated areas as shown in Figure 1b.

A representative summer and a winter month are selected to model the spreading of sediment plume. The modelling
scenarios are developed by specifying the placement sites as sediment sources, within which sediment materials in the
top bed layer are tagged and tracked as sediment tracer. To conduct plume analysis, polygons are drawn as sediment traps
to count sediment mass. The polygon areas include Inlet and navigation channel, open nearshore zone, and bay area.
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Summer and winter month current patterns are demonstrated by the spatial distribution of monthly averaged current
vectors in Figure 2a. The average current field illustrates net water transport from the ocean side to the bay side through
the inlet. Averaged currents on the eastern side of the inlet channel have a relatively larger peak speed than on the western
side. Flow split occurs into the bay behind Shackleford Banks and Bogue Banks.
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Figure 2. Calculated summer and winter results: (a) Monthly averaged currents, (b) Sediment plume distributions at the end of monthly
simulations. Polygons indicate dredged material placement area, the Shackleford Banks site.

Corresponding to wave and current conditions, sediment plume distributions are illustrated by the material tracing
from the Shackleford Banks site during the summer and winter month simulations (Figure 2b). The sediment plume is
featured by spreading and dissipation surrounding the releasing site. At the end of the monthly simulations, there are
longshore and offshore spreading in open nearshore area. Strong tidal flows on the eastern side of the inlet channel result
in plume intrusion to the bay and the centre of the plume is moving northward through the eastern portion of the channel
along Shackleford Banks. On the bay side, the plume moves in both directions towards Back Sound and Bogue Sound
and it almost reaches the maximum coverage extending to North River Marsh on the east of and Newport River Marsh
on the west of the inlet.

Quantitative movement of sediment is also estimated by counting total mass within sediment trap areas at the end of
the simulations. The final results show that more than 95% of sediment mass placed stay within the Shackleford Banks
site after the one-month simulation. Three percent of materials move to the inlet entrance channel and less than one
percent of the sediment mass in the nearshore zone along Shackleford Banks (close to the placement site).

A coupled wave, hydrodynamic, sediment transport model, the Coastal Modelling System (CMS), is developed and
applied to investigate transport and evolution of plumes for sand materials placed around the Beaufort Inlet estuarine
system. The model calculations include tracking and delineating pathways of sand materials originated from different
placement areas and surrogated as sediment tracer. From the model results, the major conclusions are: 1) tidal forcing is
dominant in controlling the distribution and spreading of sediment plumes; 2) flow asymmetry and split through the inlet
channel are confirmed in sediment tracer simulations; 3) nearshore material placement sites are under large influence of
coastal processes (sediment movement in both cross shore and longshore directions); 4) sediments originated from the
two nearshore sites follow different pathway leading to the bayside.
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Coupled hydrological-hydrodynamic modeling of watershed, tidal rivers and estuaries:
Assessing the impacts of drought, sea-level rise and human-accelerated chemical weathering
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Abstract

About two-thirds of the global drinking water supply come from surface waters, including tidal rivers, the tidal
freshwater region of estuaries. Drought and sea level rise, which lead to saltwater intrusion from the ocean, and changes
in land-use, which lead to freshwater salinization, are putting this precious water resource at risk. This risk extends to
water uses for thermoelectric power, irrigation, and industrial production. Hydrodynamic models used to predict
saltwater intrusion in estuaries employ a number of numerical schemes, varying grid resolutions, and different
parameterizations for unresolved subgrid processes. Few con- sider salt inputs from watersheds. Watershed-scale
hydrological models and hydrodynamic models of estuaries and coastal oceans are often run separately, making it hard
to assess the combined impacts of drought and sea level rise on saltwater intrusion under climate change. Here we report
the development of coupled hydrological-hydrodynamic models for predicting salt intrusion into estuaries and tidal rivers
and artificial intelligence algorithms for designing management strategies to mitigate the impacts of salt contamination
of water supplies. The hydrological model is based on the Soil and Water Assessment Tool (SWAT) and the
hydrodynamic model is based on the unstructured-grid Finite Volume Coastal Ocean Model (FVCOM). As a pilot study,
we have configured FVCOM for Chesapeake Bay and its major tributaries and SWAT for the watersheds of the
Susquehanna River and the Potomac River. Hindcast simulations are conducted over a ten-year period (2001-2010) to
investigate how river flows, tides and winds affect salt intrusion into the oligohaline and tidal fresh regions of the
Susquehanna River, the Potomac River and the James River at daily to seasonal time scales. While tides in the James
River features strong spring-neap cycles, tides in the Susquehanna River is a mixture of semi-diurnal and diurnal tides. A
comparative analysis shows how tidal characteristics influences the salt intrusion into the three tidal rivers. Given their
different geographic locations, the effects of local and remote winds are also different. To investigate how climate change
affects salt intrusion at decadal and century time scales, climate downscaling projections are conducted for the mid-21st
century (2041-2050) for two climate change scenarios and compared with the hindcasts in 2001-2010. The effects of sea-
level rise and changing hydrological cycles on the salinity level in the tidal rivers are assessed and potential policy
interventions such as reservoir releases are explored. Salt inputs from the watersheds due to human-accelerated chemical
weathering and anthropogenic salt pollution are also considered and the effect of freshwater salinization is compared
against that of oceanic salt intrusion.
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Abstract

When flow passes over topographic features such as headlands and islands, island wakes can arise at the lee side of
the flow (Geyer et al., 1993; Dong et al., 2007). Island wakes are associated with enhanced biological productivity,
increased mixing, and water mass transformation (Simpson & Tett, 1986; Hasegawa et al., 2004).

While previous studies have mainly focused on the dynamical and biological effects of island wakes in the open ocean,
here we focus on a large tidally-dominated estuary with numerous islands, aiming to investigate the impact of such wakes
on the offshore transport of river plumes. To this end, we use numerical simulations with unprecedented grid resolution
in the plume region and around the islands. Our study area is the Pearl River Estuary, a region where satellite images
indicate that oscillating wakes occur in the lee and far downstream of the islands.

We show that submesoscale island wakes are ubiquitous in the plume-influenced region and can affect a large area
around the islands as the tidal flow reverses (Figure 1c). A high correlation is observed between these strong vorticity
tails and the horizontal patterns of surface salinity mixing and salinity gradients. Sensitivity experiments show that the
strong vorticity tails disappear with the hypothetical ‘removal’ of the islands (Figure 1d). The intense mixing associated
with the tails will also vanish after the removal of the islands (Figure 1a, b). Analysis based on an isohaline coordinate
framework shows that isohaline surface areas are reduced with the presence of islands. It is proven that this ‘limiting’
effect of islands on the plume extension is related to the salinity mixing and the associated diahaline water exchange. The
evidence of island wakes in the PRE suggests that the effects of islands should be considered when interpreting
observational data in this region (or other coastal ocean regions with the presence of islands), especially for surface
dynamics close to the islands.
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Figure 1. (a) Horizontal distribution of the spring-neap (28 days starting from 2015-06-03 00:00) averaged surface salinity in the
“Island” experiment. The black box denotes the location of panel c. (b) Same as panel a, but for the “No Island” experiment. (c)
Horizontal distribution of the instantaneous normalized surface vorticity Ro in the “Island” experiment. (d) Same as panel ¢, but for
the “No Island” experiment.
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Abstract

This study presents conservation laws (and corresponding conserved quantities) in the ocean boundary layer that
stablish theoretical relationships between surface wind-stress, eddy viscosity, and pressure gradients with the depth-
dependent horizontal velocity field in finite-depth oceans.

Research work conducted by Ekman (1905) concerning wind-driven currents within the surface boundary layer is a
fundamental theory to physical oceanography. It helps describe phenomena such as upwelling and downwelling, which
significantly influence global circulation patterns and biological productivity. Ekman concluded that for steady horizontal
currents in the water column, the equilibrium of momentum must be established between the Coriolis force and the vertical
divergence of turbulent shear induced by the wind. For example, the analytical solution derived by Ekman means that the
vertical profile of the horizontal currents features its maximum current at the surface, which is deflected 45° to the right
(left) form the wind direction in the Northern (Southern) Hemisphere.

However, the Classical Ekman (1905)’s Theory cannot be expected to closely match actual observations of wind-
driven circulation. One major drawback of the classical Ekman model was the assumption of eddy viscosity coefficient,
named K, to be constant in the water column. It has long been recognized that wind-induced turbulent mixing is expected
to be higher in the upper layers. Higher values of the eddy viscosity are expected within layers of uniform density and
comparatively small within the transition layers and below mixed layers.

Therefore, understanding the Ekman layer is important to quantify deviations to observed magnitudes from the
classical behaviour. For such propose, conservation laws are derived which allow to extract novel relevant theoretical
relationships in the momentum equations, to the classical Ekman model and related models:

fut +b(z) = %(K(z)j—:) 0<z<—H

ko) - =0
poKO 5] =7 2=
u(—H) =u, z=—H (1)

where u = (u, v) is the velocity field; ut = (—v, u), the counterclockwise velocity field; K, the depth-dependent eddy
viscosity; b, the depth-dependent pressure gradients or any body force apply to the water column; p0, a reference density
(e.g., at surface level); Tw, the surface wind stress; u., the bottom shear velocity; and H, the depth of the water column.
Both pressure gradients and eddy viscosity are separately prescribed. In the limit case of H — +o0, b = 0, u; = 0, an
K = KO = const., the previous model reduced to the classical Ekman model.

To reach the aims of the work, we formulate the equations of the model (1) into a variational framework, therefore
conservation laws (0j»0z = 0 where j« is the conserved quantity) can be obtained from the symmetry (continuous
transformations) of Lagrangian, using Noether (1918)’s (first) Theorem. The Lagrangian functional of the model (1)
accounts for: a viscous term that represents the vertical turbulent mixing, and a coupled Coriolis-pressure gradient term
showing the rotation of the gradient of the velocity field and the mass transport. The invariance of the Lagrangian was
studied for physical symmetries: translation in space,

{Z uT i I ‘ ' (2)
scaling,
z'=z
{u’ =u+ue’ @)
and rotation (or phase) 2 =5
Y = 1[,eifllflf ) (4)
l’r)*f = t[)*e—ff/lﬂf
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of the solution for small real values of a parameter e where 1 = u + iv is the complex velocity field; i =—1, the imaginary
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unit; and 1, the complex conjugate of . Therefore, the boundary layer is studied in detail with the new conservation
laws. The present research work is an extension of Llorente, Padilla, and Diez-Minguito (2023) where only the invariance
of the Lagrangian was studied under the symmetry (2) and for the classical Ekman model.

For constant eddy viscosity (the classical Ekman model) those conservations laws relate:

1) production of enstrophy density (w%2) with cumulative helicity ( fzow -udz); density

2) kinetic energy density gradient (6(u%2) / 6z) with cummulative enstrophy (fzo w?/2dz); and density
3) helicity density (w ¢ u) with production of kinetic (_[ZO u?/2dz). energy
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Figure 1. Balances in the Ekman layer. Conserved quantities /xin black solid lines (panels a, b, and c). w is the vorticity; &, the veering
angle; #, the velocity field; 22 = u - 2, A%, eddy viscosity coefficient (assume constant); Zpand &, reference velocity and Ekman depth
from the Ekman’ solution (Ekman, 1905); &*+, the momentum thickness of the boundary layer.

o

The theoretical relationships evidence the balance (Figure 1) results in turbulent dissipation of Kinetic energy and
enstrophy inducing a rotation the velocity field, giving rise to the well-known Ekman spiral, distinguished by its helicity,

3{:=f_0mw-udz

An interesting outcome are obtained when depth-integrate the conservation laws. For example, symmetry in scale

leads to a direct relation of the surface deflection angle, ¢s, with the enstrophy, ¢ = f_“ w?/2dz ,» of the water
column: p
COS ¢ =\/§—28. (5)
UO

In the Classical Ekman (1905)’s Theory, the theoretical value of ¢ yields cos ¢s = V2/2, resulting in the well-known
theoretical value of 45°. The direction of rotation is determined, e.g., by the sign of the helicity.

For depth-dependent eddy viscosity and extra body force, e.g., pressure gradients, the new balances as in Figure 1 are
generalized. In such a case, the energy supply at the surface is not fully transmitted to the helicity. Stratification and body
forces take energy away from the spiral. Indeed, the helicity of the spiral is bounded by the integral of a diffusive flux for
the enstrophy density. After depth-integrate the conservation laws, a generalize formula for the surface deflection angle
is obtained: woT, P

cos ¢y = +
UpTyw UpTy

[2RE +Wy], (6)

where b is the bottom stress, K is the average of the eddy viscosity, & is the eddy-weighted-average
enstrophy, and Wb is the work on the water column by the body forces.

From a practical point of view, the relationships obtained (among others) could allow characterized better the oceanic
boundary layer and to narrow down the values of K in the water column, which depend on the ratio between the shear at
the bottom and at the surface. The key point is to be able to obtain a symmetry-preserving eddy viscosity from horizontal
current profile observations. If the quantities j. are conserved from the observational data, then try to infer an eddy
viscosity from that.
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Abstract

T-UGOm is an unstructured grid 2D/3D hydrodynamic model, developed at LEGQOS, that is intensively used for tidal
and storm surges simulations over global Ocean down to estuarine/deltaic systems configurations. It is the underlying
model for the FES tidal atlases and global storm surges simulations from which de-aliasing corrections for tides and DAC
(dynamic atmospheric corrections, i.e. high frequency storm surge signal) are derived and provided to satellite altimetry
operational services (CNES/JPL/ESA). Among several other estuaries and delta (Amazon, Cameroon, Seine, Elbe), it has
been implemented for the Gironde estuary to support science investigations (tides, tides and river flow interactions, tracers
and sediment transport, river plume, etc...) in the context of satellite observations, such as altimetry.

Recently the launch of the SWOT mission has triggered a renewed interest for satellite altimetry observations in the
coastal seas and, more challengingly, the delta or estuaries systems. At the present, SWOT community is facing two
issues, which are closely linked: first how do we calibrate and validate the SWOT data, whose technology is far more
complex than usual altimetry, and how do we deal with the necessary de-aliasing corrections (i.e tides and storm surges)
to overcome the satellite low time sampling (about 10 to 20 days re-visit period). The de-tiding issue is particularly crucial
over systems where tides become substantially non-stationary because of their interactions with river discharge. In both
cases, our approach consists in using high accuracy shallow-water simulations, based on a precisely tuned configuration
and controlled by tide gauge data assimilation. Considering the calibration/validation issue, well monitored estuaries,
such as the Gironde, can be considered as excellent candidates: their size allows for capturing an entire or half-side SWOT
swath over the model extent; they are enclosed in terrestrial geoids (i.e. high resolution/accuracy geoids, at least compared
to marine geoids); the tide gauge network is dense enough and accurately referenced on the vertical for precisely
constraining the simulated water level at a quasi-centimeter level and formally linking it with SWOT observations.

In this study, we show that TUGO simulation with the assimilation or tide gauge data enables to extend usual
calibration methodologies to the SWOT swath extent by providing an spatially extended tide gauge “sea level truth”.

We will present our investigations based on this approach applied to the first year of SWOT data (science orbit) and
present our first assessment about SWOT data error budget. Additional assessments based on the Gironde 2018 pre-
SWOT campaign water surface level in the lower and upper estuary) will be presented. This presentation is
complementary to the one of Caubet et al. (this meeting) which focusses on another detiding approach, based on empirical
rating curves to deal with the issue of non- stationary tides.
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Effects of sea level rise and tidal flat growth on tidal dynamics and geometry in the Elbe
estuary
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Abstract

Introduction

In the German Bight (southeastern bight of the North Sea) and its estuaries future global mean sea level rise (SLR),
as it is projected for this century (Fox-Kemper et al. 2021), will affect coastal protection as well as the ecosystem Wadden
Sea and important waterways. In order to develop appropriate adaptation strategies, e.g. for navigation, port infrastructure
as well as water management in the hinterland, investigations on the effects of SLR on tidal dynamics inside the estuaries
of the German Bight are necessary.

Due to tidal flat morphodynamics (Friedrichs 2011) SLR will not only influence tidal dynamics, but also the
bathymetry in the Wadden Sea. Studies show that most intertidal flats in the Wadden Sea were vertically growing in a
rate higher than observed SLR in the recent past (1998-2016) (Benninghoff and Winter 2019). However, facing the future
acceleration of SLR, it is difficult to quantify the extent to which tidal flat growth can keep pace with SLR. Nevertheless,
potential tidal flat growth should be taken into account when studying SLR-scenarios, as it strongly affects tidal dynamics
in the Wadden Sea (Wachler et al. 2020; Jordan et al. 2021).

Methods

Using a highly resolved hydrodynamic-numerical model, we analysed the influence of potential SLR and tidal flat
elevation scenarios on tidal dynamics in the Elbe estuary. The study was conducted using the 3D-HN-model UnTRIM?
(Casulli and Walters 2000). The model domain includes the German Bight with the estuaries Ems, Weser and Elbe. For
this study the following scenarios were simulated: a reference scenario, a scenario with SLR of 110 cm added at the model
boundary, several scenarios with SLR of 110 cm and different hypothetical simplified tidal flat elevation in the German
Bight and the Elbe estuary (Figure 1). The tidal flat areas shown in Figure 1 were elevated uniformly by a certain amount
in the entire model domain, which is a highly simplified assumption. For the Elbe estuary the scenarios with tidal flat
growth are further differentiated firstly by elevating the tidal flats in the mouth section of the Elbe estuary (Scenario A)
and secondly by elevating the tidal flats in the mouth section and also further upstream in the estuary (Scenario B).
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Results

We analysed and visualised different mean tidal parameters along the profile of the estuaries. The results show an increase
of tidal range in the Elbe estuary due to SLR and further reveal strongly varying changes with different tidal flat growth
scenarios: while tidal flat elevation up to the mouth of the estuary can cause tidal range to decrease relative to SLR alone,
tidal flat elevation in the entire estuary can lead to an increase in tidal range relative to SLR alone (Figure 2).
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The tidal range in an estuary depends, among other things, on the estuary geometry. SLR and tidal flat elevation
change the geometry of the estuary, which in turn affects tidal dynamics. To assess the changes in estuarine geometry,
the following three parameters were analysed: mean water depth, convergence of cross-sectional-flow area and relative
intertidal area. The results show changes in these three parameters of estuarine geometry due to SLR and tidal flat
elevation, which can reveal explanatory approaches for the changes in tidal range. A detailed description of the methods,
results and discussion of this study can be found in Mahavadi et al. (2023).
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Abstract

What drives changes in dissolved oxygen concentration (DO) in Puget Sound? We investigate this question against a
backdrop of significant public and political interest in the influence of human actions on local marine ecosystem health.
Puget Sound is an urbanized, fjordal estuary comprising the southern portion of the Salish Sea. It is unique among North
American estuaries in its depth (up to 260m), extreme bathymetric and hydrodynamic spatial variability, and large tides
(MacCready, 2017). This inland sea has been home to Indigenous peoples for thousands of years, supporting human and
non-human life via a rich marine ecosystem. Salmon in particular are keystone species for both marine and terrestrial
environments; however, juvenile salmon growth may be hindered in low DO conditions (Del Rio et al., 2019).

Recent interest in the influence of wastewater treatment plant effluent on DO focuses on anthropogenic dissolved
inorganic nitrogen (DIN; e.g., nitrate, ammonium) and its potential to drive increased primary productivity and subsequent
deoxygenation as particulate organic matter sinks and is respired within the water column. Nearly 95% of Puget Sound
nitrogen comes from oceanic sources (Mackas & Harrison 1997), but anthropogenic nutrients have been shown to be a
driver of DO loss in other urban estuaries (e.g., Chesapeake Bay; ref. Clune et al., 2021).

To understand anthropogenic impacts on DO, we must first understand the role of natural and historical mechanisms
in DO changes over various temporal and spatial scales. Current literature addresses variability in environmental factors
such as DO in the nearby Strait of Georgia (e.g., Riche et al., 2014). In Puget Sound, Moore et al. (2008) correlated sea
surface temperature and salinity in Puget Sound specifically to local weather and large-scale environmental indices such
as Pacific Decadal Oscillation and El Nifio-Southern Oscillation. We seek to add to this multi-faceted, regional
conversation and focus on dissolved oxygen in Puget Sound via the following objectives.

Obijective 1: Quantify trends and variability in DO and other state variables on varying spatial and temporal scales

We analyze historical and modern observational marine water quality data (e.g.; Ruffner, 2017; Alin et al., 2021,
Collias, 1970) to first identify if, when, and where changes in DO have occurred in Puget Sound. Alongside DO, we
evaluate changes in other physical and biogeochemical properties, such as salinity, temperature, and nutrient availability
(e.g., nitrate) on decadal, interannual, seasonal, and episodic timescales. Given the inherent sparseness of observational
data especially on longer timescales, sampling location and depth inconsistency requires careful spatial analyses. For
example, Figure 1 shows decadal variability between recent observations (2010s) and earlier historical observations
(1950s) using fall salinity, temperature, and DO data.
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Figure 1. Selected decadal analysis locations in Puget Sound (left); fall decadal average profiles with 95% confidence intervals of
salinity, temperature, and DO in the 1950s vs. 2010s (right).
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95% confidence intervals show changes over time throughout the water column at specific sites in Figure 1. We
observe that three of the four sites in Figure 1 show significantly higher temperatures in the 2010s. There is no significant
difference in salinity at any of the sites, but DO is significantly lower at three of the four sites. Showing no temperature
nor DO change, Dana Passage is spatially distinct from the sites with changes in both its distance from the entrance of
Puget Sound and its complex topography. Expanding these analyses throughout Puget Sound and on different timescales,
we will quantify trends and variability of DO and relevant state variables.

Objective 2: Identify mechanistic links between environmental changes and DO

After quantifying trends and variability of DO and other relevant state variables, we will use observational data records
to identify mechanistic links between environmental changes within and around Puget Sound and measured DO. Similar
regional studies have identified many different physical and biogeochemical factors that interplay, with timing being a
crucial factor (Riche et al., 2014). The interactions of changes in oceanic and coastal processes may play a role in the
renewal of bottom water in Puget Sound (e.g., upwelling cycles and changes). The timing and strength of storms may
affect vertical mixing, which serves to reoxygenate previously stratified waters. Precipitation quantity and timing impact
freshwater influx to the system. So too must we look at these factors (and more) with the context of climate change.

As an example of these analyses, we investigate whether freshwater influx may influence observed DO. Figure 2
shows Skagit River yearly and decadal mean discharge (USGS, 2024). and fall DO decadal average profiles from Hat
Island (ref. Figure 1 for site location). The mouth of the Skagit River is located north of the Hat Island site in Puget
Sound’s Whidbey Basin; the Skagit is also the largest river in Puget Sound by volume.
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Figure 2. Skagit River yearly and decadal mean discharge (top); Hat Island fall DO average decadal profiles (ref. Figure 1), shading
indicates 95% confidence intervals for all decades (grey) and specific decades (black), data unavailable for 1940s and 1980s.

This preliminary exploration indicates decadal variation in river flow alongside variation in DO: lower discharge
decades tend to have marginally higher DO. However, further analyses are necessary to parse the local and system-wide
impacts of freshwater variability: Does increased river flow impact DIN? Do changes in freshwater drive salinity and
stratification change? How might this impact residence time and estuarine exchange? Do all of these changes influence
deoxygenation? These questions must also be answered alongside concurrent variation in other environmental factors and
their timing, including those outside of Puget Sound (e.g., the Fraser River, deep water renewal in the Strait of Juan de
Fuca) and global changes (e.g., atmospheric CO2, rising temperatures).

By first using observational data to identify trends and variability in Puget Sound DO and other state variables in time
and space, and then identifying mechanisms impacting these changes, we seek to enable understanding of anthropogenic
influence in this complex system — and how to best protect and improve ecosystem health in Puget Sound.
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Abstract

Incomplete (short and/or sparse) records pose a challenge for conventional tidal analysis methods, which fail to
provide accurate tidal predictions due to overfitting or ill-conditioning. In coastal and estuarine regions, where multi-
scale signals influence the water levels, the variability introduced by the complex interactions between tides, friction,
basin geometry and other environmental factors requires adapting tidal analysis to the broadband nature of the tidal
spectrum, characterized by temporally correlated noise.

Here, we present a software including Matlab and Python mirrored versions of a new harmonic analysis method that
improves on existing techniques for tidal analysis of both stationary and non-stationary signals. Specifically, a new non-
stationary formulation for the original NS_Tide model (Matte et al., 2013) is proposed to allow for a versatile definition
of the external forcing variables influencing tidal components and stage levels. Moreover, the software incorporates new
features and constraints allowing for the analysis of short or under-sampled water level records in a physically and
statistically meaningful way. Among those new features:

o  We define new criteria for constituent selection that account for constituent aliasing due to irregular
or coarse sampling frequency, based on band-wise signal energy.

o  We implement the moving-block bootstrap error computation proposed by Innocenti et al. (2022),
well suited for signals with temporally correlated noise and adapted to irregular sampling. With
these estimations we derive a series of post-fit statistics for constituent selection, including SNR
and other linear and circular scores computed on tidal amplitude and phases.

e We formalize the regression problem into a feasible Generalized Least-Squares (GLS) framework
that allows to include a non-trivial error variance-covariance matrix in the model optimization.
Robust estimations (Leffler & Jay, 2009) as well as regularization options can be used in GLS
when dealing with underdetermined systems (fewer observations than parameters).

e We redefine tidal inference using priors either on the tidal complex parameters, constituent
amplitudes, or phases, along with adaptive constraints and penalties that can enforce a dynamical
link between the model parameters.

To illustrate a few of these new capabilities, we analyse data from the new Surface Water and Ocean Topography
(SWOT) satellite mission, launched on December 16th, 2022. Data from the mission’s Calibration/Validation (Cal/Val)
phase were collected over the St. Lawrence Estuary with a revisit time of 0.99349 days for a duration of ~90 days (April
through July 2023). With this near-daily sampling period, K1 would require 262 days to be resolved, while O1 cannot be
separated from M2 with records shorter than 262 days. In contrast, relevant semidiurnal and higher frequency constituents
can be resolved with the 90-day SWOT Cal/Val record.

Here, a SWOT data sample at a location near Trois-Pistoles is analysed and used to reconstruct continuous water
levels for comparison with a nearby tide gauge. We perform a harmonic analysis using a series of Rayleigh criterion
corresponding to very permissive up to very conservative thresholds for fixing the minimum separation frequency allowed
between aliased constituents. We define a new decision tree based on a nearby reference station, rather than tidal potential,
and compare classical harmonic analysis (HA) with solutions from regularized least-squares (ridge regression, see Hoerl
& Kennard (1970)) where the size of the model parameters is penalized.

Fig. 1a shows results of the resolved tidal energy, expressed as a summation of the constituents squared amplitudes,
from either harmonic analysis or ridge regression, compared to the signal energy estimated from the data standard
deviation. As expected with sparse records, HA cannot resolve more constituents than those allowed by the Rayleigh
criterion with thresholds (Rmin) of about 1 or higher (~16 constituents in this example). In contrast, ridge regression
effectively penalizes the size of the parameters, leading to usable solutions even with a considerable number of
constituents (up to 68). However, with this method the total energy of the predicted tides is progressively underestimated
as the number of constituents increases due to a higher penalization, which reflects in larger reconstruction errors (Fig.
1b). An optimum is therefore reached when the predicted energy approaches the signal energy. Hence, the latter can be
used as an objective criterion for constituent selection.
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We further test a definition of the Rayleigh criterion that allows different thresholds to be applied on each tidal band.
Based on prior information at a nearby tide gauge (Trois-Pistoles), only 5% of the tidal energy is contained in the diurnal
band, nearly 95% is in the semidiurnal band, and only 0.1% is in the quarter-diurnal band. When performing harmonic
analysis of the SWOT sample using a fixed Rayleigh criterion threshold, Rmin = 1, a significant amount of the resolved
tidal constituent energy is found at quarter-diurnal and higher frequencies (Fig. 1d). While the separation of these aliased
frequencies is allowed by the Rayleigh criterion, an unrealistic amount of the total tidal energy is attributed to these bands,
with the adverse effect of degrading the estimated semidiurnal amplitudes. Conversely, using band-specific Rayleigh
criterion thresholds based on the expected relative energy in each band calculated from the reference station leads to a
physically plausible estimation of the energy distribution between tidal bands (Fig. 1e). These also result in a more
accurate reconstruction of the total water levels when compared to station data (Figs. 1b-c). Therefore, the new band-
specific energy criterion can be considered a sound choice for constituent selection in tidal analysis, especially when
dealing with sparse and/or short signals.

It is expected that similar criteria can be used to analyse other challenging tidal records, such as records of high and
low waters. This will be further explored in this presentation, along with the new inference options and post-fit criteria.
The two code implementations written in the Matlab and Python programming languages will be publicly available with
accompanying documentation and unit tests at the publication of the official reference for the software.
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Internal Wave Driven Mixing on the New York Bight Inner Shelf

McSweeney J. 1, Jurisa J. 2, Suanda A. 3, Waterhouse A. 4, and MacKinnon J. ®

Keywords: internal waves, turbulent dissipation, inner shelf
Abstract

Internal waves are ubiquitous in coastal regions, though there are many open questions related to their impact on
coastal environments. On the inner shelf, as internal waves transit into shallowing water depths, the waves can evolve
dramatically and nonlinearly over short distances (McSweeney et al 2020). There are relatively few in situ observational
datasets of shoaling internal waves in inner shelf environments, and each has advanced our understanding of the dynamics
in fundamental ways (MacKinnon and Gregg 2003, Tang et al. 2007, Kumar et al. 2021). Given the scarcity of
observations, there remains much parameter space to be explored (Becherer et al. 2021) and questions related to the
expected differences in the dynamics between narrow and broad shelves.

This analysis leverages new internal wave observations from New York Bight (NYB) to characterize the local internal
wave field. Two moorings were deployed on the inner shelf NYB at 35 m and 50 m water depths over the summer-to-
fall transition of 2023 and will be redeployed for the same period in 2024. These moorings include 1-2 m vertical
resolution of temperature, salinity data, and current velocity data. The temperature data measured at 1-8 Hz. We use these
data for an event-scale analysis, quantifying wave presence, amplitude, energy, and speed (as done in McSweeney et al.
2020). Turbulent kinetic energy dissipation (€) will also be estimated from the thermistor strings using an Ellison length
scale, following Cimatoribus (2014) and Jones (2020). Given the frequent presence of internal waves in the region (Figure
1), it is anticipated that internal waves play an important role in driving mixing and a goal of this analysis is to quantify
their contribution to mixing and vertical heat flux.

This analysis has significant implications both regionally and more broadly. The NYB is a subregion of the Mid-
Atlantic Bight, which is known for its strong seasonal stratification and the presence of a Cold Pool, a bottom-trapped
volume of cold, nutrient-rich water. We hypothesize that internal waves are a significant contributor to the gradual
warming of this Cold Pool from July to September, which can be seen in Figure 1. A better understanding of this process
would advance understanding of this regional phenomenon, with downstream ecosystem impacts that are socio-
economically important. More broadly, this data expands our currently observed parameter space to include relatively
strong internal waves over a broad shelf. Efforts will be made to contextualize findings with previous studies.
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Figure 1. Timeseries of the 1-minute vertical temperature profile for the 50 m (top) and 35 m (bottom) moorings deployed 18 July — 3
October 2023. Vertical position of instruments is noted by the symbols on the left and right, with dashed lines indicating the subsurface
location above which data is linearly interpolated to the surface measurement. Black circles indicate an 8 Hz fast response thermistor,
which can be used to calculate TKE dissipation; open black circles indicate 2 Hz standard thermistors; green triangles indicate CTDs;
and pink dots indicate 1 Hz pressure and temperature sensors. The 15°C isotherm is contoured.
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Abstract

Coral reefs provide essential habitats, feeding grounds, and protection for marine species. However, these valuable
ecosystems face threats from climate change and human activities, including ocean acidification and pollution.
Recognizing corals as indicators of ocean health is crucial, particularly in vulnerable coastal regions like Cartagena.
Therefore, it is vital to establish monitoring programs that employ mathematical models to track factors influencing water
quality. Rising water temperatures due to climate change and sediment buildup prevents coral adaptation and sunlight
penetration, affecting their reproductive capacity. Coastal regions like Cartagena Bay in the Colombia, Caribbean face
significant threats due to water quality issues that inhibit marine ecosystem health (Tosic et al. 2018, 2019a, 2019b).
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This work is part of the Basin Sea Interactions with Communities Project (BASIC) and aims to develop an
oceanographic monitoring system to protect coral reefs in the Rosario and San Bernardo Natural Marine Park by extending
the currently operational BASIC hydrodynamic model (Tosic et al. 2019a), which runs for Cartagena Bay. Focusing on
monitoring water temperature and sediment transport, its domain will be extended to cover the desired area, which
requires a larger mesh grid size and appropriate bathymetry. Expanding the model presents scientific challenges,
particularly in terms of appropriate initialization and forcing for stable solutions in the coastal environment of Cartagena.
Acquiring the appropriate bathymetry data for the new domain is crucial, along with tidal data sourced from a larger
domain (Level 0) which will serve as the foundation for the extended model (Level 1). Consequently, two new grids must
be created: one for Level 0, significantly larger to perform 2D tidal forecasts and to include the subsequent levels, and
another for Level 1, designed for 3D simulations of hydrodynamics and water properties in the MPA. Later, these two
levels will be integrated with the currently running version of the Cartagena Bay Observatory, that will be considered
Level 2. The creation of these grids requires careful consideration of dimensions and coverage area, adjusting the number
of cells to achieve the desired resolution for accurate results. Additionally, the new model requires inputs of hydrodynamic
and atmospheric conditions in the region for the simulation, obtained from the external models CMEMS and NAM,
respectively. Once this setup is complete, thorough testing and analysis of the model are necessary to refine and optimize
it for the best possible results. This refinement process may entail parameter adjustments, improving grid resolution, and
potentially iterative steps involving calibration, validation, and sensitivity analysis, incorporating in-situ measurements
to compare with the model’s results.
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Once the setup and validation are done, the model will provide forecast data of water temperature, salinity, sediment
transport, and current velocity on the designated area of the national parks, which will help identify and track important
thresholds that exceed adequate coral reef conditions.

The forecast data provided by the new model for the Rosario and San Bernardo MPA is crucial for understanding the
impact of temperature and sediment on coral resilience. This data will inform the development of preservation strategies
and monitoring programs aimed at reducing pressures on corals and minimizing mortality within these protected areas.
Furthermore, it will showcase the effectiveness and utility of hydrodynamical models in integrating monitoring programs.
Additionally, the forecast data will be included in the interface of the Cartagena Bay Observatory for data visualization,
which includes color maps illustrating temperature and sediment transport. A comparison will then be made between
forecast data maps and historical data from the MPAs, alongside coral mortality records, to assess the impact of water
temperature and sediment deposition on coral resilience. This analysis aims to identify ways in which the model can
mitigate such impacts and aid in devising preservation strategies, where coral health indicators will be established based
on the model results, utilizing established thresholds of environmental variables for corals. These indicators will be
incorporated into the final operational model, generating forecasts for end users and stakeholders, and assisting in
managing the coastal system. Hence, the new model can contribute to a Digital Twin of the Ocean (DTO), with a particular
focus on monitoring coral reefs in vulnerable coastal regions like Cartagena. Through its precise simulation of oceanic
processes, including water temperature, salinity, and sediment transport, it offers invaluable insights into coral reef health
and aids in the development of effective preservation strategies.

References

Restrepo, J. D., Park, E., Aquino, S., Latrubesse, E. M. (2016). Science of the Total Environment, 553, 316—329. Coral
reefs chronically exposed to river sediment plumes in the southwestern Caribbean: Rosario Islands, Colombia. DOI:
https://doi.org/10.1016/j.scitotenv.2016.02.140.

Tosic, M., Restrepo, J. D., I1zquierdo, A., Lonin, S., Martins, F., Escobar, R. (2018). Estuarine, Coastal and Shelf Science,
211, 217-226. An integrated approach for the assessment of land-based pollution loads in the coastal zone. DOI:
https://doi.org/10.1016/j.ecss.2017.08.035.

Tosic, M., Martins, F., Lonin, S., Izquierdo, A., Restrepo, J. D. (2019a). Journal of Environmental Management, 236,
695-714. Hydrodynamic modeling of a polluted tropical bay: Assessment of anthropogenic impacts on freshwater
runoff and estuarine water renewal. DOI: https://doi.org/10.1016/j.jenvman.2019.01.104.

Tosic, M., Restrepo, J. D., Lonin, S., l1zquierdo, A., & Martins, F. (2019b). Estuarine, Coastal and Shelf Science, 216,
187-203. Water and sediment quality in Cartagena Bay, Colombia: Seasonal variability and potential impacts of
pollution. DOI: https://doi.org/10.1016/j.ecss.2017.08.013.

Trujillo, J. C., Navas, E. J., Vargas, D. M. (2017). Cuadernos de Desarrollo Rural, 14(79). Valuing coral reef preservation
in a caribbean marine protected area. Economic impact of scuba diving in corals of Rosario and San Bernardo national
natural park, Colombia. DOI: https://doi.org/10.11144/Javeriana.cdr14-79.vcrp.

150


http://bahiacartagena.omega.eafit.edu.co/
https://doi.org/10.1016/j.scitotenv.2016.02.140
https://doi.org/10.1016/j.ecss.2017.08.035
https://doi.org/10.1016/j.jenvman.2019.01.104
https://doi.org/10.1016/j.ecss.2017.08.013
https://doi.org/10.11144/Javeriana.cdr14-79.vcrp

Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Flocculation in the Rio de la Plata estuary
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Abstract

The flocculation of cohesive sediments plays a significant role in the dynamics of sediment transport in estuaries.
Turbulent mixing, along with salinity intrusion, creates conditions where the aggregation characteristics of fine sediments
determine their settling and deposition in the water column. Suspended sediment dynamics in the Rio de la Plata are
primarily driven by erosion-deposition processes that regulate the exchange between the water and seabed (Fossati, 2014).
Laboratory work was conducted using samples from the bottom of the Rio de la Plata, where suspended sediment samples
were monitored using the LISST 200X (Laser In Situ Scattering and Transmissometry instrument) for over a day
(Pedocchi, 2006) during a settling experiment. The results indicate that the particle size distribution of suspended
particulate matter and aggregate size groups can be categorized as follows: primary particles (mainly clay) with a diameter
predominantly of 3 um diameter; flocculi (aggregates of eroded soils consisting of primary particles) with a peak
concentration at 10 um in size; microflocs (composed of flocculi and primary particles) approximately 70 pum in size.
Macroflocs (consisting of microflocs, flocculi and primary particles) were not captured in the lab. Besides the size of the
different orders of aggregation, the fall velocity is also affected by density, which could also be estimated from these
experiments as 2600 kg/m3 for primary particles, 1300 kg/m3 for flocculi (a very robust structure usually remaining
unchanged under strong hydrodynamic conditions), and 1100 kg/m3 for microflocs (constituted by a looser structure
easily broken when moderate to high turbulent shear stress is applied). Acoustic characterization of suspensions made in
a mixing tank using an AQUAscatt 1000R (Acoustic Backscattering Sensor, ABS) with different salinity and floc
densities, indicates that flocculi possess significant backscatter properties (Mosquera, 2021), while microflocs and higher
orders of aggregation structures barely participate in the backscattered acoustic energy (Pedocchi, 2022).

Using remote sensing and numerical modeling to locate the turbidity front (Maciel, 2021), a survey conducted in late
October of last year aimed to characterize changes in floc sizes in the stratified water column using the ABS, LISST, a
SBE 19plus V2 (Conductivity, Temperature and Depth sensor, CTD) with an OBS 3+ (Optical Backscattering Sensor),
an EXO2 sonde (Temperature, Conductivity, Pressure, pH, Dissolved Oxygen, Turbidity, Fluorescence of Chlorophyll-
a, Phycocyanin and Dissolved Organic Matter). Hydrodynamic details were captured with vertical profiles using a Vector
(Acoustic Doppler Velocimeter, ADV) and a downward-looking Sentinel VV (Acoustic Doppler Current Profiler, ADCP)
installed on a buoy. Hydrodynamic conditions during stratification show strong currents below 3 meters depth as indicated
by Figure 1. With salinity ranging from 2 to 3 meters depth from 0 to 20 psu, changes not only in turbidity (reduced due
to flocculation in high salinity), but also in the mean diameter (registered by the LISST) can be observed. Sediment
concentration obtained with the ABS also shows a relative maximum near 2.50 meters depth indicating some acoustic
backscatter increase due to salinity-induced acoustic impedance changes in the mixing zone. Estimates with the ADV
measuring at 4 m depth indicate a Kolmogorov microscale of 300 um, consistent with the size reported by the LISST.
Figure 2 shows a detail of the particle size distributions in volume at three different depths away from the Schlieren effects
induced by the transition in salinity, one in freshwater (1.50 m depth) and two in brackish water (4.50 and 6.15 m depth).
At 1.50 m, primary particles, flocculi and microflocs sizes found in the laboratory can be observed. At 4.50 m depth,
macroflocs of 270 pm can also be observed thanks to salinity and the mixing conditions. At 6.15 m depth, due to the high
shear stresses induced by the bottom macroflocs are not present. Although flocculation was early identified as a significant
process in the Rio de la Plata (Urien, 1972), to our knowledge, these are the first direct measurements of flocculation in
the Rio de la Plata.
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Figure 1 In the first panel east and north current velocity profiles with ADCP are shown; second panel indicates two profiles of salinity
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0.12

1.50 m

450 m /\
= 6.15m /

=

o

o

[e5]
T

I |
0.06 / ‘I

<

o

=
T

Normalized Volume Concentration
—
.

o

o

o
T

NN , ,
10° 10

D {jum)
Figure 2 Particle size distributions in volume at 1.50, 4.50 and 6.15 meters depth.

References

Fossati, M, Cayocca, F, Piedra-Cueva, I, (2014) Fine sediment dynamics in the Rio de la Plata. Adv. Geosci., 39, 75-80,
doi:10.5194/adge0-39-75-2014
Maciel, F.P, Santoro, P.E, Pedocchi, F (2021) Spatio-temporal dynamics of the Rio de la Plata turbidity front; combining

remote sensing with in-situ measurements and numerical modelling. Continental Shelf Research, 213, 104301, 1-19,
doi:10.1016/j.csr.2020.104301

Mosquera, R (2021) Cohesive sediment dynamics in the Rio de la Plata. [PhD dissertation, Universidad de la Republica],
Universidad de la Republica Repository. https://www.colibri.udelar.edu.uy/jspui/handle/20.500.12008/26464

Pedocchi, F, Mosquera, R (2022) Acoustic backscatter and attenuation of a flocculated cohesive sediment suspension.
Continental Shelf Research, 240, 104719, 13p, doi: 10.1016/j.csr.2022.104719

Pedocchi, F, Garcia, M.H, (2006) Evaluation of the LISST-ST instrument for suspended particle size distribution and
settling velocity measurements. Continental Shelf Research, 26, 943-958, doi:10.1016/j.csr.2006.03.006

Urien C. M. (1972) The Rio de la Plats estuary environments. Geological Society of America. Memoir, 133,2 13-234.
doi:10.1130/MEM133-p213

152


http://www.colibri.udelar.edu.uy/jspui/handle/20.500.12008/26464

Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Wind Influence on Mixing and Cross-Shore Transport in River Plumes
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Keywords: river plumes, mixing, cross-shore transport
Abstract

Rivers play an essential role in the transport of terrestrially derived materials (like nutrients, sediments, pollutants,
etc.) into the coastal ocean. Driven by the surface elevation gradient, wind, and earth’s rotation, buoyant fresh water can
spread across the shore as a ‘river plume’ (Horner-Devine et al., 2015). On its way across the shelf, the plume is subject
to turbulent mixing which is mainly caused by tides and wind forcing (Spicer et al., 2021). Therefore, the plume layer
loses buoyancy and eventually dissolves into the ambient ocean. An important physical quantity to describe the exchange
of river water with the ocean is the cross-shore directed transport of fresh water (Izett, J. G. and Fennel, K., 2018a). A
high cross-shore transport is hereby associated with a larger plume offshore extent. That way, also oceanic regions located
further from the coast can be supplied with river-borne materials which can then contribute to marine biogeochemical
cycles. Quantifying the cross-shore transport in river plumes could help to improve global ocean models which are usually
too coarse to resolve individual rivers (Garvine, R. W. and Whitney, M. M., 2006). An important mechanism for
transporting buoyant water across the shore is based on the balance of alongshore wind stress and the Coriolis force
(Ekman balance). In the past, it has been observed, how upwelling favorable wind conditions can enhance the cross-shore
propagation of a river plume significantly (Yankovsky et al., 2022; Yankovsky, A. E. and Voulgaris, G., 2019).
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Figure 1: Relation between the plume cross-shore extent and alongshore wind strength under weak and strong tidal forcing. The circles
represent scenarios with strong tides (2 m tidal amplitude) while the triangles represent scenarios with weak tides (1 m tidal amplitude).
The cross-shore extent is determined from the decay of the alongshore integral of the equivalent freshwater thickness f(s 0-S)/So dz
towards the sea. The markers are colored and sized according to the total fresh water volume contained in the open model domain.
The freshwater volume is determined as an integral of the freshwater thickness [(sq-5)/Sodz over the x- and y-axes.

In this work, the influence of wind and tides on the plume mixing and cross-shore propagation is studied. A special
focus is placed on how estuarine processes (like mixing or the estuarine exchange flow) influence the plume formation
and cross-shore transport. Therefore, an innovative ocean model setup that resolves the whole plume-estuary continuum
is created and run with semi-idealized forcing scenarios. This way, the pre-conditioning of plume water in the estuarine
region can be studied and linked to the plume properties. State-of-the-art river plume models (E. Yankovsky and
A.Yankovsky, 2024; lzett and Fennel, 2018a; Cole and Hetland, 2016) usually don’t resolve these processes and are
mainly focused on the coastal ocean region.

Itis found, that the most effective cross-shore transports as well as largest plume extents are achieved under moderate
upwelling favorable wind forcing (Fig. 1). Stronger wind as well as strong tides can suppress the wind-driven cross-
shore transport due to the interaction of the surface and bottom boundary layers in shallow water. At the same time, a
strong increase in estuarine mixing is observed when changing the wind forcing from moderately to strongly upwelling
favorable (Fig. 2). The same happens when the wind direction is changed from upwelling to downwelling favorable. It
is hypothesized, that (in agreement with the ‘universal mixing law’) the amount of estuarine pre-mixing determines the
potential for further mixing of the plume until it finally dissolves in the ocean
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Figure 2: Salt mixing per salinity class for the same scenarios as in Fig. 1. Filled areas show the contributions of the plume (orange)
and estuary (blue) to the salt mixing in the model at a certain salinity. Here, salt mixing is defined as the loss of salinity variance per
salinity class S in the respective area (Burchard and Rennau, 2008). The blue dashed line shows the ‘universal mixing law’, a
theoretical upper limit for the total mixing in salinity space (Burchard, 2020). It can be computed for an arbitrary salinity class S if
the total runoff Qg is known. The orange dashed line shows a theoretical mixing law for river plumes that was derived in this work. It
is based on the exchange of volume (Q) and salt (Q°) between the plume and estuary. The shown per cent values are the contributions
of the modeled plume and estuary mixing to the total integrated mixing Im(S) dS. The deviation of the modeled mixing from the theory

at high salinities is due to the incomplete resolution of the respective isohaline areas in the model. All data is averaged over 20 tidal
cycles.

Consequently, enhanced mixing in the estuary (e.g. due to wind or tides) leads to an early destruction of the plume
layer as the river water leaves the estuary with a lower buoyancy. It is confirmed by the model results, that strong or
downwelling favorable wind can shift the occurrence of salt mixing from the plume to the estuary and thus decrease the
plume cross-shore transport.
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Dissipation within an estuarine frontal convergence zone
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Abstract

We present observations of mixing and turbulent kinetic energy dissipation at a tidally-formed front in the Salish Sea.
A REMUS 600 autonomous underwater vehicle conducted repeat transects perpendicular to the tidal front that forms in
the vicinity of Waldron Island, one of the northernmost San Juan Islands. The vehicle carried microstructure instruments
and acoustic current profilers for the calculation of terms in the turbulent kinetic energy budget. The goal of these
measurements was to resolve fine-scale dynamics that lead to the enhancement of mixing and vertical exchange in the
vicinity of coastal fronts. The interaction between surface wave breaking, bubble-entrainment, and downwelling
convergence were of particular focus, with a primary goal being to investigate the specific nature and transiency of
turbulent exchange at these locations.

We present detailed measurements of turbulent energetics and Reynolds stresses to elucidate exchange processes at
this episodic and transient frontal feature. These observations are linked to the dynamics driving frontogenesis through
control volume analyses and estimates of topographic form drag such that the role(s) of surface fronts in ventilating and
mixing coastal and estuarine waters can be quantitatively characterized. These results are discussed in the context of other
vertical motions in estuarine mixing.

Figure 1. Acoustic backscatter (collected with a Nortek Signature 1000) observed across a density front in the Salish Sea.
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The Role of Marsh Area and Volume in Coastal Flood Protection
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Abstract

Flooding in coastal communities is mainly caused by the movement of water from the ocean on to the land. In areas
of highly developed and complex coastal geomorphology the flow of water over and around the topography, roads, and
flood control structures (tide gates, berms etc.) causes the increase in flood elevation to substantially lag that in the
adjacent ocean and to have a lower peak value. Sparse observations of water level fluctuations have often obscured
recognition of these effects, and coarse-scale models generally misrepresent the risk. Further, “sea level rise viewers” that
simply add projected increase in mean sea level to the 100-year flood level and project it over the adjacent land, or those
that use large domain  models with no local wvalidation (e.g.  https://coast.noaa.gov/slr/;
https://maps.coastalresilience.org/connecticut/) may be valuable for planning an project screening, but are likely to be
prone to significant errors in the estimates of the pattern and extent of future flood risk at the property and neighborhood
scale. Sanders et al. (2020) describe two examples in which coarse resolution risk maps diluted the awareness of flood
risk by the residents because patterns did not align with their knowledge of the area. We present a case study in which the
complications of geomorphology and coastal development make the assessment of present and future flood risk and the
development of effective adaptation strategies difficult.
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Figure 1 (a) Topography of the study area shown by the colors using the key on the right. North is up, and distances and elevations
are in m relative to NAVD88. The black line shows the 1.9 m contour and the green line shows the 2.15 m contour. (b) GoogleEarth
display of the 1.9 m (black) and 2.15 m (green) contours in the study area overlaid on aerial photography. The red line shows the 1.1
m contour which was the maximum level reported during super storm Sandy in the marsh at the location shown by the yellow pin.

Figure 1 shows an area of Branford, Connecticut, that surrounds a large marsh (Sybil Creek) that is separated from
the ocean (Long Island Sound, LIS) by a sandy spit that has been highly developed and supports an important local road.
The area was significantly impacted by super-storm Sandy in 2012. Water from LIS was initially restricted from entering
the Creek by a large tide gate (near BR2 in Figure 1). However, this was overtopped when the water in the Sound exceeded
1.9 min LIS. In the southeast corner of the map a major coastal road (Limewood Ave, or CT146) runs along the coastline.
During Sandy, the waves that impacted the shoreline from LIS overtopped the road. The water on Limewood Avenue
then flowed through the neighborhood and into the marsh surrounding Sybil Creek. Despite the overtopping of both the
tide gate and the coastal road, the water level in Sybil Creek (estimated by our model and confirmed by high water marks
recorded by the USGS) reached only 1.1 m NAVD. Consequently, the elevation of the tide gate, RT 146, and the volume
of the marsh provided valuable flood protection to the properties between the 1.1 m contour and the 2.5 m contour. This
study addresses how the anticipated increase in mean sea level will impact these protective services, and what measures
could reduce the risk.
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We made measurements of water level at the tide gate (BR2 in Figure 1) to assess the link between water level
fluctuations there and at the closest long-term NOAA gage at New Haven, CT. We also maintained a wave sensor offshore
of RT146 to assess the performance of a model (llia et al., 2023) of wind generated waves. We then developed a simple
model of the water level in the creek and marsh complex, following that of Roman et al. (1995) that was forced by water
level fluctuations in LIS and the flow over the tide gate, and the wave-driven splash-over flux estimated using the EurOtop
Il formula (Van der Meer et al., 2016). Without an estimate of the joint probability of wave heights and sea level it is not
possible to estimate the risk of future flooding adequately. This should be addressed in the future.

However, the model allows us to assess what conditions would likely lead to flooding. At normal high tide levels,
significant wave heights in the range of 1.4 to 1.6 m will lead to significant flooding at the coastal road. During severe
storms, the water level at high tide increases to 1.6 m NAVD and significant wave heights in the range 1.0 to 1.5 m will
lead to substantial road flooding.

The models we developed also allow us to estimate the effects of sea level rise on the change in the risk of flooding
in the area surrounding the Sybil Creek Marsh. It is clear that the land and properties are protected from high water by
the tide gate and bridge, and by the berm that carries the road along the coast. When the water level in LIS was 2.5 m
NAVD during super storm Sandy, the water level in the marsh was only 1.1 m. Our model results show that an increase
in sea level of 0.25 m allows flooding to 1.9 m, an increase of 0.8 m, and shrinks the vertical extent of the flood protection
zone from 1.4 m to 0.6 m. This rapid loss of flood risk protection is a robust characteristic of the model, especially at low
sea level change values where the model is most reliable. The same analysis has the more positive result that small
increases in the elevation of Limewood Avenue would reduce the flood risk considerably. In addition, the lack of
development in the marsh, together with the operation of the tide gate provided sufficient volume to store the flux of
water into the marsh so that the level did not rise as quickly as it did in LIS. Since the amplitude of the principle tidal
constituent (M2) is comparable to the magnitude of large surges, the duration of the peaks in total water level last only a
few hours. Consequently, the buffering capacity of the marsh storage has a significant role in flood protection.

This analysis of the causes of coastal flooding and the impact of sea level rise on future flood risk demonstrates that
it is critical to appreciate the effects of the geometry of the coast, and the presence of roads and flow control structures.
Addressing these complications may not always be necessary for general policy development, however, they are critical
when decisions about priorities and options for implementation of adaptation strategies are being considered. Some
important structures are at scales that are smaller than those generally resolved in coastal flood models (e.g. tide gates),
and others involve processes that are not well represented (e.g. wave run-up and overtopping). Models that include these
effects are needed, as are in-situ measurements to evaluate their effectiveness.
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Abstract

The Elbe estuary is a valuable natural area protected by European environmental laws but also the most important
shipping route for international maritime traffic in Germany since it provides maritime access to the port of Hamburg.
The tidal river Elbe is a federal waterway that requires regularly maintenance to guarantee sufficient water depths for
navigation. Here, dredged fine material compromises often fluvial sediments that can carry legacy pollutants collected
along the entire Elbe catchment. The management of fine sediments is challenging in estuaries and coastal natural waters
that are affected by legacy as well as new emerging pollutants since they mix with marine sediments, accumulate after
particle settling, and their potential accumulation for various chemicals can pose a risk of enhancing harmful pollution in
vulnerable areas. This constrains the possible uses and relocation alternatives of the mixed sediments, for example, for
the development of new sediment relocation alternatives that aim to protect ecological valuable areas in the Wadden Sea.
Numerical modelling assessments about sediment transport and fate of particle-bound pollutants become essential to
assess the ecological risk of remobilizing polluted sediments by natural or man-induced conditions. For instances, to
investigate the remobilisation of legacy pollutants through storm surge events, or climate change induced strong rain
events and long-standing droughts, but also to design sustainable future sediment management strategies.

In practice, the transport of particle-reactive pollutants bound to sediments in estuaries might be approximated from
measurement projections, sediment transport models or more complex biogeochemical models. However, those methods
either simplified the involved chemical or hydrodynamic processes, and often lack on reliability for forecasting the
particulate pollutant transport and distribution at estuary-scales. Therefore, a coupled sediment and contaminant transport
model could be convenient. The challenge here is to represent robustly the physical and chemical processes controlling
dissolved and particle-bound phases (Fig. 1). Pollutants like heavy metals and persistent organic pollutants are transported
through water (dissolved) or through suspended particulate matter (SPM) and bedload (particle-bound) and their
distribution in water and solid phases depends not only on the chemistry of the pollutant but also on the physicochemical
conditions of the estuarine waters as well as the SPM properties. The salinity gradient, changes in pH value or seasonal
suspended matter composition can alter the ions composition in water and on the surfaces of SPM, which influence
sorption and desorption of pollutants (Turner, A. 1996). Free available SPM-surfaces and free ions in water can alter
dissolved and particle-bound concentrations in dependency to the pollutant chemical kinetic and affinity to organic and
inorganic grain-coatings (Mosley and Liss 2020). These influencing factors on the partitioning of heavy metals are known
(Fitzsimons et al. 2011), but little is known about their relevance at estuary-wide scales.

Pollutant dissolved (C')
© Suspended load (SS)
O Bed Load (SF)
& Absorbed pollutant by SS (CSS
@ Absorbed pollutant by SF (CSF)

Figure 1. Simplified adsorption and desorption of pollutants in SPM and sediments from BAW, 2023

To investigate the influence of variable estuarine conditions on the transport of particle-reactive pollutants at estuary-
scales, numerical and laboratory experiments have started within the interdisciplinary project Contaminant Transport
Modelling at the Elbe estuary (CTM-Elbe). A fractionated transport approach of suspended particle matter is investigated
with the 3D-hydrodynamic modelling system UnTRIM-Sedimorph (Casulli et al. 2000; Malcherek et al. 2005), focusing
on the hydrodynamic behaviour of sediments and particles that carry particle-bound heavy metals and organic pollutants.
Here, the parametrization of an organic fraction in the sediment transport model is at first addressed since organic matter
acts as the main carrier of organic pollutants found in the Elbe estuary like for instances hexachlorobenzene (HCB),
polychlorinated biphenyls (PCBs), and dichlorodiphenyltrichloromethane (DDT) and its metabolites.
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On the other hand, organic coatings in SPM induce electrochemical charges that influence the reactivity of the grain
surfaces and sorption of inorganic pollutants (Mosley and Liss 2020). The integration of an organic fraction into a
fractionated sediment transport model is tested against measurements at the Elbe: 1) without tidal influence with a
calibrated model in a section of approx. 60 km of the Elbe river between Hitzacker (Elbe-km523) and the weir Geesthacht

(Elbe-km-585), and 2) with tidal influence in the Elbe estuary from the weir Geesthacht until the mouth of the Elbe in the
North Sea (Fig. 2).

by
Elbe-km630
Elbe-km536

Geesthacht Welr |

Topography [m NHN |

Elbe-kms23
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20| okm 50 km

T

Figufe 2. Sfudy area: modél area With tidal influence in the Elbe estuary (left) an‘d model area without tidal influence upstream-estuary
in the river Elbe (right).
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Abstract

A challenge with estuarine and riverine flood mitigation measures is that the water kept out of one floodplain could
induce flooding elsewhere. Seawalls and storm surge barriers have been shown to raise offshore water levels and, in some
cases, induce flooding. Even marsh island restoration may induce flooding at some locations if it reduces estuary surface
area and, as a result, increase tidal range. Back-barrier estuaries are a useful location to study these topics because they
line about 10% of the global coastline and they often have developed floodplains subject to increasingly frequent flooding
due to sea level rise. Jamaica Bay, New York City, is an example of an urbanized back-barrier estuary characterized by a
deep dredged inlet, dredged channels, and historical landfill that replaced perimeter wetlands with neighbourhoods fronted
by seawalls. Our prior work has demonstrated how these changes have increased tidal ranges and storm tides due to
increased reflection within the bay and reduced dissipation and choking at the inlet (Orton et al. 2020; Pareja-Roman et
al. 2023). These changes have contributed significantly to recent widespread chronic and extreme event flooding.

In this study, we use hydrodynamic modelling of several proposed Jamaica Bay flood mitigation scenarios for a varied
set of 100-year storm tide events to quantify flood reductions and induced flooding. Scenarios include perimeter marsh
restoration (requiring managed retreat in this urbanized system), sedimentary restoration (shallowing and narrowing of
dredged channels), and a combined surge barrier/levee system proposed by the US Army Corps of Engineers (the
“Tentatively Selected Plan”). The surge barrier system successfully stops flooding for events up to the design level but
induces flood-wave reflection. The resulting higher peak water levels outside the protected area require higher external
flood defences (see left panel below).

Tentatively Selected Plan

NbS #2: Sedimentary Restoration

2 1

NbS #1: Retreat + Wetland restoration

Water level reduction (m)

-,
Area initiated = 0.2 km* Area initiated = 0.2 km Area initiated = 0.1 km*
Area stopped = 40.8 km Area stopped = 9.5 km Area stopped = 1.4 km
* Due to addition/raising of levees offshore of barrier * Outside of area intentionally flooded

Figure: Maps of the water level reductions (control - scenario) resulting from the three flood mitigation scenarios.

Sedimentary restoration results in a large reduction and minimal reflection in a storm tide (middle panel) as it enters
the bay due to a large increase in dissipation. This approach sharply reduces but does not eliminate flooding in the bay
and induces a small amount of flooding of unprotected areas outside the bay. Perimeter wetland restoration slightly
reduces storm tide amplitudes in the bay through increased storage. As a result, it has remote effects, reducing flooding
at the eastern end of the bay. The dynamics of dissipation and storage are well-represented for a back-barrier system
through the concept of choking (Stigebrandt, 1980; Orton et al. 2020), which captures the direct relationship between
long wave damping and bay area, inlet length, and wave amplitude and the inverse relationship with wave period, water
depth and inlet width. Due to the dependence of choking on wave period, different 100-year storms lead to very different
reductions and induced flooding in this system, with the storm highlighted above being a fast-moving storm and short-
duration storm tide. A longer-duration storm tide results in less choking and less induced flooding. We will conclude by
discussing lessons for improving future flood mitigation efforts.
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Abstract

Understanding the water transport and circulation in estuaries and deltas is among the key topics of oceanographic
and climate research. In this research, a comprehensive modelling study aimed at evaluating the variability of coastal
dynamics and saltwater intrusion (SW1) in the Po Delta region is presented. This region spans approximately 87,000 km?2
with unique dynamics along the Po River branches and the delta lagoons, representing one of the most climatically diverse
areas in Italy. The Po Delta region is of particular interest due to the rising importance of SWI, which poses threats to
both ecological systems and water supply, especially in agriculture (Bellafiore et al., 2019).

From 2000 to 2022, seven years have recorded a negative hydroclimatic balance, characterized by increased intensity
in individual rainfall events but an overall reduction in the total number of events. The decrease in precipitation,
particularly between March and September, coupled with rising average temperatures, has significantly elevated water
demand, most notably in the agricultural sector (Maicu et al., 2018). The Po Delta has recently faced a severe ecological
crisis due to drought (Bonaldo et al., 2023). Productive activities, particularly agriculture, suffered the consequences of
water shortage, and the coastal regions of the Po Delta underwent extensive SWI.

In this study, the SHYFEM model was applied over an unstructured domain covering the whole Po Delta (all river
branches and lagoons) and its adjacent coastal areas. In addition to the model vertical z layer discretization scheme, two
novel techniques were tested: z* layer and hybrid-z* layer (Arpaia et al., 2023), this implementation will aim to enhance
the current SWI forecast model’s predictive capabilities. The results from our study were then compared with measured
data to evaluate which method best represents saltwater intrusion. Additionally, the default vertical discretization (z layer),
which has already been validated for its reliability (Bellafiore et al., 2021), serves as a benchmark for comparison against
the newly introduced methods.

The long-term model simulations were used to characterize the variability of the coastal dynamics as well as of the
intrusion of marine waters along the river branches. The numerical study allowed to evaluate the relative role of the
hydrodynamic processes in such complex systems at the land-sea transition. Particular attention was dedicated to the 2022
Summer drought which determined the intrusion of marine waters up to 40 km upstream.
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Abstract

Continental shelves, constituting only 8% of the ocean’s surface, serve as vital transitional zones between the ocean
and the continents, boosting a rich trophic web. However, these ecosystems are increasingly vulnerable to anthropogenic
impacts, as highlighted by various studies (CASTRO et al., 2006; LALLI and PARSONS, 1997; MANN and LAZIER,
2013). The hydrodynamics of continental shelves, intricately linked with their morphological features, undergo significant
seasonal variations. Various factors, including wind-driven circulation, tidal forces, and the presence of coastal waves,
contribute to the complex hydro- dynamic processes shaping these regions (DAUHAJRE et al., 2017; HUTHNANCE,
1992; CASTRO, 1997).

The exchange of energy and mass within continental shelves, influenced by well-defined lateral gradients and shallow
depths, is characterized by a delicate balance of forces where friction plays a pivotal role (HUTHNANCE, 1975). Despite
being less pronounced than along-isobath flows, cross-shelf exchanges significantly impact shelf gradients, posing con-
temporary challenges in coastal oceanographic physics (BRINK, 2016). This intricate inter- play between various forces
underscores the dynamic nature of continental shelves and their importance in understanding broader oceanic processes.

The Southeast Brazilian Bight (SBB), situated between Cabo de S&o Tomé and S&o Sebastido in Brazil, exhibits the
essence of a mid-latitude continental shelf. Its hydrodynamics, influenced by the Brazil Current (BC), wind patterns, and
tides, exhibit a spectrum of scales, from supra- and subinertial to seasonal. Notably, the SBB features a coastal upwelling
near Cabo Frio city, fostering increased productivity and ecological effects through a localized rise in chlorophyll levels.
This phenomenon is intrinsically tied to the presence of the South Atlantic Central Water (SACW), originating from the
Brazil-Malvinas Confluence, further emphasizing the interconnectedness of regional oceanic dynamics (EMILSSON,
1961; RODRIGUES and LORENZZETTI, 2001; CERDA and CASTRO, 2014).

For this study, a numerical simulation of the South Atlantic Ocean near Brazil was conducted using the Coastal and
Regional Ocean Community model (CROCO). The model domain ex- tended from 21°30’S to 25°30’S and 46°W to
40°W, where the bathymetry ranges from a few meters near the surface to over 4 km. The simulation was carried out with
a horizontal resolution of 500 m and using 50 layers in S-coordinates. The model simulation was initiated on January 1.
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Abstract

Australia is the driest living continent and therefore is marked by the absence of large river inputs to the ocean. Many
rivers are often dry and flow during periods of intense rainfall linked to climate modes (e.g. La Nifia and/or Indian ocean
dipole) or storm systems (tropical cyclones, atmopsheric rivers). Therefore, observations of river plumes on Australian
coastal are rare and fortuitously the recent extended La Nifia event resulted in extreme rainfall events across southern
states of Australia. This allowed for the sampling of river plumes across 3 States using ocean gliders.

Oceanographic observations has been traditionally undertaken using ships but the emergence of autonomous ocean
gliders have provided an alternative measurement platform to acquire high spatial and temporal resolution data even
during periods of extreme weather conditions. These data sets enable researchers to discover physical processes as well
as document the natural variability of the ocean and coastal ecosystems. The Australian Integrated Marine Observation
System (IMOS) ocean glider facility has been in operation since 2006 and have completed more than 370 glider missions
around Australia. The recent extended La Nifia events resulted in major rainfall events, some generated through
atmospheric rivers (north-west cloud bands). These rainfall events resulted in major river plumes through terrestrial rivers
that were sampled using ocean gliders in Western Australia (Swan River), South Australia (Murray River) and New South
Wales (Hawkesbury River). Dynamics of river plumes have not sampled prior to these events. Each of the river plumes
exhibited contrasting dynamics with vertically well mixed fronts to typical river plumes. The roll-rate of the ocean glider
was used to define the different mixing processes in these plumes.

Ocean gliders are autonomous underwater vehicles that use a buoyancy engine together with wings for forward
propulsion. They travel in a saw-tooth pattern at a speed of ~25 km/day to a maximum water depth of 200m. The gliders
acquire data from the surface to ~5 m above the seabed at 4Hz yielding a vertical resolution of ~7cm. Each glider was
equipped with a Seabird-CTD, WETLabs BBFL2SLO3 optical sensor (measuring Chlorophyll-a fluorescence, CDOM &
660nm Backscatter) and an Aanderaa Oxygen optode.

Swan River, Western Australia

In 2021, the region recorded a total rainfall of 892 mm, more than 150 mm above the annual average. Highest rainfall
occurred in July and a satellite image taken on 4 August show the Swan river plume in the ocean containing high
chlorophyll (Figure 1). Glider observations in September/October 2021 (Figures 1b,c) indicated a distinct frontal system
separating the vertically mixed cooler, lower salinity, higher chlorophyll water inshore.
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Figure 1 — (a) Sentinel-3 image of surface chlorophyll concentrations obtained in 4/5 August 2021 showing the river plumes; (b)
Sentinel-3 image of surface chlorophyll concentrations overlain by the ocean glider track; (c) Ocean glider data showing the horizontal
and vertical structure of the fronts associated with the river plumes.
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Hawkesbury River, New South Wales

The Sydney catchment received significant rainfall in April 2022 resulting in large freshwater flows into the ocean
that were sampled by a glider (Figure 2). The data indicated a typical lower salinity plume extending offshore with
higher chlorophyll in depths 20-40m with higher values at the end of the plume (Figure 2).
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Figure 2 — (a) Sentinel-3 image of surface chlorophyll concentrations including the ocean glider track; and, (b) Ocean glider data
showing the horizontal and vertical structure of the river plume.

Murray River, South Australia

The Murray river has the largest river catchment in Australia. In 2022-23, a flood event occurred in the Murray
River between November 2022 and February 2023, from heavy rain in the interior catchment. This flood event was the
largest since 1956, and the third highest flood ever recorded in South Australia. Glider observations in March 2023
Indicated a thin layer of salinity (< 5m) at the surface which was higher in chlorophyll and backscatter (Figure 3). There
were also higher subsurface chlorophyll concentrations associated with the thermocline and higher backscatter along
the seabed.
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Figure 3 — (a) Sentinel-3 image of surface chlorophyll concentrations including the ocean glider track (white line); and, (b) Ocean
glider data showing the horizontal and vertical structure of the river plume.

The three examples of presented above are representative transects that allow us to analyse the major mixing
processes in the far field of the plumes. In particular, the different aspects of tides, wind and interfacial mixing will be
examined through the use of Thorpe scale to estimate dissipation and the glider roll-rate to define the mixing through
the water column.
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Abstract

Hypoxia is one of the most widespread deleterious anthropogenic influences on estuarine and coastal waters, but has
been primarily reported and studied in temperate coastal waters and estuaries. Relatively little work has been done in
shallow tropical waters, despite the important implications for tropical ecosystems which sustain important fisheries
habitats and coastal biodiversity. To address this knowledge gap we carried out an intensive observational study of Bahia
Almirante, a shallow, multiple-inlet tropical estuary, in the Bocas del Toro region on the Caribbean coast of Panama,
which has experienced documented hypoxia and warming events resulting in coral bleaching and die offs.

The observational campaign carried out between 2019 and 2021, together with analyses of historical data and
numerical model output, revealed a strongly salt-stratified system with recurrent, seasonal hypoxia at depth, particularly
in the inner bay (Adelson et al 2022). Barotropic flow between multiple inlets in Bahia Almirante is associated with
alongshore pressure gradients that are modulated at timescales of weeks to months by larger scale processes. Baroclinic
exchange is generally weaker than the barotropic transport and is damped during periods of strong mean flow. Tidal
forcing is minimal in the system and exchange with the inner bay is weak so that this part of the bay is often isolated,
particularly at depth.

Figure 1 shows a schematic of the shallow tropical estuary system dynamics as derived from the analysis. High oxygen
demand, associated with decay of organic sediments, leads to relatively rapid oxygen drawdown so that the system tends
toward hypoxia. Reoxygenation of bottom waters is shown to be consistent with lateral advection, occurring when (1)
there is inflow at depth in the channels and (2) inflow density exceeds the bottom layer density in the inner bay. This is
mechanistically similar to deep water renewal commonly observed in fjords, where refreshment can occur when diapycnal
mixing drives density reduction of the stagnant water mass. In this tropical estuary, warming of the isolated bottom water
mass via radiative heating is the dominant contribution to density reduction, a novel mechanism in deep water renewal
dynamics.

Seasonality in hypoxia is primarily determined by inflow density which is, in turn, related to seasonal variability in
coastal salinity stratification. Refreshment timescales based on offshore density variability and density reduction rates
(Stigebrandt et al. 1996) yield estimates that are consistent with observed refreshment intervals and also explain the
seasonality in hypoxia in the bottom of Bahia Almirante. Modulation by low frequency barotropic flow variations may
account for interannual variability. The observed deep water renewal dynamics also account for seasonally occurring
shallow hypoxic events that occur when dense inflow drives upward displacement of deep hypoxic water in the inner bay.
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Figure 1: Schematic of estuary system dynamics for Bahia Almirante.
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Sediment transport in a tropical estuary of the Red River Delta (Vietnam)
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Abstract

Rivers are responsible for 95% of the sediment flux to the ocean (Syvitsky et al. 2003), and Southeast Asia is one of
the main contributors (67%) to this supply (Milliman and Farnsworth 2013). The Red River-Thai Binh system in northern
Vietnam is the major source of water and sediment input to the Gulf of Tonkin. Previous macro-studies have estimated
the current sediment load to be around 40 - 10° t/yr (Le et al. 2007, Vinh et al. 2014). However, these results are based on
the watershed stations data (upstream of the mouths) and therefore do not translate the real input to the ocean, as they do
not take into account the complex estuarine dynamics.

The Red River delta is the most densely populated area in Vietnam and plays a crucial role in food supply and the
economy, with intense economic exchanges through the Hai Phong harbor. The Van Uc River is the 3rd of the 9
distributaries of the Red River delta in terms of water discharge, accounting for 14% of this discharge (Vinh et al 2014).
The Van Uc river mouth is planned to host a new 20,000 ha harbor project, which will completely alter the configuration
and therefore the dynamics of the estuary, potentially affecting sediment transport. Sediment transport can have significant
impacts on coastal erosion and deposition and thus on costs in coastal management (changes in land use, dredging, ...Vu
et al., 2018). Understanding the dynamics and evolution of sediment transport at the river/ocean interface is therefore of
paramount importance.

Our purpose is to analyze the variability of the sediment transport at different timescales: tidal cycle, spring-neap tides
and seasonal variations. For this, we use the hydrodynamic numerical model SYMPHONIE (Marsaleix et al., 2006, 2008)
coupled with the sediment transport model MUSTANG (Le Hir et al., 2011; Grasso et al., 2015; and Mengual et al.,
2017).

The Gulf of Tonkin configuration of Piton et al. (2021) and Nguyen-Duy et al. (2021) has been upgraded to obtain a
3D high-resolution grid in the Van Uc estuary. After calibration and validation against in situ measurements (Piton et al.
(2020)), yearly simulations were conducted in order to examine the hydro-sedimentary variability at different time scales.
The validated simulation will be presented, as well as the results on the hydrodynamics and sediment transport within the
Van Uc estuary.
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Dissipation Rate of Turbulent Kinetic Energy Contributes to Positive fluxes of Dissolved
oxygen in Fjords

Pérez-Santos I. 23, Linford P. 2, Rozas L. #, Ross L. °, Saldias G. %7, and Rojas M. 8

Keywords: turbulence, gas fluxes, oxygen, fjords, Patagonia.

Abstract

Fjord ecosystems are considered an aquatic critical zone (Bianchi et al., 2020); therefore requiring investigation to
determine the natural and anthropogenic physical, biological, and chemical inter-related processes that affect ecosystem
functioning. One recently discovered process affecting Patagonian fjords is the deoxygenation of deep water (Linford et
al., 2023), due mainly to the advection of the poor oxygen water from the Equatorial region. Additionally, hypoxic
conditions were reported (Silva and Vargas 2014; Schneider et al., 2014; Pérez-Santos et al., 2018; Linford et al., 2024)
but in such areas as the Puyuhuapi Fjord, anoxia was never recorded, owing to the occurrence of deep water ventilation
(Pinilla et al., 2020). The changes in ocean ventilation are one of the leading causes attributed to global oxygen loss (2%)
in the last 50 years (Schmidtko et al., 2017; Breitburg et al., 2018). Therefore, the main goal of this work is to quantify
the contribution of the dissipation rate of turbulent kinetic energy (I'7) in aiding water ventilation due to the occurrence of
positive dissolved oxygen (DO) fluxes in the northern Patagonian fjords. Holtermann et al. (2022) recently quantified DO
fluxes in the Baltic Sea using a turbulence microprofiler coupled with a fast-response DO sensor. This work reported a
seasonal variability of turbulence and DO fluxes, with the lowest values recorded in the summer. Additionally, mixing
processes that occurred at the study area's edges were higher than mixing observed at intermediate and deep zones.

In the present study, a VMP250 RDL microprofiler was used to measure with a high vertical resolution (512 Hz) the
dissipation rate of turbulent kinetic energy and the physical (temperature and conductivity) and chemical (DO)
characteristics of water at approximately 60 stations in the northern Patagonian fjords during seasonal campaigns from
2022-2023 (Figure 1a). To calculate the DO fluxes, we apply the methodology proposed by Valle-Levinson (2010) and
Lefort et al., (2012) to quantify processes involved in the DO variability using the equation , were in which the mixing
coefficient (Kshear) Can be calculated in terms of the diapycnal eddy diffusivity (K,) and the vertical gradient of DO ()
will be measured with a DO fast sensor installed in the VMP250. Finally, Ksnear Will be computed fallowing equatione
proposed by Cuypers et al., (2011).

The results showed a range of ¢ between 10° and 10 W kg* and values of Ksear ranging from 10 to 102 m?s!
(Figure 1b and 1c). The highest values & and Kshear Were recorded in the Chiloé Inner Sea where previously intense mixing
has been reported due to barotropic tide energy (Ruiz et al., 2021). In terms of DO fluxes records, higher values were
reported at the surface layer (10 and 10 pmolL*s) (Figure 1d), but significant events were recorded at the subsurface
and deep layers as evidenced by one of the stations carried out in the Puyuhuapi Fjord were hypoxia (Schneider et al.,
2014, Pérez-Santos et al., 2018; Linford et al., 2024) but also ventilation processes (Pinilla et al., 2020) occurred. As the
case study of Figure 1d showed, the intense turbulence contributes to positive DO fluxes at different layers outside the
surface layer, where atmospheric-fjord interactions, in addition to primary production, promotes the interchange and
increase of DO. Moreover, internal waves originating from the fjord's irregular topography could contribute to subsurface
and deep positive DO fluxes favoring deep-water ventilation, but more research is needed to investigate how this
mechanism is involved in the generation of intense turbulence and positive DO fluxes at the subpycnocline fjords-layer.
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Figure 1. (a) Study area with sampling stations. (b) Dissipation rate of turbulence kinetic energy, (c) the diapycnal eddy diffusivity
coefficient (kshear), and (d) DO fluxes obtained in a vertical section along the northern Patagonian fjords during August 2023. (e)
Shows an example of the DO flux calculation in Puyuhuapi Fjord in March 2023.
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Generation, propagation and mixing of tidal plume fronts in the near to mid-field Rhine River
Plume

Pietrzak J. 1, Rijnsburger S. 1, Lamb K. 2, Jones N. 3, Flores Audibert R. 4, Horner-Devine A. °,
and Souza A. ©
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Abstract

The Rhine River Plume forms one of the largest Regions of Freshwater Influence (ROFI) in Europe. It dominates the
transport of freshwater along the low-lying Dutch coast, Fig. 1. We present observations of the formation and evolution
of the tidal plume fronts on every ebb tide recorded by the STRAINS-11 (STRAtification Impacts Near-shore Sediment)
field campaign off the Dutch coast in 2014.

Tidal plume fronts have been described in many systems worldwide, (e.g. Horner-Devine et al., 2009, 2015; Kilcher
and Nash, 2010). More recently Rijnsburger et al (2018) showed their presence in this shallow tidal river plume subjected
to tidal straining. They also measured the generation of internal waves on the ebb tide, ahead of a newly released tidal
plume front, recorded at two mooring sites in 12 and 18 m of water.
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Figure 1: Left Photograph of the Rhine River Plume off the coast of the Netherlands in the near to mid-field Rhine River Plume. Note
the presence of tidal plume fronts. Photograph taken by J. Pietrzak. Right: data from field campaigns in 2014. ‘Internal solitary waves
example on day 277 (October 4, 2014). (a) Acoustic backscatter signal from the acoustic Doppler current profiler at the mooring site
(b) Density at three different heights in the water column, =7 m, =2.5 m, and —15 m. (c¢) Front normal velocity (m/s), where positive
values indicate flow in the direction of frontal propagation. (d) Vertical velocity w (m/s), where upward is positive. (e)—(g) represent
three internal wave events of 5 min, where color represents acoustic backscatter. White lines are reconstructed isopycnals, velocity
vectors represent the wave -induced currents. The gray dots represent (1) 10:00 and (2) 10:43 arrival of the tidal plume front.’ Figure
and caption reproduced from Rijnsburger et al. (2021).
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Here, we present remote sensing data and radar data that show the propagation of tidal plume fronts towards the coast.
We also show observations from near-shore salinity sensors that tracked their propagation into shallow water. Moreover,
a boat survey, carried out offshore of the Sand Engine, further revealed tidal plume fronts propagating all the way to the
coast. Here we further explore internal waves in the data, and their generation by multiple tidal plume fronts. We also
explore their trapping in the mid-field of the Rhine River Plume, and their propagation towards the coast.

Using both a 2D non-hydrostatic model, together with a 3D hydrostatic model and the field data, we explore the
interaction of the tidal plume fronts, and relic tidal plume fronts in the near to mid-field plume and their influence on
vertical mixing and dissipation. The tidal plume fronts are thickest and fastest under downwelling winds and thinner and
slower under upwelling winds. We use simple energy and mixing arguments to highlight their control the evolution of
the stratification in the near to mid-field river plume.

As the tidal plume fronts propagate onshore they shoal, break and increase cross-shelf mixing. They also increase
sediment resuspension and transport algae from the Rhine River towards the coast. Using an idealised 2D non-hydrostatic
model we explore mixing internal solitary waves can produce as they shoal and break.

We describe a cross-shore frontal pumping mechanism and show how this impacts near shore mixing, sediment
resuspension and offshore transport. We consider how this changes during periods of extreme drought and floods. We
consider similarities and differences to other river plumes, and how we can apply our knowledge from highly sampled
river plumes, to remote river plume systems.
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Exchange Flow and Mixing in Patagonian Fjords Under Climatic Variability Modes
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Abstract

Fjords, characteristic estuarine systems of high latitudes, provide unique insights into the complexities of estuarine
dynamics influenced by climate variability and anthropogenic pressures. Marked by significant freshwater inputs as well
as complex coastlines and bathymetries, fjord systems can exhibit a range of stratification conditions that play a crucial
role in their estuarine circulation. This stratification can be altered by the interplay of wind, tides, and remote forcing,
resulting in varied patterns of exchange, and mixing processes. The 2016 drought in Chilean Patagonia, resulting in
reduced river discharge and subsequent environmental disturbances such as significant harmful algal blooms (HABs),
highlights the vulnerability of these ecosystems to climatic anomalies. Moreover, projections indicating an increase in the
frequency and intensity of such droughts due to climate change emphasize the urgency of understanding and mitigating
these impacts. The intricate dynamics of fjords and the profound impact of climate fluctuations on their hydrological
balance necessitate a comprehensive understanding of their water exchange and mixing processes.
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Figure 1. Overview of the Chiloe Inland Sea (CIS) study area. This map displays the six basins under analysis, with yellow lines
marking the divisions of the area into smaller volume segments for detailed study. The size of triangular elements denotes the spatial
resolution of the hydrodynamic model, while the color represents the depth of each basin.

The objective of this study is to assess how extreme drought conditions impact the exchange flow and mixing within
a complex fjord system. The Total Exchange Flow framework (TEF) (MacCready, 2011) and salinity variance budget
(MacCready et al., 2018) will be used, as they offer a robust methodology for quantifying time-averaged net transport of
volume and mass between the ocean and estuaries, segmented by salinity classes, thereby capturing both tidal and subtidal
dynamics. Using these methodologies to achieve our objective, we aim to answer three specific research questions: 1)
How does the Total Exchange Flow (TEF) vary at different locations throughout a year marked by extreme drought
conditions (2016) compared to a typical year (2018), 2) what is the relative contribution of tide, wind and river input for
each of these scenarios and locations, and 3) how does the reduced river input during the drought year affect fjord mixing
processes?
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To address these questions, we will run numerical simulations of the entirety of the Chiloé Inland Sea (CIS) in
Northern Patagonia (Figure 1) to quantify the TEF during both the drought and typical years. We use a 3-dimensional
hydrodynamic model (MIKE-3 FM) with an unstructured mesh that is forced by a hydrological model (FLOW-IFOP) to
provide freshwater sources and an atmospheric model (WRF) that supplies wind and heat fluxes.

Our initial results of the Total Exchange Flow (TEF) within the Reloncavi Fjord examined for the years 2016 and
2018, revealed that the TEF is sensitive to variations in freshwater inputs, tidal forcing, and wind. River flow stands out
as the principal factor influencing the TEF, particularly noticeable during the austral winter and spring months (July-
Dec). The year 2016 marked a shift, with the influence of river flow diminishing and giving precedence to wind and tidal
forces, especially in the austral summer and fall. The annual average Total Exchange Flow (TEF) for both years indicates
a decrease in the average TEF value by approximately 15% in 2016 compared to 2018. In 2016, the TEF spanned a higher
salinity class (>33), suggesting a more pronounced saltwater intrusion from the ocean at the fjord's mouth. This contrasts
with 2018, where higher salinity classes ranges decreased (<32.8), reflecting changes in estuarine mixing and the intensity
of saline intrusion.

While river discharge is the primary driver of estuarine dynamics in the Reloncavi Fjord, wind significantly influences
daily temporal scales (3-10 days). Our results have shown that during periods of low discharge, even weak wind events
can cause a substantial uplift of subsurface waters. This dynamic is particularly critical during drought conditions, which
may elevate chemical tracers such as low oxygen concentrations or oceanic nutrients to the surface, potentially altering
the fjord's ecological balance. Additionally, our findings highlight river flow as a critical driver of estuarine mixing in
Reloncavi Fjord, revealing a strong correlation between river discharge and mixing intensity. This suggests that higher
river flows increase salinity variance, enhancing the mixing. These outcomes align with findings by Broatch and
MacCready (2022) in the Salish Sea and contrast to previous studies such as Wang et al. (2017), Li et al. (2018),
MacCready et al. (2018), and Wang and Geyer (2018), where a pronounced spring—neap effect was observed. However,
we expect that in shallower areas with greater tidal influence, like Desertores Pass and Chacao Channel, mixing could be
more relevant due to this process.

Our study not only sheds light on the complex interplay between freshwater inputs, tidal and wind forces, and their
impact on estuarine mixing and circulation but also illustrates the possible ecological ramifications of these physical
processes. By utilizing a comprehensive database on river flow (FLOW Model), we were able to estimate AS, defined as
the difference between the representative incoming (Sin) and outgoing (Sout) salinity, and reconstruct stratification
patterns spanning from 1979 to 2021. This analysis uncovered a connection between destratification events and the
emergence of HAB species like Pseudochattonella sp. and Heterosigma akashiwo, which severely impacted aquaculture
through substantial fish mortalities in 1988 and 2021 associated with Heterosigma akashiwo, and in 2009, 2016, and 2019
with Pseudochattonella sp. The 2016 HAB of Pseudochattonella sp. stands out as the most devastating event to date,
highlighting the critical need for the development of prediction and mitigation strategies. The linkage between
hydrodynamic changes and HABs event is a first step to providing these valuable insights into the dynamic responses of
fjord systems to environmental changes, paving the way for future studies aimed at enhancing resilience and sustainability
in these critical habitats.
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Abstract

The Penobscot River Estuary is located on the northeast coast of Maine in the United States. This estuary features a mobile pool of
contaminated sediments that are resuspended and transported downstream during high river flows and trapped by salinity fronts (Geyer
and Ralston, 2018), which we will refer to here as a salt wedge. This study aims to determine the mechanisms driving tidal and subtidal
circulation and mixing at the toe of the salt wedge in the Penobscot River Estuary during high river discharge conditions and to link these
mechanisms to sediment erosion, suspension, and deposition. To reach this goal, we use in-situ collected measurements of current velocity,
salinity, temperature, turbulent kinetic energy dissipation (proxy for mixing), and turbidity. The measurements were collected over one
full semi-diurnal tidal cycle (~12h) at two cross-channel transects (~500 m apart) on June 29, 2023, and in an along-channel transect
conducted at the end of ebb tide the day before (June 28t) to determine the along-channel location of the salt wedge. Results showed that
despite the close distance of the transects, the tidal and subtidal current velocity patterns showed different strength and structure (Figure
1, columns 1 and 2). An analysis of the subtidal along-channel momentum balance indicates that advection balances the effects of the
baroclinic pressure gradient and centrifugal accelerations caused by channel curvature. Frictional effects were negligible in comparison.
Quantification of the vertical eddy viscosity showed maximum values where the water column was homogenous, indicating that frictional
effects near bottom were elevated either before or after the toe of the salt wedge was advected past the study area.

The transect that was most upstream indicated that during ebb tide sediments were advected into the study site, with a clear indication
of the tail of the turbidity maximum. After the turbidity maximum was downstream, the turbidity decreased starkly despite the maintenance
of strong out-estuary currents (>1 m/s). Turbidity values remained low until the start of flood tide, allowing for resuspension, and the toe
of the salt wedge again reached the upstream transect, indicating that the salinity front indeed traps the suspended sediment. The
downstream transect (500 m downstream of the upstream transect) shows a similar pattern with turbidity, but with little or no resuspension
and rather advection dominating the changes in turbidity.

Transect 1 (Downstream)
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Figure 1. (Column 1) The residual (subtial flow) at the downstream and upstream transects, (Column 2) the semi-diurnal along-channel
velocity amplitude, (Column 3) the quarter-diurnal along-channel velocity amplitude and (Column 4) the sixth-diurnal along-channel velocity
amplitude.
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Abstract

Bed form dynamics have long been studied due to their relevance for coastal management. For instance, bed form
growth and migration may lead to the filling of navigation channels, re-exposure of cables and pipelines, and endanger
the integrity of foundations of off-shore installations (Németh et al., 2003). This study focuses on the dynamics of tidal
sand waves (also known as tidal sand dunes), i.e. rhythmic bed features with a typical height of several meters, a
wavelength of hundreds of meters and an annual migration of multiple meters. They are commonly found in shallow shelf
seas, for instance in the North Sea, the Baltic Sea and the Irish Sea (Van der Meijden et al., 2023).

Sand waves have been explained as free instabilities of the sea bed, implying they will inherently form on the
(unstable) flat sea bed due to residual flow cells resulting from tide-topography interactions (Hulscher, 1996). However,
all studies so far consider non-cohesive (sandy) sediments, whereas the impact of cohesive sediment on sand wave
dynamics is suggested to be profound. Although sand waves are found in areas with a muddy sediment fraction (Van Dijk
et al., 2012), no bedforms are found if the cohesive sediment fraction exceeds 10-15% (Baas et al., 2016; Schindler et al.,
2015). Some authors put this threshold even lower, suggesting small amounts of cohesive sediment may already inhibit
sand wave formation (Borsje et al., 2009). Therefore, this study aims to address how cohesive sediment impacts sand
wave dynamics.

To achieve this objective, we systematically develop an idealized, process-based morphodynamic model accounting
for different sediment fractions, both non-cohesive and cohesive. The hydrodynamics are described by the shallow water
equations. Sediment transport per sediment fraction is governed by bedload transport, for which a simple transport
predictor is applied, and suspended load per fraction, described by the advection-diffusion equation. The Hirano (1971)
approach is employed to describe the bed composition, and the Exner equation is employed to describe the evolution of
the bed level. In future results, the effect of the cohesive sediment on the sediment transport shall be included as described
in Van Ledden (2001).

To analyse the model results, a linear stability analysis is performed (see e.g. Hulscher, 1996; Roos et al., 2007). In
this approach, we consider the flat bed configuration (the basic state). Linear stability analysis allows to study the stability
of this basic state for features of different wavelengths (“modes”). For each of these modes, the stability analysis reveals
whether the amplitude of the mode will increase or decrease (the growth rate y) as well the migration rate of the bed
feature. The mode with the largest growth rate is termed the fastest growing mode (FGM) and is presumed to dominate
the dynamics; this allows to also quantify the wavelength of the bed features. In this study, this method is expanded to
also allow for analysis of multiple sediment fractions. This is done in a similar way as Damveld et al. (2019), allowing to
also explore the sorting pattern of the sediment over the sand wave.

In Figure 1, first results of this analysis are shown for a bi-modal sediment mixture. The first fraction represents a
coarse (D = 0.35 mm) fraction that is solely transported by bedload transport, whilst the other represents a fine (D = 0.15
mm) fraction solely transported as suspended load. In these first results, both fractions are modelled as non-cohesive, but
the transport and erosion parameters of the finer fraction are chosen to represent a muddier fraction. The multi-modal
sediment transport is explicitly solved for. However, the interaction between the fractions is, in these first results, included
by correcting the input parameters for hiding-exposure in the basic state. Already without a cohesive interaction with the
other fraction, profound effects can be observed. In the left panel, it can clearly be observed that the addition of even a
small fraction of fine sediment (ffine) leads to large changes in the growth rate. This is further explored in the right panel,
showing that a small fine sediment fraction (ffine = 0.05) already reduces the growth rate by roughly 20%. Conversely,
the topographic wavenumber k* of the FGM (inversely related to the wavelength) barely changes with the addition of
fine sediments. Additional results (not shown here) indicate a clear sediment sorting pattern, with the fine sediment
accumulating in the troughs of the sand waves, and the coarse sediment accumulating on the crests. An impact on sand
wave migration is not observed due to the symmetric tidal forcing.
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The decreased growth rates when increasing the fine sediment fraction can be directly explained as a consequence of
the sediment sorting. After all, the fine sediment accumulates in the troughs; hence, if more fine sediment is present in
the mixture, more sediment will accumulate in the troughs, and troughs will become shallower. As such, the growth rate
of the bed form amplitudes decreases. Based on literature, we would also anticipate a strong impact of fine sediment
fraction on the wavelength, but our first results (see Figure 1) do not display this strong relation. We attribute this to the
way that hiding exposure is currently implemented in our model, where disturbances of the sediment composition beyond
the initial composition do not yield changes in the hiding exposure effect. Furthermore, the first results exemplify the
large effect of a fine sediment, behaving like a muddy sediment, even when not considering the cohesive interactions. At
the conference, we will present further model results including this cohesive interaction.

37 0.2 117
 —\\ I @
// s’sk\ 9 | p— - - o o o =
27 Y \ = !
i = ‘ 10.15 8
k 2091
8 B S
f § =208
s &= B2
: % 0.7
o =
S
o krca (frine)/kraar(ffine = 0)
Yrau (frine) /Veare(frine = 0)
-2 ‘ ' ‘ ‘ 05 : ‘ : ‘
0 0.01 0.02 0.03 0.04 0 0.05 0.1 0.15 0.2
* ) Fhine E]

Figure 1: The effect of the fraction of fine sediment (frine) On sand wave dynamics without cohesive interaction between the fractions.
Left panel: impact of frine 0N the growth rate of the bedform as a function of the topographic wavenumber k* (inversely proportional to
the wavelength). Right panel: impact of fiine 0n the growth rate and wavelength of the fastest growing mode of the bedform.
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Abstract

Salinity fronts in estuaries are often regions of locally intensified mixing. Horizontal velocity convergence at surface
or bottom fronts can lead to accumulation near the front of positively or negatively buoyant material, respectively. Fronts
can be generated by tidal flows interacting with bathymetric features, and are often associated with high discharge,
strongly stratified conditions as in salt wedge estuaries or tidal intrusions fronts. Here we examine the role of fronts in
mixing of salt and fresh water in Mobile Bay. Mobile Bay is located on the Gulf of Mexico and has the fourth largest
coastal river discharge in the U.S. The mean river outflow is 1900 m3/s, but seasonally discharge ranges from 100 m3/s
during the summer and early fall to more than 15,000 m3/s during major events. Mobile Bay is microtidal and with
dominantly diurnal tides ranging in amplitude from 0.1 to 0.8 m. The embayment is large (50 km long, 15-35 km wide)
and shallow (mostly < 4 m) except for a narrow navigational channel (15 m deep) that extends from the mouth to the head
of the bay. The navigational channel cuts through an otherwise shallow ebb tide delta that connects Mobile Bay to the
Gulf of Mexico.

The highly modified bathymetry, weak tides, and large and variable river discharge make Mobile Bay a distinctive
case study for examining mixing processes. We use a high-resolution numerical model to quantify freshwater transport
and salinity mixing in the estuary over a range of realistic forcing conditions. Model results are compared with
observations using in-situ and remote sensing data, including moored time series, shipboard survey transects, and satellite
synthetic aperture radar (SAR) images to identify front locations. The period of observations and model results is from
April to June 2021, spanning multiple spring-neap cycles and several large river discharge events. Mixing is quantified
based on the vertical salinity variance budget and includes both resolved turbulent and numerical mixing.

The freshwater content of the estuary and adjacent shelf varies depending primarily on the river inputs and the mixing
in the estuary. The spring-neap cycle affects the position of the salinity intrusion, and thus the mixing, with more landward
extent of the salinity during neap tides. Bottom fronts form at the edges of the navigational channel and create localized
regions of intensified mixing. Lateral baroclinic exchange from the channel onto the adjacent shoals enhances the
stratification, and tidal shear causes increased mixing, particularly during the transition from neap to spring tides. Surface
salinity fronts form at multiple headlands and constrictions. During flood tides, tidal intrusion fronts cause intensified
mixing inside the mouth of the estuary, whereas during the ebb, surface fronts created at headlands result in multiple
plume fronts that propagate into the coastal ocean. The plume fronts are also influenced by the bathymetry of the ebb
delta, where lateral shear from flow through deeper gaps in the shallow sill create multiple lobes to the plume fronts. The
lateral shear induced by the bathymetry enhances the internal shear layer-mixing from the baroclinic plume. An additional
factor influencing the overall mixing is the wind. Surface wind stress increases the mixing rate at shallow pycnoclines in
both the estuary and plume. Wind also enhances the near-surface shear in the ambient currents, increasing the convergence
at surface fronts and the associated mixing. Overall, localized mixing at fronts accounts for a disproportionate amount of
the total mixing during both flood and ebb tides.
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Abstract

Estuaries are locations where terrestrial freshwater, such as discharge from a river, is mixed with salty ocean water.
This mixing process is effectively a transformation of water masses, which can best be traced in salinity space. In a novel
approach to identify key mechanisms driving this water mass transformation, we have thus applied a combination of
analyses in salinity space and Euclidean space. To this end, we used results from a realistic, three-dimensional hindcast
study of the tidal Elbe, a mesotidal estuary located in northwest Germany adjacent to the North Sea. In a preceding study
by Reese et al. (2024), the spatial distribution of the exchange of water masses between estuary and ocean was mapped
using the diahaline water transport, which can be understood as entrainment across isohaline surfaces, as well as the local
mixing per salinity class. It was found that mixing and water mass transformation in the estuary are localised along steep
topography gradients such as the shoals of the navigational channel, see Fig. 1. In detail, ocean water is entrained into the
estuary in the upstream, near-bottom region of isohaline surfaces, while estuarine waters are exported towards the ocean
in the downstream, near-surface region of an isohaline. Building on these findings, we present our newest results from a
subsequent, in-depth analysis of the mechanisms triggering the formation of the modelled mixing hotspots. This analysis
reveals a dominant mixing signal of the M2 tidal cycle, for which two main drivers were identified: First, the formation
of a salt front due to differential advection between the navigational channel and surrounding tidal flats leads to intense
mixing directly at the intersection of the front with the shoal topography, especially during ebb tide, as previously
described by Warner et al. (2020) for the Hudson estuary. Second, a single-cell lateral circulation drives mixing hotspots
at the turning points of the circulation near the shoals of the navigational channel, where a strong vertical shear coincides
with vertical stratification due to freshwater discharge. Lastly, a weaker spring-neap signal of strongest mixing during the
transition from neap to spring tides, when stratification is strongest, is found to be masked during a high discharge event.
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Fig. 1: Horizontal distribution of local mixing mxy(S, x, y) (left) and negative effective vertical diahaline velocity uSdia,z (right) for
the isohaline S = 13 g kg~/ , averaged over two spring-neap cycles during a high-discharge event in June 2013. Outflow from the
estuary toward the North Sea is shown in blue, inflow is shown in red. The bold gray line represents the open boundary of the numerical
setup, thin gray lines represent the 12-m isobath, and the black lines show the relative height of the S = 13 g kg~/ isohaline above
ground at intervals of 0.2 (bold), 0.5 (dash-dot), and 0.8 (dotted). The inset figures in each panel show details from the location of the
the black rectangles, with the 12-m isobath as a bold black line. Figure and description modified from Reese et al. (2024).

References

Reese, L., Grawe, U., Klingbeil, K., Li, X., Lorenz, M., and Burchard, H. (2024): Local Mixing Determines Spatial
Structure of Diahaline Exchange Flow in a Mesotidal Estuary: A Study of Extreme Runoff Conditions. J. Phys.
Oceanogr., 54, 3-27, https://doi.org/10.1175/JPO-D-23-0052.1.

Warner, J. C., Geyer, W. R., Ralston, D. K., and Kalra, T. (2020): Using tracer variance decay to quantify variability of
salinity mixing in the Hudson River estuary. J. Geophys. Res. Oceans, 125, €2020JC016096,
https://doi.org/10.1029/2020JC016096.

L Institute for Baltic Sea Research Warnemiinde, Rostock, D-18119, Germany. Corresponding author: Lloyd Reese, reese@io-
warnemuende.de
2 Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, 511458, China

181


https://doi.org/10.1175/JPO-D-23-0052.1
https://doi.org/10.1029/2020JC016096
mailto:reese@io-warnemuende.de
mailto:reese@io-warnemuende.de

Abstract for the 21% Physics of Estuaries and Coastal Seas Conference, 2024

Trajectories, magnitude, and fate of continental microplastic loads to the inner shelf: a case
study of the world's largest choked coastal lagoon plume export

Rodriguez C. !, Silva P. 1, Moreira L. !, Zacher L. 2, Fernandes A. 2, Bouyssou R. 3, Jalon-
Rojas 1. 4, Moller O. !, Garcia-Rodriguez F. *°, Pinho G.L.L. !, and Fernandes E. *
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Abstract

Estuarine environments have a transitional importance on the presence and behaviour of plastic pollutants acting as
source and sink of these anthropogenic particles, by both buffering and exporting continental discharges to the adjacent
coastal environment (Pazos et al., 2021). Continental plastic loads, together with direct plastic inputs from fisheries,
offshore industries, and other maritime activities (Boucher and Friot, 2017; Boucher et al., 2020), undergo various
physical, chemical, and biological degradation processes driven by external environmental factors, such as mechanical
action from wind and waves, solar radiation, oxygen availability and interaction with organisms. These processes lead to
the formation of smaller size categories and dynamic changes in particle properties over time (Verma et al., 2016; Chamas
et al., 2020). Consequently, estuaries are key compartments for both dispersion and fragmentation of macroplastics (>25
mm) into mesoplastics (5 mm — 25 mm) and microplastics (1 pm - 5 mm), experiencing changes in dimensions and
densities and altering their buoyancy properties (Jalén-Rojas et al., 2019).

In the southern cost of Brazil, Patos Lagoon, the world’s largest choked lagoon, is considered the sixth hotspot of
plastic leakage to the ocean in South America, only after La Plata River, Guanabara Bay, Amazon, S&o Francisco, and
Tocantins Rivers (Alencar et al., 2023). The Patos Lagoon Estuary is a highly significant ecosystem where freshwater
from a vast and densely populated area continuously flows into the Atlantic Ocean, exporting not only freshwater but also
suspended sediment, nutrients, plastics, and other contaminants (Jung et al., 2020, Bortolin et al, 2022). The estuary’s
hydrodynamics is mainly modulated by the wind regime and the discharges over the drainage basins, with interannual
variability related to climatic modes of oscillation such as El Nifio Southern Oscillation (ENSO) (Tavora et al., 2020).
These factors force and control the formation, intensity, and behavior of hypopycnal coastal plumes (Calliari et al., 2009,
Marques et al. 2009), which modulate different patterns of plastic debris export towards the coast. In this context, Patos
Lagoon is potentially crucial as both a source and sink of anthropogenic waste, and ulterior export to the coastal region
by the coastal plume formation and dynamics, making the estuary a "hotspot"” of marine pollution (Pinheiro et al., 2021).

In this context, numerical modelling tools together with field data were used to assess for the first time the capacity
of the Patos Lagoon coastal plume to export MPs to the inner shelf under different hydrodynamic conditions (Fig. 1a).
The TELEMAC-3D hydrodynamic model (www.opentelemac.org) coupled with the TrackMPD model (Jal6n-Rojas et
al., 2019) were applied to simulate MPs dispersion and export through the Patos Lagoon coastal plume under different
intensities of ENSO. The behaviour of MPs was analysed for nine plume events during the period of 2014 and 2016,
being three of them classified as neutral, three as weak and three as very strong ENSO events, presenting different
discharge intensities, coastal plume structure and duration. Also, two field surveys were conducted during plume events
to validate the model approach and quantify MPs concentrations and loads applying a bottom-up approach. This approach
was employed to estimate the potential MPs export from the estuary’s towards the inner shelf (Fig. 1a).

MPs concentration in surface plume waters ranged from 0.22 items.m to 1.53 items.m3 and were confirmed by FTIR
as synthetic polymers in a 90%, being Polypropylene (PP) and Polyethylene (PE) the most abundant in a 73% (Fig. 1b).
The accumulation pattern was observed on the plume’s frontal system, consistent with simulation results (Fig. 1c). The
estimated average MPs potential export rate attained 9.6 million items.day™ during moderate plume events and 53.5
million items.day* during high discharge plume events.
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Figure 1. Landsat observation for the Patos Lagoon coastal plume behavior (a) and position of the sampling transects during the first
field sampling on June,2022. The magnitud of the average plastic export, calculated through a bottom-up approach, is indicated in the
white box in the order of millions items.day’. The observed microplastics density (b) indicate an acumulation pattern on the plume
front (transects 1 and 2), similar pattern as observed in the TrackMPD simulation results (c). TrackMPD results also demonstrated
the southwest transport of plastic particles, in response of NE predominant wind direction, and the presence of an accumulation hotspot
in the gyre between the jetties and Cassino’s beach.

Different trends of horizontal and vertical dispersion and accumulation of MPs were observed. Strong discharge
events, coupled with intense northeast winds, facilitated rapid south-westward export of MPs. Conversely, moderate to
weak discharge events retained MPs closer to the estuary’s mouth, enabling either longer trajectories or earlier deposition.
Significant MPs accumulation hotspots were identified in the gyre between the jetties and Cassino's beach, as well as in
the saline front within the plume boundaries (Fig. 1c). These accumulation zones may function as reservoirs for MPs
particles, potentially posing threats to local ecosystems. Understanding these dynamics is crucial for ongoing monitoring
efforts to assess potential harmful interactions over time.
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Spatial-temporal variability of TEF, salt flux, and mixing in a well-mixed estuary
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Abstract

Estuaries, with a large percentage of the world’s populations living on or near their shorelines, are of great
socioeconomic importance. Thus, it is critical to understand the physical mechanisms that impact their health, such as
their circulation and exchange flow. In particular, the exchange between coastal and estuarine waters determines residence
times, which affect water quality conditions and thus biogeochemical processes such as hypoxia, nutrient fluxes, and the
transport of contaminants (MacCready & Geyer, 2010).

The influence of density gradients on the estuarine hydrodynamics is well understood. Similarly, mechanisms such as
tidal asymmetry or lateral dynamics have also been found to be important in the generation of exchange flow. However,
recent studies have shown that these processes could yield exchange flows with the same structure and orientation, making
it difficult to differentiate their importance. In the case of well-mixed systems, buoyancy gradients may not be dominant
due to large tidal effects (Burchard & Hetland, 2010). One important tidal process is the difference in the volume of water
within an estuary between high and low tides, or the tidal prism. This volume alters the salinity intrusion length which
affects the stratification and mixing. Further, because of fortnightly tidal variability these effects are expected to vary
between the spring-neap cycle. Despite this, systems where tidal effects are of main importance, such as macrotidal
estuaries, have been scarcely studied and thus the importance of tidal effects in these systems is only partially understood.

On the other hand, a key aspect of the estuarine residual circulation is that it can be understood as a mechanism
governed by advective processes at the boundaries (tidal and river flows) and modulated by diffusive processes within
the estuary volume (mixing). While several definitions of mixing have been proposed, the definition proposed by
MacCready et al. (2018) as the destruction of the salinity variance within an estuarine volume, has proven to be a suitable
measure. Even though their work provided a connection between mixing and the exchange flow using a salinity budget,
they did not address the mechanisms responsible for its variability. Expanding on this work, Wang & Geyer (2018) studied
the mixing-exchange flow relationship along with mechanisms that vary with spring-neap tides and river conditions based
on the turbulence production and turbulent buoyancy flux and how these are related to the integrated volume salinity
variance dissipation. Using a model of the Hudson estuary, they found that mixing varies by more than one order of
magnitude between spring and neap tides, which considerably alters the salinity variance in the estuary. Among their
results, they found that river conditions play an important role in determining the magnitude of the exchange flow, mixing,
and the salinity intrusion length whereas the tides mostly affect mixing with different mechanisms during the spring-neap
cycle.

Although the estuarine parameter space is broad and several estuarine conditions have been studied, only scarce
studies have been carried out on macrotidal estuaries. Since these systems are characterized by having a considerable tidal
range, they provide a natural laboratory to study the variability and drivers of exchange flow and mixing over the spring-
neap cycle. Therefore, this study aims to answer: (1) What is the spatial and temporal variability of the exchange flow of
a funnel-shaped and tidally-driven estuary? (2) How is mixing related to the exchange flow variability under different
river regimes during spring-neap tides? To answer these questions we consider the macrotidal Gironde estuary (Figure 1)
using numerical simulations from the TELEMAC-3D finite-element open-source model. The model was configured to
use the k-e turbulence model in both vertical and horizontal axes and has 20 equidistant terrain-following layers that
expand and contract following the tides. The model includes the Garonne and the Dordogne rivers whose combined river
discharge (monthly averaged) varies between 150 and 2000 m3/s with flood events reaching peak values of 5000 m3/s.
Three different river regimes were considered to force the model: 300, 700, and 1100 m3/s, as low, mid, and high regimes,
respectively with identical tidal conditions.

The Total Exchange flow (TEF) methodology was used to calculate the exchange flow (MacCready, 2011). To
quantify mixing (M), we use the result from MacCready et al. (2018) according to which, under steady state:

M ~ SinsothR

where Sin and Syt are the inflow and outflow layers and Qg is the river volume flux. To quantify the temporal variability
of advection and diffusion in the Gironde, we use the salinity budget equation (MacCready et al., 2018).
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We analyze TEF and mixing in 20 sections along the thalweg of the Gironde. Results show that the exchange flow along
the Gironde decreases upstream with similar variability for the inflow and outflow layers (Figure 2A). At the mouth, TEF
inflow transport shows a smaller increase between the low and high river regimes while a larger variability was observed on
TEF outflow, similar to the results in the Hudson estuary of Wang & Geyer (2018). TEF outflow variability qualitatively
follows the along-channel variability in bathymetry and estuary width (Figure 2A,D). The tidally averaged volume
conservation indicates that morphological changes seem to be a key factor in driving the spatial variability of TEF in the
downstream region of the estuary where tidal flats are substantial. Little variability was observed in the upstream part of the
estuary for the three river regimes (Figure 2B). A region of storage in the downstream part of the estuary was observed only
for the low river regime model. With higher river conditions, the regions characterized by having flats (0 - 15 km) showed a
deficit. The flux-weighted salinities decrease steadily from mouth to head and the stratification AS increased with the river
regime. Using a salinity threshold of 2 g/kg at the bottom, the salinity intrusion length was found to be ~ 36 and ~ 31 km
from the mouth under the mid and high river regimes, respectively. In the case of the low regime, this threshold was not
observed on the transects considered, indicating that the intrusion length was greater than 47 km.

The relationship between TEF and mixing indicates different spatial and temporal variability. In the case of the low river
regime, the maximum stratification at the mouth occurred during late neap tide whereas at the head occurred centered on
neap tides. In the case of the high river regime, the maximum stratification occurred close to the spring tide. The river regime
affects the stratification greatly, showing larger stratification with increasing riverine outflows (not shown). Further, the
quantification of the advection and diffusion terms in the salinity budget equation indicate an unsteadiness in the salt balance.
This situation has been observed in other systems and indicates different importance of the dispersive and advective salt
fluxes over the system.
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Abstract

Marine sand extraction is rapidly accelerating, with increasing amounts of sand needed for coastal nourishments, land
reclamations, and the construction industry. The impact of depleting sand resources is already felt on the Belgian Continental
Shelf (BCS) and is an emerging challenge on the Netherlands Continental Shelf (NCS); see Figure 1. This has severe
repercussions on the ecosystem services sandbanks provide and threatens our access to sand supplies in the future.

Here we present the BANX-project, funded by the Netherlands Science Organisation (NWO) and carried out at the
University of Twente (UT, The Netherlands) and the Institute of Natural Sciences (RBINS)/Ghent University (UGent)
(Belgium). Starting in September 2024, BANX aims to provide knowledge and tools to support the long-term management
(years to decades) and sustainable exploitation of tidal sandbanks in environments with sediment scarcity.

To this end, a novel process-based morphodynamic model will be developed to understand sandbank evolution under
sediment-scarce conditions, both autonomously and in response to sand extraction (PhD A in Figure 2). A pilot study has
already been carried out (Van Veelen et al., 2022). Simultaneously, indicators will be identified that help detect potentially
irreversible morphosedimentary system responses based on data from the BCS (including geological substrate, PhD B).
Finally, the above will be combined to create an extraction toolbox that supports the spatiotemporal design of extraction
strategies (Postdoc C). BANX thus benefits from the modelling expertise of UT and the geological and morphosedimentary
expertise at RBINS/UGent. See Figure 2 on the next page for an outline of the project structure.

Utilisation is enhanced by the active involvement of eleven key users, representing government agencies, marine
consultancies, dredging industry, knowledge institutes and environmental organisations (from Belgium, The Netherlands
and UN). Because sand scarcity, as currently experienced on the BCS and locally on the NCS, has been recognized as a
major concern by the United Nations Environment Program (UNEP, 2022), the significance of BANX extends far beyond
the BCS and NCS.

= Upper Holocene

= | ower Holocene
= Pleistocene
Van Lancker et al. (2019) ® Paleogene (mostly clay) ,

Figure 1: (a) Bathymetrlc chart of southern North Sea showing four tidal sandbank systems: 1. Norfolk Banks, 2. Dutch Banks, 3. Zeeland
Banks, 4. Flemish Banks. (b) Seabed geology of BCS and part of NCS, showing sand scarcity (Van Lancker et al., 2019).
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Figure 2: Project structure of BANX, including links among the three subprojects: PhD A (at UT), PhD B (at RBINS/UGent) and Postdoc
C (at UT).
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Abstract

A tidal bore is a non-linear wave propagating upstream of estuaries with an important tidal range (Figure 1).

L S A

-

Figure 1: An in-situ tidal bore of the undular type with lateral turbid jets on the banks observed at Saint-Pardon near Bordeaux on the
Dordogne river, France (Picture taken by Germain Rousseaux, 10-19-2013).

The tidal bore is also a cultural heritage and an attraction for tourists.

Several types of tidal bores have been reported in the literature so far: dispersive with a decaying undulation (Figure
2) or partially breaking or totally breaking with or without local and or global flow reversal of the river current at the
passage of the tidal front [Rousseaux et al. 2016, Berchet et al. 2018, Satria Putra 2019 et al., Thomas & David 2021].

Figure 2: An experimental tidal bore with its undulation generated in the Pprime laboratory by a volume inversion method [Rousseaux
et al. 2016] in an open water channel of rectangular geometry with a global flow reversal. The LED lit the secondary waves
downstream of the tidal bore front from the channel sides through the glass windows.

LCNRS, Institut Pprime, Poitiers (France), germain.rousseaux@cnrs.fr
2 University of Poitiers, Institut Pprime, Poitiers (France)

3 EDF, Chatou, (France)

4 University of Poitiers, LMA, Poitiers (France)

189


mailto:germain.rousseaux@cnrs.fr

Here, we show for the first time thanks to a combination of Particle Image Velocimetry measurements with the Davis
software and numerical simulations using DualSPHysics that the classification of tidal bores has to take into account the
Galilean frame of reference of observation. Indeed, the tidal bore is usually viewed “from the banks” by an external
observer, says the fisherman. We will argue in this work that a better point of view is the one “from the fish” frame of
reference namely of the river current (Figure 3). Then, what seems to be different tidal bores are, in practice, tidal bores
seen from different Galilean perspectives. We will distinguish weak and strong bore depending on the balance with the
effect of the current. A theoretical discussion on the good dimensionless Galilean parameters taking into account the
geometry of the estuary will follow. In the case of partially or totally breaking tidal bores, the numerical modelling of
flows with a complex free surface is a very useful benchmark for testing the SPH methods implemented in DualSPHYysics,
in particular to choose the kernel function (Cottet et al., 2014).

e

125 0.5

0.4
@
3 oAsg
E 3
N o
[
0z =

01

oo am oS4 B
200 150 100 -50 0 50 100 150 200
X (mm)
- ————<1mis Vrel= (0.568.0)mis

125 0.5
S EEEZ 2
§ E = = T fos 3
£ E £ EE E E 5
s E EE E Z ~ 8
= E E = = g Z ]

=
EE EE B0 0.2
=
0.1
- &&= =
200 150 100 -50 [ 50 100 150 200

Figure 3: An experimental tidal bore generated in the Pprime laboratory by a partially closing gate in an open water channel of
rectangular geometry without global flow reversal. (Top) superposition of the velocity field (dark arrows) of the river current (upstream
parameters U=0.57m/s, h=0.07cm) to the tidal bore seen laterally: one notices no local flow reversal ; (Bottom) velocity field of the
tidal bore without the contribution of the river current: one notices the local flow reversals. The background color is the modulus of
the speed. This type of tidal bore is dominated by the river current without global flow reversal: it is thus a so-called weak bore of an
undular type.
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Abstract

The brackish water zones of estuarine systems between coastal zones and rivers provide a unique ecosystem. Changes
in salt intrusion do not only influence these ecosystems, but can have social and economical implications. For example,
an increase in salt intrusion may affect freshwater abstraction for drinking water or agricultural use. Hence, changes in
the salt dynamics of an estuary can have severe consequences.

Salt intrusions in estuaries are influenced by several environmental factors including the tides and the river discharge.
As droughts are expected to become more likely with climate change, periods of reduced river discharge and thus
increased salt intrusion into the estuary will likely occur more frequently (e.g. Lee et al., 2024). The correlation between
river discharge and salt intrusion can be seen, e.g., in Figure 1 for the Weser estuary. The mesotidal Weser estuary, located
in North-West Germany, will be the primary focus of this study.

However, natural changes of environmental conditions are not the only aspect that has to be considered for estimating
the development of salt intrusions. Often, estuaries are of a high social relevance as connections between the sea and
landward located ports. To maintain the accessibility of such ports for larger ships, dredging of the navigational channel
is a common practice in many estuaries. Kolb et al. (2022) have shown that historic dredging of the Weser estuary has
had an influence on the salt dynamics in the Weser estuary. To be able to estimate the consequences of natural variability
and anthropogenic measures on the salt intrusion, a deepened understanding of the mechanisms of salt transport and their
response to changing conditions is essential.

2016-02 2016-03 2016-04 2016-05 2016-06 2016-07 2016-08 2016-09 2016-10 2016-11 2016-12 2017-01
Time
Figure 1: Simulated daily mean values of the bottom salinity in the navigational channel of the Weser estuary for the year 2016 (upper

2016-02 2016-03 2016-04 2016-05 2016-06 2016-07 2016-08 2016-09 2016-10 2016-11 2016-12 2017-01
panel). The position of the 1 g/kg isohaline is given in white. The observed Weser river discharge of the year 2016 is shown in the
lower panel.
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To analyse the different salt transport mechanisms, we transfer a decomposition of suspended matter transport based
on astudy by Burchard et al. (2018) to the saltflux through cross-sections of the Weser estuary. Within this decomposition,
the down-estuary transport of salt due to the river runoff is balanced by four factors, which are typically leading to an
upstream salt transport. These include tidal pumping, the estuarine circulation, tidal straining and Stokes transport.
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The saltflux decomposition is applied to results of a high-resolution 3D model simulation of the Weser estuary. Our
numerical setup uses a curvilinear grid in which one grid line always follows the thalweg of the navigational channel.
This permits a focus on the dominating processes in the channel and simplifies cross-channel analysis (Reese et al., 2024).
A continuous analysis of several cross-sections along the estuary allows a comparison of the salt dynamics in different
parts of the estuary. With the high-resolution model we are able to focus on areas of low salinity where the transport
mechanisms are not yet entirely understood.

Here, we present first results about the development of the above mentioned salt transport mechanisms under different
scenarios like changing river discharge and anthropogenic measures based on a saltflux decomposition analysis.
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Abstract

The forecast of water exchange between the continental shelf and the coastline is required in a variety of coastal and
ocean applications such as sediment budget and coastal morphodynamic evolution. This exchange is controlled by
physical processes including hydrodynamics, human interventions, and resulting bathymetric evolution. To improve the
understanding of this exchange, field observations and process-based modeling of ocean circulation and sediment
processes over the entire shelf and nearshore need to be conducted under varying forcing conditions. Accordingly,
circulation and sediment transport over the shore-oblique sand deposits at the shelf offshore of Fire Island, New York,
USA (Warner et al., 2014) have been investigated. Field measurements of atmospheric parameters, flows, waves, and
sediment fluxes were collected during a wave energetic season. The observations were analyzed where the flow was
decomposed into tidal and subtidal parts. A hydrodynamic model that couples atmospheric processes, ocean circulation,
waves, and sediment transport (Warner et al., 2010) was set up and validated using the experimental data of the vertical
structures of the stratified hydrodynamics, waves, suspended load, and bedload.
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Figure 1 — Two-day-long time-series of cross-shore wind, observed and modeled subtidal cross-shore currents (left panels); wave

height, wave skewness, sediment resuspension, and cross-shore bedload flux (right panels). In the color code of the vertical structures

of the cross-shore subtidal flows on the left panels, red and blue correspond to onshore-directed and offshore-directed currents,
respectively. The red and black curves on the right panels correspond to the observed and modeled parameters, respectively.

The physical processes that control the flows over the shelf and the nearshore were diagnosed. The analysis indicated
that the surface momentum induced by the winds impose a major control on the magnitude and direction of the observed
and modeled subtidal shelf currents. The along-shelf current velocities were significantly correlated to the along-shelf
wind energy and, throughout the water column, in the same direction as the along-shelf winds. The along-shelf momentum
near the sea surface was largely governed by a balance between vertical mixing (due to wind stress) and an opposing
pressure gradient; near the bed, bottom streaming also became significant in addition to this pressure gradient and the
vertical mixing there (due to bottom friction).
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For the cross-shelf subtidal flows, the observations and the model results had a two-layer vertical structure:
dominantly, the surface flows and the near-bed flows were directed towards offshore and onshore, respectively (Fig.1,
left panels). The relatively high alongshore velocities, compared to cross-shore velocities, make Coriolis a significant
process in the cross-shelf subtidal momentum balance, in addition to the vertical mixing, pressure gradient, and bottom
streaming.

In the nearshore, in addition to these processes, wave-induced impacts such as wave breaking and vortex force, the
second of which is due to the interaction of the Stokes drift with the spatial gradients of the horizontal currents, also
became significant. The magnitudes, horizontal and vertical extents of these wave impacts and their relative significances
in the alongshore and cross-shore directions were shown to depend on the energy and the direction of the incoming waves.
The observed and modeled sediment resuspension and bedload transport (Fig.1, right panels) were correlated to the wave-
current bottom stress and wave skewness (Parlak et al., 2023), which are critical for not only the maintenance of the sand
deposits at the shelf but also the evolution of the coastline (Safak et al., 2017). Future work will include the evaluation of
these observed and modeled sediment processes over the entire shelf and the nearshore under varying forcing conditions
in order to achieve a better understanding of the sediment exchange between the continental shelf and the coastline.
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Resilience to climate change and demographic pressure in wetlands and swamps of the
northern coast of Yucatan, Mexico

Salles P. Yand Pacheco R. 2
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Abstract

The northern coast of the Yucatan Peninsula is composed of barriers islands, shallow lagoons, wetlands and swamps,
which harbor diverse ecosystem services and communicate with the Gulf of Mexico through natural inlets and shelter
ports. These connections allow the water exchange with variable efficiency, and the inland water body can be regarded
as many quasi-independent ecosystems separated by watersheds and with negligible flow exchange between them.
Besides, significant volumes of freshwater (10-15% of tidal prism) from the confined coastal aquifer enter these systems
through hundreds of springs of various sizes and flow rates.

Climate change (sea level rise and increased variability in seasonal and yearly precipitation) and demographic
pressure (increased freshwater abstraction from the aquifer for human use) are stressors that hinder the equilibrium and
resilience of these coastal systems, whose environmental health depends, to a great extent, on the hydroperiod and
salinity levels, which in turn depend on (a) the efficiency and intensity of the water exchange with the ocean and (b) the
seasonal and long-term variable aquifer freshwater input. This ongoing study (2010-2024) presents some results from
different systems in the region, with emphasis on the Carbonera shallow lagoon and the Sisal wetland (see Figure 1),
aimed to increase our understanding of such coastal systems and to evaluate its resilience.
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Figure 1. Study area
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Exchange Flow and Stratification Variability across the Freshwater Froude Number and
Mixing Number Parameter Space
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Abstract

Motivation:

The estuarine exchange flow, or tidally-averaged circulation, sets the exchange of salt, heat, nutrients, and other
passive tracers between the estuarine and oceanic environment. Ocean-estuary exchange impacts the distribution of tracers
within an estuary, as well as tracer residence time. Therefore, understanding the drivers of estuarine circulation is essential
to coastal management. Traditionally, the exchange flow has been described as a balance between mixing from tides and
buoyancy input from rivers. The relative strength of these two forcing mechanisms determines estuary stratification and
the magnitude of circulation. The classical solution describing estuarine circulation (e.g., Hansen and Rattray, 1965) can
be shown to produce a relationship between the exchange velocity (Ug) and inflowing river discharge (Ur) as Ue o with
no mixing dependence. However, for tidally dominated systems, diffusive solutions are more appropriate, and the exchange
flow increases with tidal velocity amplitude with Ue « U 7iqe (Chen et al., 2012). These theories work well indescribing
the exchange flow within estuaries that can clearly be defined as tidally dominated or density dominated, typically short
andlongestuariesrelative tothetidal intrusion, respectively (Chenet al., 2012). However, predicting the exchange flow
in systems with intermediate length scales, realistic forcing and varying geometry is more difficult. This challenge
arises because realistic estuaries tend to be a complex blend of friction, advection, and pressure gradients (Hetland,
2010), and mixing can be tidally asymmetric and drive its own residual circulation (Burchard and Hetland 2010).
Additionally, estuaries can experience non-local forcing such as dense water intrusions during upwelling or sea level
setup during storms which can impact the exchange flow. We revisit the question of how the exchange flow varies as a
function of river discharge and tides while also keeping in mind the effects of remote forcing and local factors.
Specifically, we make use of the Freshwater Froude number (Frs) and Mixing number (M) estuary classification scheme
(Geyer and MacCready, 2014) to identify broad patterns in exchange flow variability under realistic conditions.

Methods:

For our analysis, we utilized model output from a suite of realistic model runs and placed them in the Fr+M parameter
space (Fig. 1). M describes the effectiveness of tidal mixing and is proportional to Utide, While Fr¢is proportional to Ur.
Our models range from the weakly stratified, large Strait of Juan de Fuca (Salish Sea), which has both a low Frrand low
M, to the strongly stratified, Columbia River which has a large Frsand large M. Using realistic models adds additional
complexity but improves the robustness of observed relationships. For each model, we calculate bulk quantities including
inflowing/outflowing volume transport (Qin, Qout), inflowing/outflowing salinity (Sin, Sout), and stratification (Sin-Sout). We
calculate these quantities at the mouth of each estuary using the Total Exchange Flow (TEF) framework which makes use
of isohaline coordinates to ensure the bulk quantities are consistent with the Knudsen relation (MacCready 2011, Lorenz
etal., 2019).

Results:

We find that the time average of the exchange flow and stratification (AS) are roughly proportional to Urand Frs (Fig.
2), consistent with theory. However, the classical relation does a poor job at describing the variability of the exchange
flow. Instead, predicting exchange flow variability depends on the estuary’s location in the Fr-M space. For an estuary
with both large Frrand M, a theory which considers the Richardson number produces a more accurate prediction. Although
the appropriateness of this theory is still under consideration. While for estuaries with low Frsand high M, the exchange
flow is proportional to tidal amplitude. For estuaries with overall weak forcing, such as the Salish Sea, ocean-driven
external forcing of the exchange flow can become more important than the traditional forcing parameters Urand Uride.

The second component of our analysis evaluates the effects of oceanic variability on the exchange flow across the Fri-
M parameter space. We evaluate model output from different estuaries along the Pacific Northwest coast which
experience similar upwelling and downwelling regimes. The estuaries can experience both the baroclinic and barotropic
effects of remote wind forcing. Our analysis suggests estuarine circulation response to external forcing depends on the
relative strength of river discharge to coastal sea surface setup, and that stratification is more sensitive than the exchange
flow to remote forcing.

1 Scripps Institution of Oceanography, UC San Diego, rmsanche@ucsd.edu
2 Scripps Institution of Oceanography, UC San Diego, sgiddings@ucsd.edu Other co-authors are not corresponding.
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Models on the M-Frf parameter space
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Figure 1: The locations of realistic models analyzed on the Frrand M parameter space. The red dashed line separates estuaries which
should remain fully stratified during the tidal cycle.
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Abstract

The Patos Lagoon is one of the largest coastal lagoons in the world, covering an area of 10,000 km?, and is connected
to the Atlantic Ocean through the Rio Grande Channel at its southern end. This channel is approximately 70 km long and
widens progressively from its mouth inland, with the mouth being the narrowest section (~500 m). The lagoon itself is
approximately 200 km long and 40 km wide, receiving freshwater input from an area of approximately 200,000 km?, with
an average flow rate of about 2,500 m%/s. Despite considering losses due to direct evaporation from the lagoon's free
surface (~1,000 m¥/s), there is a residual long-term flow from the continent to the ocean. However, on shorter time scales
(days/weeks), the lagoon-to-ocean flow becomes much more complex. The processes governing lagoon-to-ocean
exchange essentially depend on local and remote winds, and astronomical tides (micro-tidal regime) are not significant.
The lagoon is oriented parallel to the coast, coinciding with the direction of prevailing winds. The wind regime has a
cyclical pattern that can be summarized as varying between southwest (prevalent conditions) and north-northeast (cold
front conditions).

The action of the wind directly on the lagoon causes tilting of the water level, increasing the level at the downwind
end, which creates a pressure gradient between the lagoon and the ocean. When the wind blows from the north-northeast,
the gradient is towards the lagoon, resulting in flood flow. Conversely, it results in ebb flow. However, on a larger scale,
the wind also produces coastal level fluctuations (meteorological tides), which are much more pronounced than
astronomical variations. Cold front passages can generate coastal level elevations of around 1 m. This, synergistically
with local effects, intensifies the pressure gradient towards the lagoon.

With the aim of investigating and quantifying lagoon-ocean exchanges associated with transient wind states, a field
experiment was conducted to record hydrodynamic and water quality data. Over thirty consecutive days, between
February 22" and March 22", 2021, during the period from 7:00 to 9:00 am, measurements of flow rate, salinity,
temperature, and turbidity were taken at a cross-section located 7 km from the mouth. This section has the narrowest
width (~800 m) between the mouth and the lagoon. Flow rate measurements were carried out using a 1200 kHz RDI
Workhorse acoustic Doppler current profiler (ADCP) while navigating through the section. Between two and three
consecutive ADCP surveys were conducted each day. During the second survey, a JFE-Advantech Rinko Profiler CTD
probe was used in yoyo mode. This CTD records data at 10 kHz, and during navigation, it was lowered and raised
consecutively through the section, obtaining between 14 and 16 vertical profiles. This CTD also recorded turbidity,
chlorophyll, and dissolved oxygen data. Turbidity data were converted to suspended particulate matter (SPM)
concentration values through calibration with water samples collected in the central part of the section.

On the west bank of the section lies the Rio Grande Bar pilots' station, where a meteorological station and tide gauge
are operational, as well as a Sontek Argonaut ADCP anchored approximately 200 m from the shore. In the central portion
of the section, there is an environmental monitoring buoy from the SimCosta Project (https://simcosta.furg.br/home),
which also has a downward-looking ADCP (Nortek Signature model) and sensors for water quality parameters (salinity,
temperature, turbidity, among others), as well as a meteorological station. Both systems (pilots and SimCosta) operate
regularly and have long time series. River discharge data for the main tributaries were obtained from the Hidroweb
database (ANA/SNRH), which consists of daily data. Flow data between Lagoa Mirim and Lagoa dos Patos were provided
by the Lagoa Mirim Development Agency (ALM/UFPEL). Meteorological data on precipitation and evaporation were
obtained for the meteorological stations of Pelotas and Porto Alegre, in daily values.

The data obtained in this experiment were explored to assess the lateral variability of flow, salinity, and SPM
concentration, as well as to perform an evaluation of water and SPM balance. Fortuitously, the experiment period
coincided with an extreme condition of low river discharge, representing a 1% probability event. During the period, three
events of moderate intensity frontal systems occurred, which produced the inversion of coastal wind direction (from
southward to northward) and a rise in sea level at sub-tidal frequency of about 0.8 m, inducing flood flow. The volume
exchange rates through the estuary were around 10,000 m3/s, both during flood and ebb, with an average flow through
the estuary of about 1,000 m3/s. Using a box model to perform the hydrological balance, computing the fluvial input from
major tributary rivers, from Lagoa Mirim, and from precipitation, and the loss to the atmosphere through evaporation, the
balance value was 850 m3/s. Considering the limitations of the database used in the box model, this result is considered
quite satisfactory and supports the sampling strategy (1 sample per day) in capturing the flow variability reasonably well.

Institute of Oceanography — Federal University of Rio Grande, Brazil
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Figure 1: (a) the Patos Lagoon and its drainage basin with main rivers; (b) zoomed view of the Patos Lagoon with indication of the
bathymetry; and (c) the lower part of the Rio Grande Channel with the indication of the experimental cross-section.

During flood conditions, the salinity distribution was relatively homogeneous, with salinity around 33 g/kg, which is
the regional coastal salinity. During ebb conditions, the water column showed varied degrees of stratification, and even a
situation where the column appeared relatively homogeneous but with salinity around 6 g/kg. These results indicate that
during the flood, there is advection of coastal water into the system. However, during ebb periods, the water column
structure will depend on the duration of the ebb. If this is long enough, there will be a portion that has been advected from
the lagoon body along the channel. The highest SPM concentrations were always recorded during flood conditions and
generally relatively well distributed in the water column. During ebb events, the highest concentrations occurred in a
stratified manner and near the bottom. During the experiment period, there was a balance of SPM import into the system.
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Importance of the Vertical Eddy Viscosity Profile on the Subtidal Salt Intrusion and
Stratification in Well-Mixed and Partially Stratified Estuaries

Schuttelaars H. *, Basdurak B. 2, Jongbloed H. 3, and Dijkstra Y. !

Keywords: subtidal salt dynamics, wind stress,

Abstract

The influence of wind stress on subtidal salt intrusion and stratification in well-mixed and partially stratified estuaries
is discussed in this paper. In a recent paper by Jongbloed et al. (2022), it was shown that even in mild conditions, wind
forcing can influence the estuarine salinity structure in a substantial way. By studying the role of wind forcing on dominant
salt transport balances and associated salt transport regimes, four different regimes were identified. Of these regimes, the
dispersive regime and the Chatwin regime were extensively studied before. By adding wind forcing, two new regimes
were identified, namely a downwind and upwind regime. In Fig 1. an example is given of such a regime plot for a fixed
estuarine Froude number Fr = 0.0025, varying estuarine Rayleigh number Ra and wind straining number Fw. The gray
area in this figure indicated parameter values for which no physically and mathematically sound solution exists.

Regimes: Fr = 0.025

10° 5
10-1 i
-
=~ 10° 4
102 4
-1-5 -1 0 .1 51 2 8
Fw

Figure 1: The different subtidal salt regimes for Fr = 0.0025. Blue denotes the dispersive regime, green the Chatwin regime, orange
(indicated by I11) the downwind regime, and cyan (1V) the upwind regime. In the gray region, no solution is found that id both physically
and mathematically sound.

The model employed in Jongbloed et al. (2022) assumed that the vertical eddy viscosity and diffusivity is constant in
space (both in the horizontal and vertical direction), not considering the importance of wind straining and vertical
stratification on the vertical mixing. In this contribution, an advanced parameterization of the vertical eddy viscosity and
diffusivity will be included. This parameterization was developed in Basdurak et al. (2023) and includes the effects of
wind straining and stratification in a physically sound and mathematically consistent way. In this contribution, their
influence on the salt intrusion, vertical stratification and the dominant salt transport mechanisms will be systematically
studied. Furthermore, because of this more advanced formulation, also for parameter combinations where no solutions
could be found with a spatially constant eddy viscosity and diffusivity (indicated as a gray region in Fig. 1) physically
consistent subtidal salt profiles can be found using the new eddy viscosity formulation, thus completing the regime plots
presented in Jongbloed et al. (2022).
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Spatial and Temporal Variations in Atmospheric Gas Flux from the Hudson River: The
Estuarine Gas Exchange Maximum

Scully M. 1
Keywords: estuarine circulation, stratification, gas exchange

Abstract

A unique combination of data collected from fixed instruments, spatial surveys and a long-term observing network in
the Hudson River demonstrate the importance of spatial and temporal variations in atmospheric gas flux. The atmospheric
exchanges of oxygen (02) and carbon dioxide (CO2) exhibit variability at a range of time scales including pro- nounced
modulation driven by spring-neap variations in stratification and mixing. During weak neap tides, bottom waters become
enriched in pCO2 and depleted in dissolved oxygen because strong stratification limits vertical mixing and isolates sub-
pycnocline water from atmospheric exchange. Estuarine circulation also is enhanced during neap tides so that bot- tom
waters, and their associated dissolved gases, are transported up-estuary. Strong mixing during spring tides effectively
ventilates bottom waters resulting in enhanced CO2 evasion and O2 invasion. The spring-neap modulation in the estuarine
portion of the Hudson River is enhanced because fortnightly variations in mixing have a strong influence on phytoplank-
ton dynamics, allowing strong blooms to occur during weak neap tides. During blooms, periods of CO2 invasion and O2
evasion occur over much of the lower stratified estuary. The along-estuary distribution of stratification, which decreases
up-estuary, favors enhanced gas exchange near the limit of salt, where vertical stratification is absent. This region, which
we call the estuarine gas exchange maximum (EGM), results from the convergence in bottom transport and is analogous
to the estuarine turbidity maximum (ETM). Much like the ETM, the EGM is likely to be a common feature in many
partially mixed and stratified estuarine systems.

1 Woods Hole Oceanographic Institution (WHOI) — 266 Woods Hole Rd Woods Hole, MA 02543, United States
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Interaction of Tides with Recurring Polynya in an Arctic Fjord: SWOT Measurements
During the Cal/Val 1-Day-Repeat Orbit Phase

Shan S. !, Hannah C. 2, and Valle-Levinson A. 3
Keywords: tide, polynya, fjord, Arctic, SWOT.

Abstract

Polynyas (nonlinearly shaped openings enclosed in sea ice) are vital components of both physical and biological
systems in ice-covered seas. Little is known about polynya-tide interactions in fjords, particularly in the Pangnirtung
Fjord, a seasonally ice-covered fjord located on the southern Baffin Island, Nunavut, Canada. The Fjord is home to an
indigenous community of about 1500 people, and it connects to Cumberland Sound via a shallow sill (~20 m). A small
(4km x 2km) recurring polynya has been observed near the sill location. The large tidal range in the Fjord (up to 6.7 m)
suggests a need to test the tidally forced polynya hypothesis in which tidal flows over the sill inject heat to the surface
waters. However, the lack of observations in this remote location has so far prevented a quantitative investigation of the
polynya-tide interaction. In this study, we demonstrate the new technological capacity of the SWOT (Surface Water and
Ocean Topography) mission for high-resolution mapping of small recurring polynya in an Arctic fjord. We achieve this
using daily data during the 1-day-repeat (calibration/validation) orbit phase from the KaRIn instrument (Ka-band wide-
swath synthetic aperture Radar Interferometer) on board the SWOT satellite. We compare and validate the SWOT’s daily
sea surface heights and ice conditions with tide-gauge derived water levels and SAR sea ice images, respectively. Our
analysis seems to support the tidally forced polynya hypothesis in the Pangnirtung Fjord.
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Marine Heatwaves in Chesapeake Bay: Effects on Subsurface Temperatures and Dissolved
Oxygen

Shunk N.P. 1, Mazzini P.L.F. 2, and Walter R.K. 2

Keywords: marine heatwaves, estuary, subsurface, heat budget, Chesapeake Bay, dissolved oxygen
Abstract

Marine Heatwaves (MHW), extreme temperature events akin to atmospheric heatwaves, have only recently received
attention by the estuarine scientific community. Thus far, studies have focused solely on surface events due to scarcity of
long-term subsurface data, and subsequently subsurface impacts associated with MHWSs in estuaries are not well
understood. This study investigates, for the first time, the subsurface temperature and dissolved oxygen (DO) anomalies
associated with surface MHW events in a large, temperate, partially mixed estuary: the Chesapeake Bay (CB). Using over
three decades (1986-2021) of in-situ data from several long-term monitoring programs in the CB (including sub-daily
moored measurements and monthly/bimonthly cruises along the main stem) and a global atmospheric reanalysis product
(ERAD5), we were able to 1) characterize the spatiotemporal structure of subsurface temperature and DO anomalies during
surface MHW events on seasonal time scales, 2) identify the vertical extent of warming before and after events, and 3)
examine the relative role of atmospheric heat flux in driving temperature changes during the onset and decline of events.
Subsurface temperature anomalies during surface MHW events followed a one-dimensional response to surface heating
(caused primarily by air-sea heat flux); vertical transport and diffusion of heat was controlled by seasonal density
stratification and mixing. We found two distinct temperature regimes: a thermally stratified spring-summer regime, when
positive temperature anomalies were confined to the surface mixed layer; and a vertically homogeneous fall-winter
regime, when temperature anomalies extended throughout the water column. A simple 1-D surface mixed layer heat
budget identified air-estuary heat flux changes as the leading driver of MHW onsets and declines, with latent heat flux
being the dominant term. Additionally, we observed that subsurface temperature anomalies were elevated days to weeks
before and after MHW events, while surface temperature anomalies were elevated for months before and after events.
This indicates that the timescales of elevated temperatures are typically much longer than the duration of individual MHW
events, and therefore should be carefully taken into consideration when assessing the impact of these extreme events in
the estuarine ecosystem. Meanwhile, DO anomaly patterns had a more complex spatiotemporal structure, with
considerable along-channel gradients. During MHWs, notable DO decreases (1-4 mg L-1) primarily occurred in the
winter/spring below the SML, with the greatest DO decreases (~5 mg L-1) occurring in the upper region of CB below the
mixed layer depth. Additionally, the hypoxic zone expanded from spring through fall during events. Yet only a small
fraction of these DO anomalies could be attributed to MHW temperature-induced solubility changes, demonstrating that
other physical and/or biogeochemical processes dominate changes in DO during these events. In the CB, concurrent low
DO during MHW events and persistent high temperatures before, during, and after events can compound the impacts of
MHWSs on habitat, which will be further exacerbated by climate change, severely impacting this valuable estuarine
ecosystem.

LVirginia Institute of Marine Science, William & Mary, npshunk@vims.edu
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3D modelling of salt intrusion and sediment trapping in an engineered estuary affected by
human interventions

Siemes R. 1, Duong T.M. ?, Borsje B. 3, and Hulscher S.

Keywords: estuaries, salt intrusion, sediment dynamics, human interventions, 3D modelling
Abstract

In estuaries, fresh- and saltwater meet resulting in salt intrusion (SI) processes that affect various estuarine functions.
During extreme events, such as low river flows or storm surges, saltwater intrudes further inland, which limits freshwater
availability. In addition, the stratification (i.e. the vertical variation in salinity) affects estuarine ecosystem functioning
and species diversity (see Attrill, 2002). The stratification creates a vertical density gradient, causing freshwater to flow
towards the sea near the surface while the denser saltwater flows landward near the bed. This flow pattern, called
estuarine circulation, promotes trapping of marine and fluvial sediments near the limit of salt intrusion limit.
Consequently, a region can develop with suspended sediment concentrations (SSCs) up to 100 times larger than the
SSC flowing into the estuarine region, called the estuarine turbidity maxima (ETM; see Burchard et al., 2018). The
ETM is accompanied by a ‘bottom pool’ of settled sediments which may necessitate frequent dredging to ensure port
navigability.

Globally, estuarine intertidal wetlands are often reclaimed for human activities. Nevertheless, there is a growing
acknowledgment of their diverse ecosystem services, leading to initiatives for wetland restoration. This has prompted
questions into the influence of intertidal wetlands on salt intrusion (SI) processes and sediment trapping in estuaries.
Modelling studies hint at an ambiguous relation between wetland area and Sl-lengths (Yang & Wang, 2015; Lyu &
Zhu, 2018. Hendrickx et al., 2023), but understanding of this ambiguous relationship is lacking. Additionally, various
European estuaries experienced significant increases in SSC concentrations in recent decades. Winterwerp et al. (2013)
proposed a conceptual model to explain how human interventions can create estuaries in which almost all sediments are
trapped within the ETM. However, to what extend such ETMs are created by human interventions, and how changing
hydrodynamic conditions affect sediment trapping in the ETM, is not well understood (Burchard et al., 2018).

This work aims to improve our understanding of how changes in estuarine geometry, related to two human
interventions that frequently occur globally, affect SI-processes and sediment trapping in estuaries: 1) changing channel
depth (ddcc), as channels are deepened worldwide to improve port navigability and 2) reclaiming or restoring intertidal
wetland area (wi; hereby the inlet area is not affected). A schematised 3D model is developed using the Delft3D-FM
software (DFM). Model conditions reflect the Rotterdam Waterway (wwii =~ Okm and ddcc = 16.5m), the Netherlands,
a micro- tidal environment which ranges from a partially mixed to a salt-wedge estuarine regime. High sedimentation
can be observed 15km inland (Figure 1), presumably due to a local ETM which has been observed previously (de Nijs
etal., 2012).

The model’s hydrodynamics are validated and sediment characteristics are calibrated for present-day conditions,
after which geometric scenarios are considered for various river discharges, starting with an annual average discharge
followed by a low or high discharge curve. For each scenario, a constant tidal signal is used consisting of the M2, M4
and M6 tidal constituents. SSC at the off-shore boundaries are set at 10mg/L; the fluvial SSC increases with the fluvial
discharge, following the linear equation for the Rhine of Cox et al (2021).
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Figure 1: Left) The Rotterdam Waterway, showing the average bed-level change over two months, from the inlet till 30km inland, and
the locations used for validation (HvH) and calibration (West and East). Right) Top view of the schematised model domain without
human interventions.
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To improve process-based understanding, the modelled advective transports F (for salinity: Fs, for SSC: F.) are
decomposed into 3 main components; 1) the subtidal depth-averaged component, representing the flux related to the
residual flow (Fres), 2) the subtidal depth-varying component, representing the flux related to the estuarine circulation
(Feirc) and 3) the depth-averaged tide-varying component, representing the tidal oscillation (Fiige).

When considering salt transport, transport into the estuary comes from Fs_circ and Fsige Which is transported out by Fe res.
An increase in intertidal wetland width increases the tidal prism of estuaries, thereby enhancing the tidal flow. This
suppressed the stratification in the estuary, weakening the estuarine circulation flow. Hence, wetland widening
consistently reduces Fscic and increases Fsgde. When the estuary is strongly stratified, which is the case with larger
discharges or with deeper channels, the reduction in Fsirc outweighs the increase in Fsige, resulting in a decrease in salt
transport into the estuary and subsequently a slight reduction in the Si-length (order of 0.1-1km for wetlands of up to 3km
in total width). When the estuary is more mixed, i.e. with lower discharges and shallower channels, the contribution of
Fscirc becomes negligible and the increase in Fsgige is dominant. In this case, the increase in tidal prism due to wetland
widening enhances salt import into the estuary, increasing the Sl-length (order of 0.5-5km).
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Figure2: Modelled SSC duringanaverage discharge (a; 1760777723 /ss) and ahigh discharge (b; 37507727723 /s:s) for the geometric scenario
most closely resembling the present-day Rotterdam Waterway. Black lines indicate the salinity isohalines (in psu).

Next, sediment transport is considered. Measured bed level changes indicate that a bottom pool may exist in the
Rotterdam Waterway, roughly 20km inland (Figure 1). In Figure 2, modelled SSC are shown for two discharges in the
geometric scenario most closely resembling the present-day Rotterdam Waterway (wwii = 0km, ddcc = 16.5m). With an
average discharge, an ETM with accompanying bottom pool is identified near the salt intrusion limit, 20-25km inland
(Figure 2a). With an average discharge, both coastal and fluvial sediments are imported and trapped in the estuary, ratio
~ 2:5. Import of marine sediments is dominated by Fc,circ. When the river discharge gradually increases, the ETM and
bottom pool move downstream (Figure 2b). Sediment export by Fc,res increases non-linearly with the river discharge.
Import of marine sediments by Fc,circ and Fc,circ increase up to a discharge of ~3000mma3/ss, above that, both terms
also export sediments to the coast. Export of sediments is dominated by Fc,res.

Results highlight how intertidal wetlands can both increase or decrease the Sl-length depending on the degree of
stratification of the estuary. When adding intertidal area, the strongly stratified estuary experienced a decrease in salt
intrusion length. The more mixed estuary experienced an increase in salt intrusion length. For sediment transport, results
indicate that a threshold may exist above which trapped sediments can be flushed out of the estuary. Currently, the impact
of the geometric scenario’s (changing channel depth and intertidal wetland width) on sediment trapping in estuaries will
be considered.
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Keywords: Sediment Entrainment, Confluence, Land Sea Connections
Abstract

The research summarized in this poster focuses on the alignment of conditions conducive to sediment entrainment at the
confluence of non-tidal streams with tidal estuaries with im- plications to aquatic habitat, water quality, and human health in
shellfish harvesting areas. Previous research indicates bacteria can be absorbed to sediment particles, potentially con-
tributing to water contamination beyond acceptable limits for shellfish harvesting enforced by coastal resource managers.
Accordingly, this research supports the closure of information gaps related to land-sea connections, coastal sediment
dynamics, and a mechanism of bacte- ria contamination dependent on both watershed and estuary conditions. The prediction
of sediment entrainment at the confluence of freshwater streams and estuary mud flats is chal- lenging because of the
dependence on precipitation events, stream flow, tidal fluctuations, and sedimentary environments that vary spatially and
temporally. This research targets improvement in the capacity to predict locations and conditions where and when sediment
entrainment is likely to occur. The study location is the confluence of Crippen’s Brook with the Jordan River estuary in
Trenton, Maine (USA). We describe and evaluate conditions coincident with relatively high vulnerability to sediment
entrainment in intertidal confluence areas based on time series of stream flow and tide conditions. Streamflow and tide data
are combined with topographic measurements in the intertidal confluence area to estimate hydraulic conditions over time.
Hydraulic predictions are compared to critical conditions for sediment mobilization based on confluence grain size
measurements and mapping. The analyses, performed at hourly time steps, are designed to identify and describe vulnerability
to sediment mobilization, including the frequency that conditions for mobilization become established in confluence settings.
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Abstract

Partial reflections in waves occur anytime there is a change in the phase speed (celerity). Thus, tides and other
long waves in estuaries undergo a partial reflection when the depth changes, as can be noted using the inviscid phase
speed of Vgh. kess remarked causes of partial reflections include changes to width, drag coefficient (or effective

friction), tidal velocity, and river flow. In this presentation, we use an analytical model of tides based on Jay
(1991) and Dronkers (1964) to investigate the influence of different types of partial reflections on tidal dynamics. In
particular, we investigate how changes to geometry, tidal velocity, river velocity, salinity stratification, and drag
coefficient alter the effective friction and phase speed, inducing a partial reflection. We show that alteration in the
damping and phase shifts of partial reflections have altered tidal properties in Jamaica Bay, the Columbia River
Estuary and in the Cooper River, South Carolina over secular time scales. A curious artifact of partial tide wave
reflections, also observed in electrical power transmission, is that a non-0° phase shift in the reflected wave is induced.
This contrasts a full reflection with a 0° phase shift. We elucidate the causes and consequences of the non- zero phase
shift in the reflected wave on tidal amplitudes and velocities, particularly with regard to changing dynamics caused
by anthropogenic or natural changes.

L California Polytechnic State University, San Luis Obispo stalke@calpoly.edu
2 University of Alaska Fairbanks,

sdykstra@alaska.edu

3 Stevens Institute of Technology, porton@stevens.edu

4Portland State University, djay@pdx.edu

207


mailto:stalke@calpoly.edu
mailto:sdykstra@alaska.edu
mailto:porton@stevens.edu
mailto:djay@pdx.edu

Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024

A 3D model of Lorient Bay to study turbidity dynamics and sediment fluxes between inner
estuaries and marine coastal waters

Tessier C. 1, Saremi S. 2, Chiron T. 3, Sedrati M. %, and Grosdemange D. °

Keywords: Lorient Bay; turbidity dynamics; sediment fluxes; river-coast interaction.
Abstract

Lorient Agglomeration launched in 2022 the Dour Glaz Project, a global hydro-sediment study of estuarine and coastal
waters, based on observations and numerical modelling. The objective is to develop a decision support tool with shared
understanding, for the integrated management of dredging and dumping operations of harbor’s sediments.

The study area includes the Lorient Bay, two small inner estuaries and the marine coastal area up to Groix island. The
MIKE 3D hydrodynamic model was implemented to reproduce tidal dynamics, rivers runoff and wind forcing over one
year. Coupling a mud transport module, we simulated the turbidity dynamics with several fine fractions to track river
sources and marine inflows. The model was validated with satellite observations and with a set of turbidity buoys from
the Lorient Agglomeration monitoring plan 2022-2023.

Turbidity variability over sensitive habitats and sediment fluxes into the Bay were analyzed depending on tidal
conditions, rivers inputs and waves resuspensions. The model brought a better knowledge of the Bay dynamics and on
exchanges with coastal waters. Additionally, it allowed to evaluate the impact on dumping operations, in comparison to
natural turbidity climate.
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Effects of river discharge on exchange flows at the entrance to a subtropical river
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Abstract

Current velocity profiles and near-bottom water densities were measured to investigate the spatial structure of
exchange flows at the entrance to a subtropical river, Peace River in South Florida, USA. Data were collected over nearly
11 months at three sites: one in the deepest part of the channel, and two over the channel’s flanking shoals. Also studied
were the temporal variations of the exchange flow’s spatial structure and linked to the forcing from river, tides, and winds.
Empirical orthogonal function analysis identified that relative contributions from each one of the forcing agents was
consistent with the spatial structure expected from theoretical results. The background exchange flow structure at the
lower river involved inflow in the channel and outflow over shoals, consistent with river-induced density- driven flows.
Wind forcing modified this structure, in a way that it reinforced or opposed the river-induced flow depending on the wind
direction. Tidal forcing seemed to be irrelevant in modulating the exchange flows. The comparison among forcings was
corroborated with the Wedderburn, densimetric tidal Froude number and the Stress numbers.
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Liftoff and spreading dynamics of a rip current plume in stratification

Torres W.1. 1, Moulton M. 12 and Chickadel C.C.*
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Abstract

Rip currents are dominant mechanisms for cross-shelf transport in the nearshore ocean. Recent field observations
demonstrate that buoyancy differences between rip currents and the ambient coastal ocean affect their lateral spreading
and cross-shore extent. Wave-circulation modeling using COAWST (coupling ROMS and SWAN), of an idealized
bathymetric rip plume was used here to examine the effect of ambient vertical thermal stratification on rip current
spreading. Due to strong vertical mixing in the nearshore, a rip plume’s density is homogenous. Therefore, upon entering
stratification, the rip experiences buoyancy gradients in the upper and lower layers. These buoyancy gradients drive a
transverse circulation, resulting the eventual bottom detachment (liftoff) of the plume in the bottom layer. Whether the
plume narrows or widens in the upper layer depends on the relative importance of boundary layer mixing and wave-
current interaction spreading versus baroclinicity. For strong coastal stratification (dT/dz > 0.16°C/m), the rip plume
subducts and no longer has a surface expression. This is qualitatively consistent with airborne infrared observations of rip
plumes (Moulton et al. 2021).

A novel diagnostic equation for flow diffluence was derived and used to characterize the effects of waves, bottom drag, and buoyancy
on the plume. The transverse plume circulation is attributed to modified gravity current type mechanics, wherein the axial advection
of transverse momentum balances the baroclinic pressure gradient, wave-induced vortex forces, and vertical mixing. A simplified
model for rip plume evolution, based upon these physics, was developed. The simple model accurately estimates the COAWST-
simulated cross-shore liftoff and spreading/narrowing, even for weak stratification (dT/dz = 0.01°C/m). These findings suggest that
even subtle differences in ambient stratification can affect the behavior of rip plumes, which has implications for cross-shore exchange,
ecological connectivity, and human safety.
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Figure 1. Contours of unity Froude number (Fr =V/(gh)1/2) at the surface in COAWST simulations of an idealized rip current over a

range of vertical stratification conditions (B). Fr = 1 corresponds with the edge of the jet. This illustrates that buoyancy gradients can
determine whether jet will spread or narrow in the surface layer.
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Abstract

The Ganges-Brahmaputra-Meghna system is the largest delta in the world, located in the Northern Bay of Bengal. It
is very densely populated and characterized by low topography (typically less than 3m above mean sea level) (Krien et
al. 2016). Many processes influence its dynamics, from high-frequency tides to sea level rise, as well as seasonal variations
of the river flow (wet/dry season) and extreme events (cyclones) (Krien et al., 2017; Elahi et al., 2020). It consistently
presents a sharp salinity front, separating the freshwater of riverine origin in the Northern part of the delta from the Bay
of Bengal saline water to the South (Sherin et al., 2020). The position of this front oscillates landward and ocean-ward
over a broad range of timescales, under the influence of the various physical processes mentioned above (Bricheno et al.,
2021). It turns out that this variability has profound impacts on the socio-economic conditions and migrations of the
riparian population (Chen et al., 2018, 2022). For all these reasons, the GBM delta is a particularly vulnerable area, where
it is crucial to understand the processes involved in the water level variability and the salinity dynamics associated to it.

In this study, we use a cross-scale ocean circulation model, SCHISM (Semi-implicit Cross-scale Hydroscience
Integrated System Model, Zhang et al., 2016), in a 3D baroclinic high-resolution configuration encompassing the Bay of
Bengal and the whole GBM delta. This configuration is an evolution of a previous 2D configuration implemented and
used in various studies over the past few years (Krien et al., 2016, 2017; Tazkia et al., 2017; Khan et al., 2020, 2021,
2022). Several in situ salinity timeseries (Sherin et al., 2020), as well as tide gauge data, including tidal harmonics and
time series, are used to validate the model.

The aim of this study is to better understand the interactions between salinity and the tidal dynamics. The GBM delta
and associated plume are highly stratified (Sinha et al., 1999; Alam et al., 2020) with a large difference in salinity intrusion
between the dry and the wet season (Figure). Strong stratification tends to stabilize the water column and alter the tidal
dissipation within the plume. Through different sensitivity tests, we explore in the model the impact of this stratification
on the tidal amplitude along the coast and on its seasonal modulation.
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Abstract

Introduction

Optical turbidity and acoustic sensors have been widely used in laboratory experiments and field studies to investigate
suspended particulate matter concentration over the last four decades. Both methods face a serious challenge as laboratory
and in-situ calibrations are usually required. Furthermore, in coastal and estuarine environments, the coexistence of mud
and sand often results in multimodal particle size distributions, amplifying erroneous measurements. This paper proposes
a new approach of combining a pair of optical turbidity-acoustic sensors to estimate the total concentration and sediment
composition of a sand/mud mixture in an efficient way without an extensive calibration. More specifically, we defined
a Sediment Composition Index, such that

SCI = 10l0g1,(OBS) — SNR (1)

where OBS is the signal measured by an Optical Backscatter Sensor (in NTU) and SNR is the signal measured by an
ADV, Acoustic Doppler Velocimetry, sensor (in dB) (Pearson et al, 2021, Tran et al 2023). In this study, we empirically
derived the SCI functions from laboratory experiments. Such SCI functions (Eq. 2 and 3), were then, applied to in-situ
hydro-sedimentary dynamics data at the monitoring station MOW1 (Belgium) to investigate the impact of sand mining
and beach nourishment activities in the region.

Approach

Based on Eq. 1 and a series of 60 experiments we were able to derive SCI functions for a pair of OBS and ADV which
allows us to infer the sand/mud fraction, fsang, and total concentration C, (Tran et al, 2023).

fund = -0.089*SCI — 0.098 @)
C = 107(funs + AMp)/10) 3)

The lab-derived SCI functions (Fig. 1 and Egs. 2, 3) were applied to field data with one more step of calibrating the
coefficients with “pure mud” conditions. Pure mud conditions are calm periods, i.e., small waves and low current periods
in a tidal cycle. During pure mud conditions, the measured concentrations should be equal to the SCI-predicted-
concentrations (Fig. 2 the grey, vertical lines). The SCI functions with new coefficients were then applied to in-situ data
at station MOW1, situated about 3 km offshore of Zeebrugge, Belgium. Data at MOW1 consists of hourly water samples,
particle size distributions, turbidity, and hydrodynamic conditions for the year 2013 during 125 tidal cycles, providing
one of the most comprehensive field data sets in the North Sea.
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Figure 1. SCI functions obtained from laboratory experiments (b, d). Relationships between raw, uncalibrated optical and acoustic
signals and total concentration (a, c). Pure sand: fsand = 1 (or fmua = 0) and vice versa. Reprinted from Tran et al (2023).
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Results and conclusions

Overall, the application of the SCI method allows one to investigate near-bed sand/mud dynamics and SPM
concentration directly from raw, uncalibrated OBS and ADV signals without the need for intensive gravimetric
measurements of filtered water samples. Figure 2 shows that during spring tide the suspended sediment composition
changed from muddy to sandy environment. The altitude data revealed that instead of local resuspension of sand, there was
some deposition at the time, suggesting a possibility of advection transport of sand from adjacent areas. This observation
was confirmed by comparing with the dredging and beach nourishment activities in the area (Kint et al, 2023). Application
of SCI functions to other deployments in 2013 also showed a strong correlation between the fraction of sand/mud and total
concentration with coastal engineering activities.
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Figure 2. Time series of hydrodynamic conditions, fsand and predicted concentrations. During spring tide, concentrations obtained from
OBS measurements were significantly lower than concentrations computed from SCI functions. During neap tide, both concentrations
from OBS and SCI method were similar. SCI method also provided information on sand/mud fraction.

In conclusion, results show that the application of SCI method to field data provides a deeper understanding of the
sand/mud dynamics and/or concentration variations under different conditions. The results also suggest that the use of OBS
alone leaves out important information and underestimates the near-bed concentration due to failure to capture the presence
of sand. The SCI method is also applicable to different pairs of optical turbidity and acoustics sensors, providing flexibility
and efficiency in either revisiting historical field data or for current/future long-term, high-frequency measurements. In the
future, we will apply this method for acoustic profiler sensors to obtain more comprehensive information on the ratio of
sand/mud and SPM concentrations in a water column.
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Abstract

Coastal flooding is driven by tides, wind setup, pressure loading, wave setup, and can be compounded by rainfall and
river inputs. These dynamic processes commonly cause a primary storm surge that typically peaks with peak onshore
winds, though peak flooding may occur near high-tide. After the onshore winds have subsided, water level oscillations
called “resurgence” by Munk et al. (1956), can arise. Munk identified the resurgences in New York Bight (NYB) that
occurred during and after the 1944 hurricane as coastal edge waves, which are super-inertial waves trapped by refraction.
To better understand the mechanism of resurgence, we analyse water level resurgences in the New York Harbour (NYH)
for all tropical cyclones from 1860 to present, using a nearly continuous hourly tidal record. We apply wavelet transforms
and spectral analysis to the non-tidal anomaly to detect significant resurgences and quantify their amplitude, period, and
decay timescale. We applied linear regression of resurgence characteristics (magnitude, period and decay timescale) with
tropical cyclone parameters (e.g., maximum sustained wind speed, storm translation speed) and storm surge magnitude.
We found that resurgences’ magnitude is positively correlated with storm surge, intensity and speed, and to track angle.
Historical data also show that the magnitude of the NYB shelf seiche can attain an amplitude of one meter or more and
has caused flooding four times since 2017 during both tropical and extratropical cyclones.

We next developed a humerical model simulation with idealized onshore shelf-wide wind forcing to study the intrinsic
natural frequency and dynamical characteristics of the resurgences. The results show that the resonant period is
approximately seven hours, which matches the period observed in historical events. The resurgence was identified to be
a cross-shelf propagating standing wave that achieve maximum magnitude in the coastal zone and are almost zero on the
continental shelf break and deep ocean. The predominant mechanism of resurgences is thus shelf seiches whose energy
is trapped and amplified by the convergent NYB coastline. At the continental shelf break (transition to deep water), a
~180 degrees reflection is observed; thus, consistent with observations, the modelled wave oscillates back and forth on
the continental shelf as a decaying free-wave, with some energy radiated up and down the coast. Because of its potential
influence on flooding, the effect of resurgences should be considered in evaluations of flood hazard under sea-level rise.
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Abstract

Underway current velocity profiles were collected in conjunction with water density pro- files at eight stations in a
cross-estuary transect that spanned 7 km in a tropical estuary of  the southern Colombian Caribbean, the Gulfo of Uraba.
The purpose of the measurements as to determine whether having the main river discharge on one of the sides, instead of
at the head of the estuary, would modify the paradigmatic estuarine circulation. This circulation consists of a tidally
averaged buoyant outflow at the surface, combined with dense inflow underneath. The Gulf of Uraba is oriented in a
NNW direction, is "80 km long, 25 km wide at its entrance and 7 km wide at its narrowest section. This constricting
section is determined by on mouth of the delta of the Atrato River, which spans along-estuary distances from 11 to 25 km
from the head. The river discharges, on average, between 2000 and 4000 m®/s throughout its delta. The depth along the
thalweg ranges from “60 m at the mouth to 20 m at the constriction. Tides are mixed with semidiurnal dominance and a
maximum range is 0.7 m at the estuary’s entrance in spring tides. Tides amplify by 16% toward the head. Frictional effects
are characterized by Ekman numbers (ratio of frictional to Croiolis accelerations) lower than 0.1.

Observations illustrate the signature of the Atrato River discharge restricted to depths < 3m. This buoyant layer seems
decoupled from the rest of the water column. Tidally averaged current velocity profiles exhibit a seaward flowing buoyant
layer. Underneath, an inflowing layer occupies roughly one half of the water column. Unexpectedly, a third layer appears
outflowing further below, over nearly 40% of the water column. Because this flow structure cannot be attributed to the
paradigmatic flow driven by a horizontal density gradient under frictional conditions, it is hypothesized that the resulting
three-layered residual flow structure is driven by tides. This hypothesis is anchored in Ianniello’s (1977) and Winant’s
(2008) theoretical results of tidally driven residual flow in semi enclosed basins affected by weak frictional conditions,
as suggested by the low Ekman numbers observed. Beyond the three-layered flow hypothesis, a key question remains:
how persistent is this three-layered residual flow structure, both spatially (along the estuary) and in time? This question
will be addressed with numerical model results.
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Abstract

Assessment of estuary susceptibility to water quality problems requires knowledge of how land-sea connections
governing pollution vulnerability vary across coastal settings. Approaches for systematic evaluations of land-sea
connections are particularly important for the identification of pollution culprits across geographic domains.

This poster describes an interactive setting identification tool originally designed for the complicated conditions along
coastal Maine (USA), referred to as the ”Estuary Builder.” The tool combines spatial data and machine learning to classify
estuarine areas into several archetypical setting types called “coastal pollution response units” (CPRUs) that share
physiographic, land cover, and infrastructure characteristics relevant to water pollution problems. The tool has been
designed with runoff flow paths derived from LiDAR elevation data to route excess precipitation on the landscape to
user-defined embayment outlets, aggregates proxy spatial data metrics related to pollution sources, delivery, and residence
time (SDR) culprits, and associates delineated estuary units with a corresponding CPRU based on SDR metrics. Outcomes
from the platform provide support for coastal research investigations and management decision-making by identifying
the setting type and drivers of pollution vulnerability in specified locations, and by providing a basis for organized
comparisons of coastal locations based on land sea connections.

”Margin” watershed areas bordering estuaries included in the Estuary Builder framework constitute the land-sea
connection interface. The locations are particularly susceptible to climate change dynamics that can influence the transport
of pollutants from land areas into estuarine waters through elevated runoff and tide conditions. The current version of the
Estuary Builder is customized for bacteria pollution culprits and contemporary conditions. However, the flexible
framework of the tool can be adapted to accommodate diagnosis of multiple axes of vulnerability related to land-sea
connections and coastal morphometry in varied coastal settings and climate change scenarios. Future work will focus on
refinement of proxy spatial data metrics to improve capture of SDR processes, particularly physical estuary dynamics
driving temporal and spatial patterns of pollution.
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Abstract

Estuarine sand dunes are large-scale bed patterns with wavelengths of the order of tens to hundreds of meters, and
heights on the order of meters. They cover (large) parts of the beds of estuaries worldwide, and have a significant influence
on flow dynamics at the bedform scale (Kostaschuk, 2000; Kwoll et al., 2017). On the estuarine scale, sand dunes affect
tidal dynamics and sediment transport (Herrling et al., 2021) and mitigate salt intrusion (Geerts et al., 2024). Hence,
understanding the dynamics of these bedforms is important to understand processes at the estuarine scale.

Process-based morphodynamic models are a helpful tool to help understand how different processes influence
bedforms (e.g., Campmans et al., 2017; Damveld et al., 2020). We distinguish between linear and nonlinear models.
Linear models (e.g, Damveld et al., 2019) assume a infinitesimally small bed amplitude, enabling simplification of the
morphodynamic problem. Although computationally cheap, the output is limited to a preferred wavelength and growth
and migration rates. Nonlinear models (e.g., Paarlberg et al., 2009) drop the assumption of a small bed amplitude, and
thus can yield geometrical properties of dunes in or near equilibrium — at the cost of computation time.

Here, we present two linear stability models and one nonlinear model, each incorporating an estuarine-specific effect
on sand dunes. The two linear stability models focus on two types of estuarine circulation, which is the residual circulation
with a seaward velocity component near the surface and a landward component near the bed. The first is the gravitational
circulation stemming from a longitudinal salinity gradient, the second is the strain-induced circulation stemming from
tidal variations in stratification (i.e., SIPS). Alternatively, in the nonlinear model we first ignore salinity gradients, and
instead focus on nonhydrostatic effects. These are flow effects that can be caused by strong bed level gradients, for
instance at the steeper lee side of bedforms. The lee side of bedforms results in increased turbulent kinetic energy, and
can, if steep enough, ultimately give rise to flow separation in the trough of dunes. Field observations of flow over
estuarine dunes have demonstrated the relevance of this process for estuarine sand dunes. In summary, the three modeling
tools discussed here are: (1) a linear stability model to investigate the influence of gravitational circulation on estuarine
sand dunes (Van der Sande et al., 2021), (2) a linear stability model to investigate the effect of strain-induced circulation
(Van der Sande et al., 2023), and (3) a nonlinear model which includes nonhydrostatic effects such as flow separation
(Van der Sande et al., submitted).
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Figure 1: Example of morphodynamic evolution as obtained with our nonlinear model shown by a timestack of the topography. Yellow
and blue shades indicate dune crests and troughs, respectively.
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Results show the following: (1) gravitational circulation can cause upstream migration of sand dunes. That is,
upstream-directed near-bed flow induces upstream-directed bed load sediment transport, as such causing an upstream
component of migration which can be stronger than the downstream-directed migration induced by river flow. These
findings confirm earlier observations from the Gironde estuary, France, which showed seasonal reversal of asymmetry
(Berné et al., 1993), caused by the salinity gradient being pushed seaward during higher river discharge. Similarly, the
model results explain later observations from the Weser estuary, Germany (Lefebvre et al., 2022). Other dune
characteristics (growth rate and preferred wavelength) were not significantly affected by a longitudinal salinity gradient.

Strain-induced circulation has a similar effect on sand dunes as gravitational circulation: they drive upstream migration
through upstream-directed near-bed flow. Besides, results show that reduced turbulent mixing due to (time- varying)
stratification gives rise to shorter wavelengths. This effect is qualitatively verified by observation data from the Elbe,
Germany (Muurman, 2021; Zorndt et al., 2011).

The nonlinear model shows evolution of sand dunes from an almost flat bed (Figure 1). The initial growth of
topographic modes is exponential, conform outcomes of linear stability analyses (such as in Hulscher, 1996). In the spatial
spectrum, dunes seem to grow by amalgamation of smaller-scale bedforms (Fourriére et al., 2010). This leads us to
conclude that these two mechanisms are not mutually exclusive. Furthermore, we investigate the morphodynamic
evolution for three cases, each representing a position in a prototype estuary: upstream (strong residual flow, small depth
and tidal velocity amplitude), middle, and downstream (small residual flow, large depth and tidal velocity amplitude).
Dunes in the upstream case are short, migrate fast and have relatively small height, whereas towards downstream dunes
become longer, higher, and migrate slowly. Furthermore, dunes downstream are less steep than upstream. These findings
align with the idea of estuarine sand dunes as a transient bedform between river dunes and tidal sand waves, and
qualitatively agree with observations (Lefebvre et al., 2022).

To conclude, we outline three morphodynamic models of estuarine sand dunes, each focusing on one process relevant
in estuaries. Gravitational circulation and strain-induced circulation both are drivers of upstream migration of sand dunes.
Furthermore, results show that strain-induced circulation also reduces the wavelength of estuarine sand dunes. Lastly, a
new nonhydrostatic and nonlinear model of estuarine sand dunes shows the evolution of dunes from an almost flat bed to
quasi-equilibrium.
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Abstract

Deltas often have channel networks with multiple bifurcations and confluences. Tides and river flow can take different
pathways, causing the different channels to influence each other. The bifurcations and confluences are the locations where
water, salt and sediment are distributed over the delta channel network, thereby impacting the hydrodynamics, salinity
distribution and morphological evolution of the entire delta. Some examples of channel networks in deltas are shown in
Figure 1. For example, in the Yangtze delta several smaller channels connect the main branches. The construction of
training dams, by which one of the connecting channel was effectively closed off, resulted in strong deposition of sediment
in other channels. Similar delta-wide effects have been reported for other deltas. We do not yet understand how the
different channels in a delta interact in terms of hydrodynamics and morphological change and how changes in one
channel may influence that of the others. Therefore, the main om this study is to improve our understanding of the
morphodynamics of channel networks in deltas as a function of channel network properties (width, length and number of
channels) and external forcing (river discharge and tides).

We adopted a modeling approach and used the same model as described in Iwantoro et al. (2021;2022). This model
solves the 1D width- and depth-averaged Shallow Water Equations, uses a Van Rijn or Engelund-Hansen sediment
transport predictor, a nodal point relation based on Bolla Pitaluga et al. (2003) for sediment division at channel
bifurcations and solves the Exner equation to calculate morphological changes. We used a channel configuration as shown
in Figure 1c and systematically varied river discharge, tidal amplitude and width and length of the channels, with a special
attention to the role of the connecting channel.

In a first set of simulations we excluded tides and only studied a channel network forced by river discharge. Without
connecting channel, hence we have a three-channel network with only two downstream channels, the delta evolves into
an asymmetric system in which one of the downstream channels is deeper and receives most discharge, while the other is
shallower and receives hardly any water. Adding the connecting channel has large effects on the morphology. For weak
and high river discharge, the connecting channel causes the channels to develop a smaller asymmetry. For intermediate
discharge conditions, the delta can evolve into a system with periodic asymmetry, in which the two main branches that
are connected via the connecting channel periodically switch between being the major and minor branch. This periodic
behavior is caused by the nonlinear friction, which depends on the channel depth and flow velocity. While one of the
branches is deepening and other shallowing, the water level difference between the two main branches decreases. As a
result, the connecting channel periodically switches its flow direction, because the water level gradient between the main
branches changes sign. Thereby a confluence changes into a bifurcation and vice versa. This also causes a change in the
morphodynamic evolution, in which the shallow channel starts eroding and the deep channel silting up. The time scale of
periodic behavior depends on the lengths of the channels and ranges between decades and centuries.

Tides have a strong influence as well. For a system without connecting channel, it was already shown by lwantoro et
al. (2022) that tides can make the depth of a three-channel system less asymmetric by either enlarging the range of
conditions for which the symmetric channel configuration is stable to bed perturbations, or by making the depth-
asymmetry of the final equilibrium smaller once the symmetric system is unstable to bed perturbations. For most
configurations studied, the connecting channel causes the final depth asymmetry of the downstream channels to be less
asymmetric compared to the three channel system. As found for the river-only case, also for systems with tides the bed
levels of channels can become periodic. Tides reduce the amplitude of the periodic behavior and shorten the time scale.
Furthermore, the model results show that multiple morphodynamic equilibria exist and that the depth of each branch in
equilibrium depends on the initial conditions.

We will present a systematic analysis of the results and expand the parameter space that was studied. Whereas the
lengths and widths of the channel network presented here were still symmetric, we will expand our analysis to study how
asymmetries in channel length and width, as found in many deltas, influence the morphology. However, the first results
shown here already highlight the important role of connecting channels for the morphological evolution of channel
networks and give clues on why these connecting channels exist, how their closure can have drastic effects on the
morphology of the delta and how they influence the morphodynamics of the entire network.
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Figure 1: a) Map of the Berau Delta, Indonesia, showing the channel network and the presence of bifurcations, confluences and
connecting channels. B) Same as a), but now for the Yangtze delta. C) Network of six channels as used in the morphodynamic model
simulations. In some sets of simulation the connecting channel was absent, making this a three channel network.
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Abstract

Introduction

The estuarine intertidal zone forms an important ecosystem that plays a vital role as habitat, but also serves as a
natural coastal protection against flooding by wave attenuation and as a morphodynamic basis for vegetated zones like
salt marshes and mangroves, see Figure 1.

For the development of coastal management strategies and policies and to ensure the system’s sustainability as sea
level rises it is essential to understand the long-term morphodynamic evolution of intertidal systems. Climate change
and human activities like dike construction or reduction in sediment supply put pressure on intertidal area where
accelerating sea level rise (SLR) has the potential of drowning estuaries.

Sea level rise is historically unprecedented so that
detailed data on impavct on estuarine
morphodynamic development is lacking. Thus,
modeling efforts plays an import role in assessment
studies, where different types of models may
strengthen each other and lead to more robust
conclusions. Aggregated modeling efforts show
potential morphodynamic impact of sea level rise on
estuarine systems, e.g. Lodder et al. (2019),
Huismans et al. (2022). More high-resolution models
like Delft3D allow for more detailed physical
processes and output heterogeneity, but require
extensive computation time, e.g. Elmilady et al.,
(2019), Robke et al., (2022), Zheng et al., (2021).

Figure 2. Intertidal flats in the Western Scheldt estuary,
Netherlands. Source: Rijkswaterstaat Beeldbank

Aim

This study aims to assess the morphodynamic evolution
of intertidal flats under SLR using high-resolution modeling
(Delft3D) for different case studies and to parametrize SLR
impact to the benefit of more aggregated, faster modeling
efforts.

Method

Our work is based on various published and validated
morphodynamic Delft3D models, to which different SLR
scenarios are added. The models include schematized tidal
basins comparable to the Waddensea basins (Colina Alonso
etal., 2020, Elmilady et al., 2022) and a Western Scheldt case o )
study (Robke et al., 2020, see Figure 3). The current research
then investigates in more detail the spatial behavior of the Figure 3 High-resolution Delft3D Western Scheldt estuary
tidal flats under different SLR scenarios and the impact of model, Netherlands Robke et al (2020)
different sediment classes and their interaction (i.e. sand
/mud).
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Results

For all case studies the intertidal area accretes and reduces in area under SLR (Figure 3.). The morphodynamic
behaviour of the intertidal area lags behind SLR while area closer to the sediment source adapts faster to SLR. Partial
drowning of intertidal area occurs, when the intertidal area can no longer keep up with SLR. More drowning occurs for
larger (extremer) SLR. The model results also show that with sand-mud interaction, less intertidal area is lost as
compared to excluding interaction. Mud pressence changes under SLR (see Figure 4) while the spatial distribution of
mud varies between runs including or excluding sand-mud interaction. In general, tidal flats become more muddy with
and without SLR. SLR results in tidal flats becoming muddier at certain locations in the basin/estuary, while other
locations become less muddy. Intertidal area becomes flatter due to SLR for a wide tidal basin, whereas for an elongated
basin and the Western Scheldt estuary, the tidal flats remain steep.

The current high-resolution model analysis reveals relationships between SLR rates and adaptation timescales,
sediment properties, and intertidal area and hypsometry. These relationships can be parametrized to be used in more
aggregated and low computation effort modeling efforts like by Lodder et al. (2019), Huismans et al. (2022).
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Abstract

Obtaining rapid and accurate predictions of estuarine salinity is key to operational water management, but challenging.
To allow short-to-medium term predictions, a new physics-inspired harmonic regression model has been developed to
forecast salinity time-series at a monitoring station. This model is best applicable to short and well-mixed systems. It
extends an existing approach of hybrid harmonic regression models used for tidal surface level elevation predictions. The
subtidal salinity variations are captured in a simplified, analytical, steady-state salt intrusion model that requires the tidal
elevation and salinity at sea, and the river discharge and salinity at an upstream station. For well- mixed systems, variations
around the steady-state are largely related to the advective displacement of the salinity curve by the tidal motion and
storm-surges. Displacement by the tidal excursion is accounted for with a harmonic extension of the model. Storms-surge
effects are incorporated with a linear relation. To cope with times-series containing prolonged periods with low salt levels,
corresponding to the river salinity, and only occasional periods where the salt front reaches the station, a truncation
procedure is implemented in the model. The new method is tested in the Ems Estuary and the Scheldt Estuary. Application
to 2-year and 4-year datasets show that the model explains between 97.2 and 86.5% of the observed salinity variance.
Without use of observed salinity at the downstream boundary, the explained variance reduced to values between 77.7 and
81.6%. By utilizing the regression method with minimal data input, fast salinity predictions can be obtained with minimal
data input that offer insights in the effects of the dominant physical processes.
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Abstract

A classical approach for modelling resuspension of cohesive sediments is to specify fixed values for the critical shear
stress tc and resuspension parameter M. Variations in resuspension do still occur by variations of hydrodynamics forcings
(specifically the current- and wave-induced bed shear stress) and sediment availability (as resuspension may be reduced
by bed depletion).

However, in practice bed properties are not constant, but vary in time and space. Just after slack water, the bed may
be covered with a thin layer of fresh deposits with very little resistance to resuspension (t. < 0.1 Pa). Just after a storm
period, the top layer may have been eroded, exposing a base layer with strong resistance to erosion (tc > 1 Pa). There is a
feedback loop between hydrodynamic forcing and cohesive bed strength, resulting in typically soft deposits in low- energy
environments and strong beds in high-energy environments. Also, bed strength may increase in time by consolidation
and, if exposed for sufficient time at intertidal areas or salt marshes, drying.

Prescribing maps of tc and M is unfeasible as this would require many in-situ observations and would still ignore most
temporal dynamics, notably those at short time scales. A more feasible approach is not to prescribe . and M, but to
compute these parameters from deposition, consolidation, and resuspension history of the bed, i.e. from the resulting bed
density.

A methodology for this was proposed in Van Rees et al. (2024), adopting a two-layer approach. In each layer, porosity
and resulting bed density may change because of pore water flow induced by self-weight consolidation and/or suction.
Instead of 7. and M, material functions are prescribed for the relationships between permeability and porosity, and porosity
and effective stress. Subsequently, tc and M are prescribed as functions of effective stress and permeability, respectively.
The present work is an extension of this work, moving from a highly schematized 1D implementation towards a full 3D
model implementation in D3D-WAQ, including generalization to accommodate multiple sediment fractions, and
application for the Scheldt estuary. Figure 1 shows a generic flow chart for this implementation.

Herein we compare the classical and extended model behaviour, demonstrating the effects of the spatio-temporal
dynamics of bed properties on gross and residual sediment transport, on resuspension and deposition and on bed level
and bed density. We discuss the importance of these dynamics relative to the ‘classical’ hydrodynamic forcing. We also
discuss the consequences for the modelled accretion rate of intertidal mud flats and supra-tidal salt marshes, which are
often underestimated in ‘classical”’ models, and the implications for SPM dynamics and contaminant transport. Figure 2
illustrates the difference with and without variable sediment stability for a 1D example on mudflat accretion. This example
includes sediment characteristics and a tide- and wave-induced bed shear stress representative for the Scheldt estuary.
Whether or not consolidation and evaporation effects are included makes a large difference: without consolidation, no
accretion occurs as fresh deposits are all quickly resuspended. With (subtidal) consolidation about 2 cm net accretion is
computed over a year, and with (intertidal) consolidation and drying about 10 cm net accretion is computed.
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Figure 1. Flow chart for computation of resuspension for variable sediment stability properties

0151 ——constant 1
subtidal )/*\)\'-‘/\
intertidal

0.1

height {m)

0.05

0 b it s i " e s il
50 100 150 200 250 300 350
time (days)
Figure 2. Accretion rate on mudflat, assuming constant sediment stability or including the effect of consolidation (subtidal) and
consolidation + drying (intertidal) hereon.
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Abstract

Many estuaries and tidal basins are strongly influenced by various human interventions (land reclamations,
infrastructure development, channel deepening, dredging and disposal of sediments). Such interventions lead to a range
of hydrodynamic and morphological responses (a changing channel depth, tidal amplitude and/or suspended sediment
concentration). The response time of a system to interventions is determined by the processes driving this change, the size
of the system, and the magnitude of the intervention. A quantitative understanding of the response time to an intervention
therefore provides important insight into the processes driving the response.

We have developed a methodology to estimate the response timescales of human interventions using available
morphological and hydraulic data by fitting exponential decay functions to this data. The exponential decay functions
describe the historic changes remarkably well and provide valuable insight into the response of physical systems to human
interventions. The method has been applied to investigate the response of the Ems and Scheldt estuaries to deepening
using historic water level observations, and to investigate the response of the Wadden Sea to closure of tidal basins using
morphological data.

The tidal range of the Sea Scheldt is especially increasing because of deepening in the 1970’s. The tidal range of the
Ems estuary was more strongly influenced by a series of deepening efforts. For both the Ems and the Scheldt the
adaptation times are shortest at the landward limit of deepening. Closure of the South Sea (part of the Dutch Wadden Sea)
initially triggered sediment import, but net sediment import into the Wadden Sea was largely completed around 60 years
after closure. The mud-dominated tidal flats respond much more slowly, however, with associated timescales of several
centuries.
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Abstract

Lateral bathymetries, that is, bathymetries that vary in the cross-channel direction exclusively, have significant effects
on the hydrodynamics in estuaries. For example, these lateral bathymetries cause lateral tidal motion, but they also affect
along-channel residual flow through lateral momentum advection. Such effects are magnified if the bathymetry is steep,
meaning that bathymetry gradients and the depth difference between the shallower and deeper parts of the estuary are
large. Examples of estuaries with steep bathymetries are the Scheldt estuary in the Netherlands and Belgium, and the
Hudson estuary in the United States, both containing deep channels that are much deeper than shallower parts of the
estuary.

While many studies have investigated estuarine hydrodynamics in the presence of general bathymetries (for example
Liand Valle-Levinson, 1999), not much is known about the sensitivity of the hydrodynamics to the bathymetric steepness,
especially in fully three-dimensional contexts. Furthermore, because of its non-linear nature, not much is known about
the role of momentum advection in generating residual flows in estuaries with steep bathymetries. To shed light on this,
we have systematically studied the effect of bathymetric steepness on estuarine hydrodynamics, focusing on advection-
driven residual flow in particular.

The dynamics are modelled using the three-dimensional Reynolds-averaged shallow water equations with constant
vertical eddy viscosity. At the seaward boundary, the model is forced by the tidal water level, which oscillates uniformly
at the semidiurnal tidal frequency. Furthermore, to focus on advection-driven residual flow, other mechanisms such as
river discharge, baroclinic flow, and Stokes drift are neglected. In order to guarantee convergence of the numerical
method, the advective terms are multiplied by 0.1.

We consider a continuous range of Gaussian bathymetries with equal cross-sectional area, controlled by a bathymetric
steepness parameter. The model is applied to a rectangular estuary of 3 km wide and 10 km long. To solve the model, a
truncation method was employed, in which the model equations and boundary conditions are projected on a harmonic
temporal basis and a vertical basis consisting of eigenfunctions of the vertical mixing operator. The resulting equations
are subsequently discretised using a spectral element method and solved by means of the Newton-Raphson method.
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Figure 1: Residual along-channel velocity [m/s] in the central cross-section (x = 5 km) of an estuary with gentle bathymetry. Positive
(blue) values indicate flow towards the landward boundary, and negative (red) values indicate flow towards the seaward boundary.
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The results indicate that steeper bathymetries are associated with large differences in the strength of the tidal along-
channel flow between deep and shallow parts of the estuary. As a result, strong lateral tidal flows are generated that
become dominant in the shallower parts of the domain. Steeper bathymetries also result in stronger and notably more
asymmetric advection-driven residual flow fields (see Figures 1 and 2). This asymmetry is indirectly caused by the
Coriolis effect: Coriolis deflection leads to asymmetry in the lateral tidal velocity field, which in turn leads to asymmetric
lateral momentum advection, which causes the asymmetry in the residual flow field.

This research is the first step in a larger project about idealised non-linear three-dimensional hydrodynamics and
sediment dynamics in estuaries. In the near future, we aim to apply the model to longer estuaries as well, and include
advection in its full power instead of multiplying the advective terms by 0.1.
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Figure 2: Residual along-channel velocity [m/s] in the central cross-section (x = 5 km) of an estuary with steep bathymetry. Positive
(blue) values indicate flow towards the landward boundary, and negative (red) values indicate flow towards the seaward boundary.
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Abstract

The sediment bed in estuaries and tidal basins often consists of mixtures of sand and mud. Quantitative analysis of the
sediment dynamics in these systems, for example to evaluate sediment management strategies, requires thorough
understanding of not only the dynamics of the individual fractions, but also their complex interactions. The composition
and properties of the bed sediment mixture determine the resistance against erosion and the erosion rate. The mixture is
non-cohesive for small mud fractions (i.e. < 20-30%) and cohesive for larger mud fractions. The small amounts of mud
in non-cohesive mixtures may already largely limit the erodibility of the sediment mixture compared to the erodibility of
pure sand. For large mud fractions, (self-weight) consolidation (i.e. compaction by expelling pore water) and its effects
on the erodibility of the mixture becomes important.

In this presentation, we present field measurements on the erodibility and transport of both cohesive and non-cohesive
sediment mixtures in intertidal areas in the Dutch Wadden Sea, and we aim to quantify the erodibility of the sediment bed
based on the characteristics of the sediment mixture.

We use field measurements collected at fringing tidal flats by Colosimo et al. (2020; 2023) and in a recent field
campaign at one of the tidal divides in the Dutch Wadden Sea in November 2023 until January 2024 (see measurement
locations in Figure 1a). The fringing tidal flats are relatively muddy, with a fraction of fines (particle diameter (D) < 63
pm) in the top layer around 50-60%. The tidal divide is relatively sandy, with a fraction of fines up to 20-30%. Although
all measurement locations are located at intertidal areas, the bed elevation at the locations varies between —1.10 m and
+0.10 m NAP (= MSL), such that the duration of aerial exposure varies widely.

The field measurements include continuous measurements of velocity profiles (ADCP), waves (ADV), suspended
sediment concentrations (OBS and ADV backscatter) and changes in bed elevation (ADV and EchoSounder, see Figure
1b) for periods of around two months. A wide range of environmental conditions was captured in the field campaigns,
with severe winter storms with winds from different directions during the winter 2023-2024 measurement campaign at
the tidal divide: The (significant) wave heights at the tidal divide exceeded 1.0 m during three storms (see Figure 2a).
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Figure 1: (a) Measurement locations at fringing tidal flats (black triangles) and at a tidal divide (red triangles) in the Dutch Wadden
Sea, with the colormap showing the measured bathymetry relative to NAP (= MSL). (b) Measurement frame with ADV and EchoSounder
instruments at the tidal divide during low water.
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Measurements of the hydrodynamic conditions (i.e. currents and waves) are used to determine the bed shear stresses
at each of the locations. The OBS data and the ADV backscatter in the measurement volume (green box in Figure 2b) are
used as measures for the sediment concentration. The reflection of the ADV signal onto the seabed (blue box in Figure
2b) is used to determine the bed elevation dynamics. The reflection of the acoustic signal onto multiple layers in the
sediment bed suggests the presence of low-density deposits on top of a dense underlayer, which is yet to be investigated
further by analysing the bed sediment samples that were collected during the field measurements.

Using the records of both the sediment concentrations and the bed elevation dynamics allows us to unravel the
advective sediment transport and local water-bed exchange. The bed shear stresses and observed erosion rates are
subsequently used to evaluate the erodibility of the mixed sediment bed at each of the locations.
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Figure 2: Timeseries of (a) significant wave height from ADV pressure measurements and (b) vertical profiles of the ADV backscatter
(i.e. probe check data) at one of the measurement locations at the tidal divide. The amount of backscatter in the measurement volume
(indicated by the green box) is used as a measure for the sediment concentration. The reflection of the acoustic signal onto the seabed
(indicated by the blue box) reveals the bed elevation dynamics. Gaps in the Hmo timeseries and vertical white bars in the backscatter
profiles indicate periods of low water, during which the ADV instrument emerged.

The field measurements at the fringing tidal flats reveal that the resistance against erosion increases significantly
during periods of aerial exposure during low water. The development of strength of the bed is positively related to the
duration at which the flats remain dry. The exposure time of the fringing tidal flats is strongly related to wind conditions
(e.g. extended exposure during persistent winds from the landward direction), resulting in a strong correlation between
the wind conditions and the ability of a deposit to withstand the next inundation period.

The field measurements at the tidal divide reveal erosion rates up to several centimeters during heavy winter storms
with (significant) wave heights over 1.0 m (see Figure 2a) and orbital velocities near the bed of around 0.5-0.6 m/s. The
bed elevation fluctuates within a range of roughly 5-10 ¢cm during the 2 months of measurements. Although the
hydrodynamic conditions were similar at the three measurement locations, the changes in bed elevation where relatively
small at the location with the largest amount of fines in the sediment bed (i.e. the location for which the ADV signal is
illustrated in Figure 2). We expect the mud fraction to not only increase the erosion threshold (the critical condition at
which erosion starts), but also to limit the erosion rate as soon as the erosion threshold is exceeded.

We further explore the water-bed exchange at the two contrasting sites (i.e. in terms of sediment composition and
aerial exposure duration) using a 1DV numerical model, from which we conclude that the strength development under
aerated conditions is a very important aspect of sediment dynamics in muddy intertidal areas. At sandy intertidal areas, a
small mud fraction in the bed already limits the erodibility of the sediment bed compared to a pure sandy bed.
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Abstract

The latest Intergovernmental Panel on Climate Change report of 2023 alerts about an increase in the occurrence and
intensity of extreme hydro-meteorological events such as storms and extreme river flows, i.e. drought and floods.
Investigating the occurrence of these extreme events in the past 15 years and their impacts on sediment dynamics will
provide crucial knowledge for anticipating future trajectories of coastal ecosystems.

In this study, we investigate the occurrence of extreme wave and river flow events (from 2006 to 2022) and their
impact on suspended sediment concentration at the mouth of the Seine Estuary. Daily river flow data are available from
hydro.eaufrance.fr and interpolated at each high tide (Q), while hourly wave orbital velocity data are extracted close to
the SCENES station from WW3 model hindcast data (marc.ifremer.fr). Wave orbital velocity data are reduced at the tidal
scale by calculating the percentile 90 per tide (HsP90). Suspended particulate matter concentration (SPMC) are available
every 30min at the surface and close to the bed from 2015 to 2022 at the SCENES station, located at the mouth of the
Seine Estuary (Verney et al., 2024a; Verney et al., 2024b). The raw high frequency signal is detrended from the tidal
dynamics by removing a climatologic tidal signal per tidal range classes in absence of wave, as described in Verney et al
(2024b) and providing SPMC anomalies. This allows to better examine the influence of wave and river flow events.

In this study, an extreme event is identified using the peak over threshold method. An inter-annual climatology for Q
and HsP90 is calculated over the period 2006-2021, and smoothed using a percentile 90 over a 30-day rolling window.
Hence extreme wave or river flow events correspond to HsP90 or Q values exceeding the smoothed climatology threshold.
This method not only considers the highest peaks in signal, mainly in winter, but allows to track extreme events all over
the year, accounting for the seasonal variability in forcings. The same method is applied to the SPMC anomaly time series
to detect extreme event in surface and bottom SPM signals.

From 2006 to 2022, 211 extreme wave events and 20 extreme river flow events are detected (Figure 1). Extreme river
flow events show a marked seasonality, with the most intense events in winter (Q>1100m3/s) and moderate events in
summer (Q>800m3/s). In general, the stronger the river flow event, the longer, even if short but high intensity extreme
river flow events are observed. An exceptional intense extreme river flow event was recorded in June 2016, reaching
2000m3/s while the average river flow discharge for this period is lower than 400m3/s. Similarly to river flow, wave
extreme events are featured by a strong seasonality, with stronger peaks in winter. Most of the events are short (from 2 to
4 tides). These extreme events, especially wave events, are associated with a peak in SPMC anomaly (both surface and
bottom), but only 60% correspond to an extreme SPM value. These mismatches are observed in winter, during high
intensity wave events, that could be explained by less fine sediment on the seabed, washed out by preceding events.

The response of SPMC anomaly to extreme events is stronger (on average) in winter but the impact on the estuarine
system must be examined in comparison of the monthly average SPMC anomaly (Figure 2). In winter, wave events induce
bottom SPMC anomalies that range from 0.025 to 0.15¢/l while the monthly interannual percentile 90 of SPMC anomaly
reaches 0.08g/l, i.e. only 2 times larger. In summer, SPMC anomalies associated with extreme wave events reach 0.02 to
o/l while the interannual percentile 90 over this period reaches 0.015g/l, corresponding up to 4 times the interannual value.
We can then conclude that extreme events in atypical, summer periods, are relatively more impacting than in winter.

Finally, we examined the long-term evolution of extreme river flow event over the last 60years. Recalculating the
interannual percentile 90 threshold over this period, we observed a significant increase in both extreme event occurrences
and intensity between 1962-1981 (22 events) and 2001-2021(40 events). Also the number of short extreme event
(<20days) increased when comparing the two periods. Investigating further the seasonality of these extreme river flow
events, we observed similar patterns of extreme records in winter and summer. Interestingly, significant differences are
reported in spring for high intensity events (Q>900m3/s) : no extreme events were detected in 1962-1981, while 7 were
observed in April/early May in 1982-2001 and 5 in May/June in 2002-2021. This time shift during the spring period is
highly impacting as occurring in periods of lower river flow, hence generating potentially higher gradients in SPMC at
the estuary/sea interface with possible stronger impacts on the ecosystem.
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Figure 1: Extreme forcing events from river flow (extreme values in blue points, extended extreme period in grey on top figure) and
square wave orbital velocity (blue lines on bottom figure).

Seasonal analysis of SPMC Anomaly Seasonal analysis of SPMC Anomaly
in response to wave extreme events in response to River discharge extreme events
A @
§S004 , o e o "1 §g004)
3> |f | E2
£S : .| ES
x 5 T
S So0.02} # ¢ 4 1 Scoo02f 4 s
o A > $ 3 = o A
TN T, b EA g9 iy 4
£ + A ° A + = # | - +
50 v A 4 P 50 w A A ¢
ahH  Of v [ A a SR a®»  Of v ¢ A v
Tietitet?t .3§§33¢v
123456 7 8 9101112 123456 7 8 9101112
Month of the year Month of the year
015 F T3 % 0.15
=
g %: p ® % %:
T = . P T =
g(_g 0.1 1 [ 5 gg 0.1 % gl
=k A ® 2K A
g8 . 0 Yl 28 1
EZ005F & g e e e v ] Ec005f
2 o |° & O O g2 N A A a
'g E l ’ V) g P el * % E A o L
) | A A St R 5 3
AT TITE R0 of Y ¥eg H
123 456 7 8 9101112 123456789101112
Month of the year Month of the year

Figure 2: Comparison between monthly SPMC anomaly climatology and the seasonal SPMC anomaly in response to extreme events.
Left: wave events, Right: river flow events. Top panel: surface, Bottom panel: bottom. Climatology anomalies are represented by black
markers and lines: circles show the monthly median anomaly, lines indicate the percentile 25 and 75, up and down triangles the
percentile 90 and percentile 10 respectively. Orange circles represent event-average tidal-median SPMC anomalies. Up orange
triangles indicate high SPMC anomalies above 0.05 and 0.15g L-* for surface and bottom data respectively. Blue markers and lines
indicate the monthly distribution of SPMC anomalies during extreme river flow events (similarly to SPMC anomalies)
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Annual tracking of the sediment dumped following harbour dredging activities in the internal
and external estuary of the Loire
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Abstract

Supervised by the Loire Estuary Public Interest Group (GIPLE), several 3D models were built and calibrated to
provide answers at the scale of the estuary, for several physical processes: hydrodynamics conditions, dynamics of mud,
water quality, dumping and dredging operations. These models take full advantage of the TELEMAC system modules
and demonstrates their ability to provide good results at a large scale despite complex processes. This paper presents in
the first part the building and calibration steps for two of the models developed: the hydrosedimentary model with
dredging processes, and the local dumping model before these two models are unified. The second part focuses on the
operating strategy and exploitation of the model for the harbour of Nantes Saint-Nazaire, to estimate the hydrosedimentary
impact of sediment discharges from harbour dredging activities over a year.

The Loire estuary is one of the three major French estuaries. It is a macro-tidal estuary with a mean spring tidal range
of about 5 m allowing the tide to propagate up to Ancenis, 90 km upstream from the mouth (Saint-Nazaire). The water
quality of the estuary is considered as relatively bad with a large maximum turbidity due to significant developments over
the two last centuries including a deep-water port development downstream in the Saint-Nazaire area with an outer
navigation channel down to -12.5m Chart Datum and the creation of a unique inner navigation channel at -5m CD up to
the city of Nantes located 55 km upstream from Saint-Nazaire. Large scale hydrosedimentary modelling can be a great
decision-making tool for any stakeholder in such estuary, whether it is to properly manage the cities drinking water supply,
to assess the filling rate of navigation channels... The global model was calibrated for each of the main processes that
occur in the estuary (water level, waves, salinity, suspended sediment concentration SSC)

First part: building and calibration

The graph on the left of the Figure 1 shows the annual dynamic of SSC inside the inner estuary. The maximum
turbidity signal corresponds well to the one observed in situ. When the flowrate of the river Loire is important, the
maximum of turbidity and the fluid mud are contained below the kilometric point 25, and when it is very low, it can reach
up to Mauves (kilometric point 70). Model results are also compared to several SYVEL (continuous measurement
network) gauge stations measurements of the SSC. The three stations presented in the right of the Figure 1 show different
modelled and measured SSC dynamic depending on longitudinal locations.
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The local model of the Lambarde dumping site is calibrated over around 10 years, from September 2011 to October
2021. The main objective of this local model is to reproduce the global evolution of the site, with good correlation between
model and measurements as far as volume is concerned. The model properly reproduces both the temporal evolution of
the global volume of the mud deposition on the area (Figure 2 on the left), and the temporal evolution of the mean
elevations for every sub-zone (Figure 2 on the right). As far as elevations are concerned, a good calibration shows the
capability of the model to reproduce the spreading of the deposit, and the erosion flux during period where no dumping
is done.
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Figure 2. Left: Calibration result for in-place volume — Model in red line, dumped volume in green line and in-place volume data in
blue dots; Right: Calibration results for mean elevations. Model in plain lines and data in dots.

Second part: Annual tracking of the sediment dumped following harbour dredging activities in the internal and external
estuary of the Loire

A dredged navigation channel supplies Saint-Nazaire Harbor at the mouth of the estuary and Nantes Harbor 55 km
upstream. Over one year on average:

e 3.64 million m®are dredged and dumped in the disposal area of The Lambarde in the external estuary,
¢ 0,3 million m®are dredged with a stationary dredge and discharges in the navigationchannel.
e 1,5 million méare dredged with water injection.

The harbour wishes to upgrade its dredging facilities, which would change the volume distribution between them. To
estimate the current impact of its dredging practices and to establish a baseline to study other practices, the model is
exploited to calculate the annual mass balance of the estuary of what is currently dredged. Unlike previous versions of
the TELEMAC hydrosedimentary module, GAIA makes it possible to differentiate the sediment of the Lambarde from
those in the natural estuary. It is therefore possible to quantify suspended concentrations and deposits according to their
origin, at any time and in any place. The storage of all the results over one year allowed many analyses and in particular
a mapping of the percentiles of SSC resulting from the dispersion of sediments from the Lambarde.

Figure 3. Percentile 99 of the SSC at each point (left: sediment from the Lambarde; middle: sediment from the estuary and right:
percentage of influence of sediment from the Lambarde on percentile 99 of the SSC

Despite all these technical advances, it remained difficult to establish a clear impact in a simple way. Is the notion of
impact always realistic over a long period of time? Part of the dumped sediment replaces (by tidal pumping) estuarine
sediment in the maximum turbidity and then follows a natural estuarine dynamic. An additional calculation without
dredging would certainly be necessary in order to fully answer the questions.

Mass balance calculation at the estuary scale have been made, but the results are very sensitive to the start and end
dates of the analysis and the location of the downstream boundary. These balances therefore depend in particular on a
hydrosedimentary history, a hydro-meteorological forcing and a geographical position of downstream boundary and can
be discussed.
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Abstract

Estuaries face aggravated susceptibility to salt intrusion during times of reduced river flow. Climate change will
aggravate the frequency and intensity of salt intrusion events due to the increase in drought frequency and sea level rise.
This poses a growing challenge for low-lying delta regions, typically densely inhabited and reliant on freshwater
resources.

This study aims to investigate the response of a low-lying river delta, which behaves as a salt wedge estuary to river
discharge, coastal set-up, and tidal range during a prolonged drought. We analysed an extensive dataset, collected in the
Rhine-Meuse Delta, spanning a period of 17 weeks during the drought of 2022 in the Netherlands (Figure 1).

During the field campaign, the Rhine discharge remained below the seasonal 2nd percentile for 53 consecutive days,
classifying as an exceptional drought (see Figure 2). One defining feature of this delta is its numerous branches and a
complicated, human-controlled discharge network.
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Figure 2 The Rhine River discharge in 2022, showing the mean
and 20-90 percentile range for the climatological period (1992-
2021), as well as different drought indications.

Figure 1 Overview of the measurement locations in the Rhine-Meuse
Delta.

Observations in a period of low river flow show that the Rhine River discharge is a good overall indicator for salt intrusion
length (Figure 3). Coastal set-up is an important secondary effect, moving the tidally averaged salinity limit upstream and
downstream during surge events on timescales of 1.5 to 6 days (Figure 4). The combined effect of river discharge and coastal
set-up is evident in the relation between the subtidal barotropic pressure gradient between the mouth and an upstream water
level station. The salinity intrusion speed of L2 is closely related to the rate of change of subtidal water levels at the mouth.
Within one event L2 can move up to 6.2 km upstream and up to 12.5 km downstream. This is of order magnitude of the tidal
excursion length which is estimated to be 8.5 km. During these events L2 reaches a maximum 'event-average' speed of 7.4
km/day, and tidally averaged speeds reach up to 4.25 km/day.
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Figure 4 Coastal set-up dependence of salt intrusion length
the tidally averaged rate of change of subtidal water level at
Hoek van Holland versus salinity intrusion speed.

Figure 3 Discharge dependence of salt intrusion, the black
lines indicate the best power law fit. The Rhine River
discharge versus salt intrusion length for a 5-day average.

The salt intrusion length in the upstream side branches is best predicted by salinity at the mouth of the branches,
rather than discharge through those branches (see Figure 5). In contrast to the overall system, there is no power law
applicable between salt intrusion length and discharge through those branches. This can be explained by the fact that the
discharge through those branches Qprancr IS determined by human controls along the river branch and these total
discharges are one to two order magnitude(s) smaller than the Rhine River discharge. However, the salinity intrusion
speed of the very low salinity limit (L 3), also referred to as the salinity intrusion speed , is affected by the discharge, and
can be described by , see Figure 6.
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Figure 5 Salinity contours in de Nieuwe Maas and Hollandsche IJssel, between
salinity stations BRB and HY5. including a) salinity contours, b) discharge
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the branch c) set-up in metres NAP (Normaal Amsterdams Peil) at Hoek van
Holland and Rhine River discharge.

On long timescales, the discharge is the main driver for salt intrusion length in the stratified Rhine-Meuse estuary.
Nonetheless, significant intrusion events occur on shorter timescales, spanning from a day to a week, driven by subtidal
fluctuations of water level at the river mouth. Upstream side-branches show different response to the main system, as the
discharge is highly influenced by managed freshwater pulses and extractions. Here, the role of the discharge is seen in
flushing and sucking saline waters downstream and upstream the branches. The future outlook is to examine the influence
of the Rhine River plume dynamics on salt intrusion, where also baroclinic effects of wind-forcing will be taken into
account.
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Abstract

Estuarine flooding is at the forefront of coastal management concerns and climate mitigation strategies. Estuarine
flooding often stems from compound events with inundation resulting from a combination of fluvial/terrestrial and marine
sources. Coastal management and climate mitigation strategies are implemented at both estuary-specific scales and
national/regional scales. While scientific evidence for individual estuaries can be derived from climate projections
downscaled to the estuary scale, comprehensive evidence at the national/regional scale for groups of estuaries is limited.
This scarcity is partly caused by the prohibitive cost associated with downscaled projections at this broader scale.

Our research explores the potential effects of climate change on compound flood hazard in UK estuaries. We have
categorized UK estuaries into distinct typologies based on marine and terrestrial forcings (e.g., tides, storms, river flow,
sea level rise), and estuarine characteristics such as geographical locations, coastline features, catchment size, and estuary
shape. This categorization is achieved through a cluster analysis of data gathered from published/gray literature, satellite
imagery, and completed numerical simulations, including climate projections of riverine (eFLaG, see Hannaford et al.,
2023) and marine forcing conditions (e.g., UKCP18, see Lowe et al., 2022). For each estuary type, we have identified
and categorized the patterns of future changes in dominant physical forcings. We then used a simplified, idealized semi-
analytical models to investigate how these changes in forcings could potentially modify flood risks in the various estuary
types. This model, which is an extension of the work of Wei et al. (2016), incorporates changes in water motion induced
by storms and river discharge. The model is computationally efficient and can qualitatively simulate complex
hydrodynamic processes such as tidal propagation and storm surge dynamics, therefore ideal for exploring sensitivity of
flood risks to changes in forcing and estuarine characteristics representative for each of the estuary types. The results of
this study provide valuable insights into the potential impacts of climate change on compound flooding hazards in UK
estuaries. They emphasize the importance of incorporating climate projections into flood risk assessments and
demonstrate the effectiveness of simplified numerical models in understanding climate risks to estuaries at a national
scale. This research contributes to ongoing efforts to comprehend the vulnerability of UK estuaries to compound flood
hazards and aids in the development of holistic strategies for managing estuarine flood risks in a changing climate.
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Abstract

Recently, researchers have shown that infragravity (IG) frequency oscillations (periods of about 25 s to 250 s) are
important in sediment transport and closure processes for shallow estuarine mouths located in the surfzone (for example,
see Mendes et al. 2020). Other studies have also shown that shallow estuarine mouths can act as low-pass frequency
filters, leading to oscillations within estuaries dominated by IG frequencies with velocity amplitudes as large as tidal
velocities (for example, see Williams and Stacey 2016). Such large velocity amplitudes suggest that IG oscillations likely
play an important dynamical role. However, few studies to date have examined the effects of IG waves within shallow
estuaries outside of sediment transport, nor have they discussed dynamical mechanisms for their contribution to sediment
transport.

This study focuses on how IG waves affect bottom boundary layer generated turbulence in shallow estuaries.
Turbulence is the primary mechanism through which IG waves can increase mixing. Turbulence parameters can also be
directly related to the bottom stress, which plays an important role in sediment suspension and transport. Therefore, by
understanding how IG waves interact with tides and other processes to increase turbulence, we can determine when IG
waves are likely to be dynamically important. Specifically, we use turbulent dissipation measurements obtained from
recent work (Wheeler and Giddings 2023) to examine how and when 1G waves significantly increase turbulence levels
in Los Pefiasquitos Lagoon. Los Pefiasquitos Lagoon is a low-inflow, bar-built estuary in Southern California with a
mouth that has been heavily modified due to the presence of a road. The shallow sill at the mouth is typically above sea
level at low tide, while most of the estuary interior is around 2-m deep or less. When submerged, the shallow sill acts as
a low pass frequency filter where larger sea and swell waves dissipate in the surfzone while 1G waves propagate into the
estuary, often with large orbital velocities relative to the tidal velocities (Harvey et al. 2023).

Using our turbulent dissipation observations, we show that these IG oscillations lead to wave boundary layers up to
the order of 1m that can occupy significant portions of the water column in shallow estuaries. To understand observations
of bottom generated turbulence in this situation, we outline 3 distinct frequency regimes. The low frequency (LF) regime
describes when velocities are quasi-steady, as is typically true for tidal currents where a fully developed boundary layer
extending throughout the water column exists. The high frequency (HF) regime describes when observations are far above
the wave boundary layer, as is typically true for measurements of sea/swell waves where the wave boundary layers are
very small, on the order of mm to cm. The intermediate frequency regime (IF) describes measurements that are within
the wave boundary layer and wave velocities cannot be treated as pseudo- steady. A sketch of these regimes under
different wave conditions is shown in Figure 1 along with a boundary layer length scale (lw) and the boundary layer height
(zw=4%1y).

We then evaluate the behavior of turbulence in the IF regime using an idealized, numerical, 1-dimensional, eddy
viscosity turbulence model. We show that the average turbulent dissipation over a wave period in the IF regime can be
approximated as an exponential decay between the LF regime at the bottom of the water column and the HF regime at
the top of the wave boundary layer. The numerical model shows a scaling for the wave boundary layer height that matches
prior work and extends to cases where wave velocities are greater than the mean current.

To apply this approximation to observations, we extend the Grant and Madsen (1979) solution to calculate the time
dependent bottom stress, which is necessary for calculating the bottom boundary condition for the IF regime. We then
apply the IF region approximation to our observations in Los Pefiasquitos Lagoon to show that it accurately explains our
turbulent dissipation measurements 30cm above the bottom. Our data then suggests that waves significantly increase

turbulent dissipation inside the wave boundary layer when /o, < 3/2, where U is the mean current and oy, is the standard
deviation of the velocity.
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Figure 1. Diagram of velocity profiles and the depth regions of the 3 frequency regimes under tidal (left, low frequency), sea (middle,
high frequency), and infragravity (right, intermediate frequency) waves. The lower and upper dashed grey lines represent the boundary
layer length scale (Iw) and boundary layer height (zw) respectively.
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Abstract

Maximizing time in the photic zone is a critical component dictating the success of an algal species. However, access to
the photic zone is complicated by factors like stratification and turbulent mixing. Some algal species (diatoms) have
compensated for their limited time in the photic zone by maximizing growth rate, such that when they are in the photic zone
they can synthesize carbon as quickly as possible. However, diatoms cannot swim—instead, they sink downward with a slight
negative buoyancy. Other species of algae (cyanobacteria) have developed vacuoles that allow for positive buoyancy, but these
species tend to have lower growth rates, and their vertical velocities are easily overpowered by vertical mixing.

There is a strong interest from both scientific and management perspectives in understanding what factors dictate the
dominance of cyanobacteria, a harmful algal species, over diatoms, which are often beneficial to estuarine ecosystems. This
question is especially at play in the Sacramento-San Joaquin Delta, a highly engineered estuary in Northern California. The
Delta receives large inputs of anthropogenic nutrients from wastewater treatment plants which result in elevated dissolved
inorganic nitrogen levels (Novick et al., 2015), placing the estuary at a high risk for algal blooms (Paerl, 2012; Dahm et al.,
2016) including risk for bloom events with toxic algal species (commonly referred to as harmful algal blooms (HABS)).
Historically, despite elevated nutrient levels, the Delta has experienced limited bloom activity compared to other estuaries.
Low algal concentrations are commonly attributed to high turbidity levels and/or top-down control from invasive filter feeders.
In recent years, these strong defenses have begun to wane, resulting in increased harmful algal bloom events (Lehman et al.,
2017). Lehman et al. (2008) used statistical methods to derive correlations between these harmful algal events and factors like
warm surface water temperature and high residence times; however, questions remain on the mechanisms through which these
factors enable cyanobacteria to dominate over diatoms.

For our work, we explored the physical mechanisms dictating competition between diatoms and harmful cyanobacteria by
simulating the two species in an idealized one-dimensional water column model. Specifically, we investigated the hypothesis
set forth by Huisman et al. (2004) that the magnitude of turbulent dissipation determines regimes shifts between sinking and
floating species of algae. We based our idealized model on the Stockton Shipping Channel in the Sacramento-San Joaquin
Delta, a 10-meter deep regularly dredged channel that has routinely experienced harmful algal blooms throughout the past
decade.

We simulated a three-day period and sampled growth, loss, and swimming rates from empirical estimates from literature
to parametrize population dynamics. Our results focus on how the final biomass of an algal species varies as a function of
turbulent dissipation, stratification, and initial concentration. We also investigated how the phasing of temporal forcings, such
as simulated tides and diurnal wind, affected a species’ dominance by determining access to the photic zone. In our discussion,
we review future steps, including how this work will be validated by planned fieldwork and methods to integrate our modeling
approach into a large-scale three-dimensional model of the Sacramento-San Joaquin Delta with hopes to enable forecasting of
future harmful algal bloom events.

References

Dahm, C. N., A. E. Parker, A. E. Adelson, M. A. Christman, and B. A. Bergamaschi. “Nutrient Dynamics of the Delta: Effects
on Primary Producers.” San Francisco Estuary and Watershed Science 14, no. 4, 1-36 (2016).
https://doi.org/10.15447/sfews.2016v14iss4art4.

Huisman, J., J. Sharples, J. M. Stroom, P. M. Visser, W. E. A. Kardinaal, J. M. H. Verspagen, and B/ Sommeijer. “Changes in
Turbulent Mixing Shift Competition for Light Between Phytoplankton Species.” Ecology 85, no. 11 (2004): 2960-70.
https://doi.org/10.1890/03-0763.

Lehman, P. W., G. Boyer, M. Satchwell, and S. Waller. “The Influence of Environmental Conditions on the Seasonal Variation
of Microcystis Cell Density and Microcystins Concentration in San Francisco Estuary.” Hydrobiologia 600, no. 1 (March
1, 2008): 187-204. https://doi.org/10.1007/s10750-007-9231-x.

Lehman, P. W., T. Kurobe, S. Lesmeister, D. Baxa, A. Tung, and S. J. Teh. “Impacts of the 2014 Severe Drought on the
Microcystis Bloom in San Francisco Estuary.” Harmful Algae 63 (March 1, 2017): 94-108.
https://doi.org/10.1016/j.hal.2017.01.011.

1 University of California, Berkeley; siennaw@berkeley.edu
2 United States Geological Survey
3 University of California, Berkeley; mstacey@berkeley.edu

244


mailto:siennaw@berkeley.edu
mailto:mstacey@berkeley.edu

Novick, E., Holleman, R., Jabusch, T., Sun, J., Trowbridge, P., Senn, D., Guerin, M., Kendall, C., Young, M. and Peek,
S. “Characterizing and quantifying nutrient sources, sinks and transformations in the Delta: synthesis, modeling, and
recommendations for monitoring.” San Francisco Estuary Institute, Technical Report. (December 2015).

Paerl, H. W., and V. J. Paul. “Climate Change: Links to Global Expansion of Harmful Cyanobacteria.” Water Research,
Cyanobacteria: Impacts of climate change on occurrence, toxicity and water quality management, 46, no. 5 (April
1, 2012): 1349-63. https://doi.org/10.1016/j.watres.2011.08.002.

245



Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
River plume and internal wave dynamics in a Patagonian fjord

Williams M.E. !, Escauriaza C. 2, Fringer O. 3, WinklerPrins L. 4, Monasterio M. °, and
Gomez R. ©

Keywords: fjord, river plume, internal waves.
Abstract

The Patagonia region in southern Chile, characterized by its complex geography with mountains, fjords, and glaciers,
is also home to diverse ecosystems and coastal wildlife. Rivers fed predominantly by glaciers in summer and cold storms
in winter transport sediments, freshwater, and nutrients to the fjords. Internal waves are ubiquitous in stratified fjord
environments, and surface signatures of internal waves are observed on a range of spatial scales (e.g. Figure 1). In large
river plumes, internal waves are generated at the plume front when velocity of propagation of the front falls below the
internal wave phase speed (Nash and Moum, 2005). Here we aim to extend our knowledge of plume and internal wave
dynamics in smaller glacial river plumes in steep watersheds through in situ measurements, remote sensing, and numerical
modeling.
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Figure 1. (a) Green reflectance vallues from satellite image. (b) Satellite image showing surface signatures of internal waves. Rectangle
corresponds to area showin in (a). () Mooring locations for January — February 2024 field study. Image shows low tide on 14 February
2024. Measurements in Figure 2 below are at location L30A.

In this work, we are using the Melimoyu fjord in southern Chile (44°05°S, 73°06°W) as a representative system. A
field campaign during January and February 2024 measured river, fjord, and plume dynamics with in situ measurements
of velocity, temperature, salinity, water level (Figure 1c) complemented with drone imagery. Numerical simulations on
an idealized boundary condition and domain with dimensions based on the field site can represent the basic river-fjord
interactions and internal wave motions. We perform simulations in SUNTANS (Fringer et al., 2006), solving the 3D
nonhydrostatic Reynolds-averaged Navier-Stokes equations, using the Boussinesq approximation. Here we present
detailed measurements of plume and internal wave dynamics with high frequency measurements (Figure 2), as well as
explore the fate of internal waves in fjords with idealized simulations.
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Figure 2. (a) ADCP Echosounder Backscatter showing the upper 2 m of the water column. High backscatter shows presence of the
thin fresh surface layer (and corresponding higher suspended material concentration). (b) Surface salinity from the mooring near the
ADCP. The depth of the surface CTD was approximately 50 cm. The arrival of an internal wave train alters the thickness of the surface

layer starting between 15:30 and 15:40. Salinity measurements show the surface CTD measuring fresh or salty water as the interface
moves above and below the instrument.
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Abstract

Salt marshes provide expansive ecosystem services to coastal regions, including serving as bird and fish habitat,
providing flood protection, and sequestering carbon and toxins (Barbier et al. 2011). While marshes are naturally dynamic,
they are undergoing net loss in the 21st century largely due to lateral erosion (Camp- bell et al. 2022). In regions where
marsh migration is constrained by built infrastructure, or where sediment resources may be insufficient for vertical or
lateral expansion, approaches to prevent net marsh loss against lateral erosion are limited. To better understand and
strategize around these conditions, detailed studies of marsh-edge loss mechanisms and their connections to sediment
transport dynamics are necessary (Smith et al. 2021).

Most work on lateral marsh-edge change has focused on the impacts of storms or on annual-scale dynamics, and rarely
have entire marsh units—including bay-edge interfaces and tidal creeks—been instrumented simultaneously to
understand patterns in sediment transport throughout the entire marsh system. To address this gap, we performed a
calendar year of intensive study at Whale's Tail Marsh South (Fig.1A), an 0.75 km2 high marsh in the Mediterranean
climate of South San Francisco Bay. The marsh is constrained on its landward boundaries by levees, its bay-side edge
(orange curve) is open to San Francisco Bay, and it has one main tidal channel (blue curve). At this edge, the fronting
kilometers of mudflats are separated from the high marsh platform by a ~1 m tall scarp (Fig.1B), which is eroding. In this
work, we asked the following interlinked questions: how do seasonal wind/wave regimes affect marsh-edge erosion rates?
Does sediment loss at the marsh edge lead to deposition within the marsh interior, even if sediment travels via tidal
channel? What are the variability and controls of erosion and marsh platform deposition?

To answer these questions, we performed in-situ sensor and sediment pad deployment during a study year alongside
aerial photogrammetry of the marsh. We performed two seasons of study, June-Aug. and Dec-Feb.; in each, we installed
co-located pressure and turbidity sensors at 5 locations along a bay-side 32 m-long transect (Fig.1A T1) and 4 locations
along a channel-side 24 m-long transect (Fig.1A T2) on the marsh platform surface to quantify turbidity conditions and
flood/ebb sediment fluxes. In the same periods, we installed sediment deposition pads staggered between the sensor
stations along the transects (with additional stations up to 72 m into the marsh and a third transect, T3) to directly measure
deposition on the marsh surface. Tile-based observations were used to develop distance-from-channel models of
deposition rates, which were then interpolated over the entire marsh-top platform, using the assumption that deposition
can be attributed by proximity. In both seasons, we also installed velocimeters and turbidity sensors on the mudflats
offshore of the southwestern marsh-edge boundary to quantify nearshore and forcing wave conditions. Wave properties
of the entire study year were modeled using Delft 3D-WAVE (n.b. Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by the U.S. Government.) over all four seasons. We produced
high-resolution (5 cm pixel) digital surface models (DSMs) in May 2021, September 2021, November 2021, February
2022, and May 2022 of Whale's Tail Marsh South (Logan et al. 2023), allowing us to quantify lateral and volumetric
marsh-edge retreat across the system. (Note, the marsh-edge was virtually unvegetated, so we made no adjustment.)

We found pronounced seasonal differences in lateral retreat rates of the marsh. There was rapid land- ward movement
of the bay boundary (i.e. > 0.5 m of erosion over a season) during the summer and spring seasons, and virtually zero
change in the fall and winter seasons. From the wind and wave records, we at- tributed this to the strong seasonal
differences in wave-forcing conditions. When rates of lateral retreat were the largest (the warm seasons), conditions were
marked by a sea breeze pattern, with daily morning calm but afternoon sustained 6+ m/s winds from the west. In contrast,
during the fall and winter study periods, the conditions were typically calm with only five storm events with sustained 6+
m/s winds, generally from the south-southwest.
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These differences in wind and thus wave regimes led to spring and summer sea- sons having much higher
mean and cumulative incident wave power metrics at the marsh edge versus fall and winter. Comparison to
wind records from the prior 18 years suggested that our study year was fairly representative of the long-term
averages for the region, despite a highly variable winter storm climate in California. We also noticed 2-5 cm
of erosion/deepening in the mudflats during spring a summer periods, and similar amounts of accretion in the
fall period (none in winter), although these measurements of eleva- tion change were within uncertainty
bounds of vertical DSM position. Still, this may suggest that the marsh-mudflat system undergoes a
“relaxation” period in autumn, after the high retreat rates of spring and summer, where eroded material settles
on adjacent mudflats.

From both our tile-based deposition model and marsh-top sensors, the marsh as a whole was found to be
importing sediment in the summer and more slowly in the winter, the product of much higher nearshore and
marsh platform turbidity in the summer season, which we attributed to the more energetic wave conditions
driving resuspension and edge erosion. This seasonal difference was true for both sediment imported to the
marsh from the bay edge and along the tidal channel. Rates of import from the interpolation model, in Fig.1C
for summer/winter, demonstrated that in both seasons, the loss of sediment from the erosional edge was not
quite balanced with marsh platform import. Following our assumption of attributing sediment deposited to
proximity of bay-edge or tidal channel, much more of the whole-marsh import was driven by tidal channel
flows than bay-edge flows, although they had similar rates of import once scaled by length (of edge or
channel) . While the exact direction of flow over the marsh surface during inundation periods re- mains
uncertain as marsh platform sensor data showed evidence of lateral flow (i.e. not perpendicular to the marsh-
edge boundaries) that was not captured by the study design, sediment deposition was structured with distance
from bay-edge or channel. Deposition generally exponentially decayed from a near-edge peak to an
asymptote with distance. At the bay-edge, the zone of maximum deposition was shifted inland up to 6 meters,
likely due to wave action. Marsh interior deposition values were similar across sites and seasons, but the
deposition rates were much higher adjacent to the tidal creek than along the bayside. We posit that this was
because the marsh-edge region acted as a zone of tidal through-flow with less vegetative cover and thus fewer
opportunities for deposition. The variability of sediment fluxes over the marsh platform was complex, often
affected by immediate wave conditions and occasionally exporting.

Figure 1: A) Image of
Whale's Tail Marsh South
with eroding lateral edge
(orange), primary tidal
channel (blue), and our
study transects (green).

B) Photo of scarped edge.
C) Schematic and rates of - Whale’s Tail
sediment fluxes ¢ Marsh South
[summer] / [winter]. §

= Bay-Edge Import:
+1288 / +98 kg/day

¥ Marsh-Edge Erosion:
«4 -6125/-1750 kg/day

Tidal Creek Import:
+4693 / +923 kg/day

As a whole, Whale's Tail Marsh South is undergoing fairly rapid loss of area but slower loss of sediment. Seasons
with high wave activity driven by spring and summer sea breezes—caused the most lateral erosion but also elevated
nearshore turbidity levels which contributed to marsh platform sediment import via the bay-edge and tidal channels,
supporting the argument of marsh-edge sediment “recycling” from Hopkinson et al. (2018). Following Donatelli et al.
(2020) and Bouma et al. (2016), our study encourages considering the mudflat and marsh as parts of a coupled
sedimentary system, but we found strong seasonal signals in San Francisco Bay that merit different considerations versus
hurricane-dominated marshes of the east and gulf coasts.
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Wiinsche A. 1, Becker M. 2, Fritzsch R. %, Kelln J. 1, and Winter C. 2

Keywords: tidal asymmetry, estuaries, Ems estuary, temporal variability, salinity, measurements

Abstract

Tidal asymmetry in estuaries and other tidal regimes of coastal systems is commonly evaluated to assess (changes in)
system states. It classifies local states as either flood or ebb dominant. The method for deriving the tidal asymmetry is
often determined by the available data basis. As such, it can be estimated based on hydrodynamic parameters, sediment
properties, or the geometry of the estuary. Due to the wide availability of monitoring data of water level, the derivation
from these is one of the most common methods. In recent years the number of descriptors deriving tidal asymmetry
increased noticeably. In this study, we compare and discuss their sensitivity to the quality of the input data.

Our study area is the Ems estuary, located southwest of the North Sea between the Netherlands and Germany. The
estuary stretches about 100 km from the island Borkum landward until the tidal weir, which marks the inland boundary
of the tidally influenced area. The shape of the estuary can be described by three features: the outer part adjacent to the
North Sea is funnel-shaped and borders the central area, characterised by the Dollard, a tidal flat, and north of it, the main
shipping channel. Further inland, the cross-section narrows into a channel-like course. Tides in the estuary are
predominant semi-diurnal and described as asymmetric. The Ems estuary has been repeatedly studied (e.g. Talke et al.
2009, van Maren et al. 2015) to understand the mechanism that led to the observed increase of suspended sediment
concentrations, coupled with the occurrence of fluid mud. The transition to its hyperturbid state is linked to a drastic
change in the estuarine geometry (Winterwerp und Wang 2013), both vertically and horizontally. Repetitive interventions
have amplified and deformed the tides, resulting in changes in current phases of M2 and M4, as well as in shifting tidal
asymmetry to a stronger flood dominant state that favours sediment import (e.g. Dijkstra et al. 2019). Several studies,
which vary in terms of analysis period, data set and type (e.g. field measurements in van Maren et al. 2023 or simulation
results in Chernetsky et al. 2010), have occasionally revealed opposing directions of tidal asymmetry for similar sections
of the Ems estuary. This provides another reason to investigate the extent to which the data basis can influence the
outcome of tidal asymmetry.
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Figure 1: Time series of scaled a tidal duration asymmetry (TDA) at km 53, b peak current asymmetry (PCA) at km 53 and c slack
water asymmetry (SWA) at km 53 from May 15 to September 15, 2018. TDA and PCA are derived by using the ratio method (R) and
SWA is derived by derivative skewness (Sk). Window length (tides) are displayed in different colors: 1 to 4 tides in grey tones, 6 tides in
blue, 8 tides in orange and 28 tides in red. A dashed grey line represents zero. Positive values represent flood dominance, negative
values represent ebb dominance. The sampling interval of the input data is 5 minutes
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Based on one-year measurements of water level and near-surface current velocity along the Ems estuary, we computed
tidal asymmetry from different descriptors: phase lag, tidal duration asymmetry, peak current asymmetry and slack water
asymmetry. The descriptors are deduced from harmonic, ratio, and skewness methods. These methods yield values of
tidal asymmetry in different ranges for the same interpretation of the dominant asymmetry direction. To compare the
different methods, we scaled the descriptors to a new value range using conformal maps. We investigated the sensitivity
of the descriptors by varying the sampling intervals of the input time series and the length of the computation window.

The sensitivity of the descriptors is strongly site-specific, particularly in response to variations in sampling intervals.
That variability may lead to changes in the asymmetry direction in tidal duration asymmetry and phase lag. This sensitivity
is most pronounced at locations where the initial difference between flood and ebb duration is minimal. The highest
sensitivity is encountered calculating slack water asymmetry, which is likely related to the short duration of slack water
compared to the duration of a full tide. Increasing the window length acts as a low-pass filter, reducing the variability of
the tidal asymmetry, especially when computed over a small number of tides (Figure 1). Moreover, the relevance of the
window length and the analysis period becomes apparent in the differences in the direction of tidal asymmetry resulting
from spring or neap tides.

Overall, we find that data quality and analysis period play a crucial role in the assessment of tidal asymmetry in the
Ems estuary. Consistent with other studies (e.g. Gong et al. 2016), the river discharge has a pronounced and downstream
decreasing impact on the tidal asymmetry. This influence is particularly prominent in descriptors derived from current
data during (high) discharge events. Winsche et al. (under review) discuss the critical nature of interpreting (residual)
sediment transport based solely on tidal asymmetry and point to the need for more comprehensive datasets.

Outlook

In addition to our sensitivity study (Winsche et al., under review), we present preliminary findings regarding the long-
term development of tidal asymmetry in the Ems estuary by extending the analysis period to 20 years. We are interested
in the connection between spatially variations of tidal asymmetry, observed shifts in dominant asymmetry directions
combined with the long-term alterations in near-surface salinity. Furthermore, the transformation of seasonal patterns in
tidal asymmetry and salinity. That includes to investigate the extent to which possible long-term changes can be attributed
to the recent progression in river discharge, leading to an increasing number of years with low discharge conditions.
Moreover, we illustrate the impact of high and low discharge seasons on the research parameters of tidal asymmetry and
salinity.
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Abstract

Estuarine exchange flow, which is often many times greater in magnitude than the volume transport of river discharge,
regulates all aspects of estuarine biogeochemical processes. It is common to evaluate the residence time in estuaries, and
many studies have done this using a variety of methods. However the motivation for residence time studies is
biogeochemistry, and this can be influenced by much more than the exchange flow, depending on the tracer in question.
In the study, we analyzed realistic simulations from a coupled physical-biological model to quantify the volume-integrated
budgets of heat, total nitrogen (TN), and dissolved oxygen (DO) in the Salish Sea and its inner basins due to net exchange
flow (influx - outflux) and other processes influencing each tracer. The Salish Sea is a large, fjordal estuary in the US and
Canadian Pacific Northwest. Total Nitrogen is the sum of the nitrogen concentration of all the NPZD tracers. The model,
LiveOcean (MacCready et al., 2021), was validated with extensive hydrographic and moored observations for 2017.
Budgets for all three tracers are shown in Fig. 1. Episodically, marked heat/DO influx and TN outflux occurred during
strong downwelling. The seasonal variations in net budgets are primarily regulated by air-sea heat flux (for heat),
exchange flow (for TN), and combined air-sea flux, photosynthesis, respiration and exchange flow (for DO). The
exchange flow exports heat and DO all year round except for occasions when intrusions of surface warm and oxygen-
rich water from the coast bring in heat and DO. The amount of heat/DO export by the exchange flow approximates
heat/DO import from the atmosphere/photosynthesis/respiration. Exchange flow dominates TN import in the summertime
and TN export in the wintertime. Vertical tracer gradients, greatly impacted by shifts in coastal wind direction and
strength, determines the seasonal trend of exchange flow budget terms.
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Figure 1. (a, c, €) time series of each term that contributes to heat (upper panel), DO (middle panel), and TN (lower panel) budgets in
the Salish Sea. The gray dashed lines represent budget error and the shaded gray-ish regions indicate wind stress related to
downwelling (positive value) and upwelling (negative value). The north-south wind stress from the model was extracted at (125°W,
47.5°N) and smoothed with a weighted 8-day filter as a proxy for the shelf Ekman response (Austin & Barth, 2002). (b, d, f) volume-
weighted tracer concentrations at different depths.
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Abstract

Estuarine circulation and transport processes are controlled by bathymetry, atmospheric, hydrological, and oceanic
forcing. Extreme events, such as droughts and compound flooding induced by hurricanes, play an important role in
estuarine transport processes. This study utilizes a high-resolution coastal model based on the Finite Volume Community
Ocean Model (FVCOM) to simulate the saltwater intrusion and microplastic transport under normal and extreme
conditions in the Delaware River Estuary in mid-Atlantic coast of United States. The Delaware River Estuarine model is
integrated with the Distributed Hydrology Soil Vegetation Model (DHSVM) for the Delaware River Basin to provide
river boundary condition. Both DHSVM and FVCOM for the Delaware River Basin and Estuary have been validated
with stream flow, water level, and velocity data, especially for the period of Hurricane Irene, which caused compound
flooding in the estuary as a result of river flood and coastal storm surge. The validated model was used to simulate
saltwater intrusion under long-term drought condition in the Delaware River Basin. Sensitivity analysis of saltwater
intrusion in response to future sea level rise indicated that the salt front moved further upstream as sea level rises. Model
results showed that the adjustment timescale of saltwater intrusion varies nonlinearly with sea level rise. A microplastic
model was developed in the framework of FVCOM to simulate microplastic transport with characteristics of plastic size,
shape and density. The microplastic model was validated against experimental data and analytical solution in an idealized
model setting. Model validation showed that the model effectively replicates microplastic profiles in different transport
modes, including bedload, surface-load, suspended-load, and mixed-load. Subsequently, the microplastic model was
applied to simulate microplastic fate and transport in the Delaware River Estuary, employing the physical configuration
of the saltwater intrusion model. This application also involved assessing the impacts of different microplastic sources,
such as airborne and point sources, on the microplastics’ distribution within the estuary.
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Abstract for the 21 Physics of Estuaries and Coastal Seas Conference, 2024
Role of internal waves in the Winyah Bay plume response to upwelling-favourable winds

Yankovsky A. 1, Voulgaris G. 2, Papageorgiou C. 3, and Fribance D. *

Keywords: estuarine outflow, buoyant plume, front, internal waves, mixing, upwelling.
Abstract

Under the influence of upwelling-favorable winds, the freshwater outflow from Winyah Bay, SC, USA can spread
offshore as a narrow tongue of buoyant water, on some occasions reaching the shelfbreak, which lies ~100 km off the
coast. According to recent observational and modeling studies (Yankovsky et al., 2022; Yankovsky and Yankovsky, 2024;
Dykstra et al., 2024), several ingredients are required for this crossing: (i) the outflow should be decoupled from the
bottom boundary layer near the mouth either through strong buoyancy forcing or due to relatively light tidal- and wind-
induced mixing; (ii) the plume is advected by the combined action of the offshore Ekman and alongshore geostrophic
transport; (iii) the plume remains supercritical (in terms of the internal Froude number) over long distance from the mouth;
(iv) there is continuous radiation of internal waves within the plume in the upwind direction, which prevents the transverse
spreading of the plume. A dedicated observational campaign reported here delineates these dynamics.

We present shipboard observations of the Winyah Bay plume sampled on June 6-7, 2023, which was forced by
southeasterly, upwelling-favorable winds of 5-10 m/s during the survey. The measurements utilized a self-propelled
catamaran RoboCat with GPS used as a platform for the 5-beam Nortek Signature 1000 AD2CP, which yields both
velocity and turbulent kinetic energy (TKE) dissipation profiles. At each station along two transects reported here,
RoboCat collected data for at least 20 min within a 50-m circle of the prescribed station location. The water column was
also sampled with an uprising microstructure profiler deployed from a small boat in close proximity to RoboCat. These
data were complemented with standard ADCP and CTD measurements from the R/V Savannah. Figure 1 shows the
sampling trajectory. Transect A ran offshore from jetties along the longitudonal axis of the plume till the ambient shelf
water was encountered. It comprised 12 stations; 9 were sampled with microCTD, which provides superior accuracy
compared to shipboard CTD. The plume extended offshore for more than 25 km after approximately one day of the
sustained upwelling favorable wind. A shallow, ~2 m deep tidal plume extended ~10 km offshore; farther offshore the
buoyant layer deepened to 5 m and another interior front containing buoyant water of two tidal pulses lay 17 km offshore
(Fig. 2). Past the interior front energetic submesoscale processes were present resulting in overturnings with the O(1) m
vertical scale. At the offshore stations, maximum TKE dissipation was observed in the middle of the water column (Fig.
2); the same feature was observed precviously, see Yankovsky et al. (2022) for details. Transect B was sampled twice
across the plume axis with shipboard CTD. Buoyant water concentrated on the upwind (southern) edge of the plume,
where the horizontal salinity gradients were also higher, and the transverse dimension of the plume was less than 10 km.
Undulations of the pycnocline in plume’s transverse dimension and elevated TKE values at the base of the plume suggest
a possibility of the upwind radiation of internal waves previously found in numerical experiments.
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Winyah Bay.
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Internal wave properties are estimated by numerically solving the eigenvalue problem below as in Yankovsky et al.
(2022):
N _ 1 4%
(U-c)?  U-caz? with boundary conditions w = 0 (z = 0, —H) (1)

dz—": + Aw = k?*w, where 1 =
az

Here w is the vertical velocity component, U=U(z) is the mean current, k is the wave number, N is the buoyancy
frequency, C is the wave phase speed, and H is the water depth. Wave problem is solved for stratification and the mean
current velocity profile observed at station A9 (Fig. 3). The problem is solved with and without the second term in the A
coefficient, which describes the effect of the vertical vorticity gradient. All but one mode are eliminated by the mean
current shear, and waves cannot propagate in the positive direction (offshore) (Fig. 4). Maximum in d?U/dz2 below the
pycnocline acts as a restoring force, reducing the internal wave phase speed and causing strong vertical shear in the
internal wave velocity field at mid-depth (compare Fig. 2 and 5). These features can explain the observed maximum of
the TKE dissipation at 4-8 m depth at stations A8-A9.
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Figure 3. Vertical profiles from A9 waiaanb. ] Figure 5. Vertical profiles of vertical w and

station used for solving (1). Figure 4. Dispersion curves corresponding {0 i onta1 y velocity components for various
the full solution of (1), and the solution with /0 ophere

d2U/dz? set to zero.

The presented observations conform to the idealized modeling results by Yankovsky and Yankovsky (2024) and the
wave property analysis deduced from (1): internal waves are generated in the offshore segment of the plume due to the
advection of the plume momentum by wind-induced currents. Initially, their crests are aligned with the direction of the
near-surface wind-induced drift and the wave propagation is only weakly affected by the mean cross-shelf velocity
structure. As waves propagate upwind, the wave fronts also turn inshore since the offshore propagating modes are
eliminated by strong near-surface velocity shear. This wave refraction continues until the critical layer is approached,
which is seen both in the dispersion diagram (Fig. 4) and in the localized horizontal velocity maxima at mid-depth (Fig.
5). These layers result in a strong mid-depth vertical shear causing the internal wave breaking. Thus, vertical shear
associated with the two-layer cross-shelf upwelling circulation has a strong impact on both the propagation and the vertical
structure of internal waves, whereas the vorticity gradient term acts as a restoring force along with the density gradient
(buoyancy force). Vigorous mixing and overturning in the offshore part of the plume resolved by our innovative sampling
techniques can be attributed to the internal wave dynamics. The plume remains transversely constrained, likely due to the
upwind radiation of internal waves. Overall, the cross-shelf plume emerges as a distinctive regime of coastal plumes
affected by upwelling winds.
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Coastal Trapped Wave Effects on Subinertial Current Variability in the Southern California
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Abstract

The alongshore transport of plankton, river runoff, and other tracers is a key concern in the heavily populated Southern
California Bight (SCB), which stretches from Point Conception in the north to Punta Colonet, Baja California in the south.
In the outer shelf (60 -100m), much of the flow variability resides in the weather band (see Lentz and Winant, 1986).
While the California Current System (CCS) at large is mostly wind driven, wind forcing has a secondary effect on
alongshore velocity in the SCB due to comparatively weaker winds (see Hickey et al., 2003). As a result, the variability
of the alongshore current has a strong dependency on remote wind forcing, the effects of which are communicated into
the region as subinertial disturbances in adjusted sea level (ASL). Some of these disturbances have been shown to
originate as far as the equator, propagating polewards as Kelvin Waves with the coastline on the right all the way to
British Columbia (see Amaya et al., 2021). High frequency radar observations along the US west coast corroborates the
existence of these fast propagating disturbances (O(100-300) km/day) in the current field, and also reveal a higher mode,
slower wave (O(10) km/day) that is confined to the Southern California Bight due to bathymetric scattering and a sharp
curvature change in the coastline at Point Conception (see Kim et al., 2011).

In the past, ASL at San Diego has been successfully used as a boundary condition to force coastally trapped wave
models to replicate the variability of alongshore velocity in the Northern and Central CCS, although these models were
not applied within the SCB (see Chapman, 1987; Connolly et al., 2014). However, the alongshore current inside the bight
is observed to be strongly influenced by sea level equatorward and outside of the region (see Hickey, 2003). Pringle and
Riser (2003) used lagged wind stress between San Diego and the tip of Baja California to reconstruct the measured surface
temperature at Point Loma and demonstrate the control of remote winds on nearshore circulation, though they did not
directly consider the effects on alongshore currents due to lack of observations.

Using a combination of models and observations spanning multiple years, we analyze the coastally trapped wave
(CTW) signal in the SCB with a particular emphasis on the San Diego region. CTWs were examined and characterized
in two different ROMS models: The West Coast Operational Forecast system (WCOFS), and a Coupled Ocean
Atmosphere Waves Sediment Transport (COAWST) model developed for the San Diego region. Both model grids have
overlapping domains and a spatial resolution of 2 km, though the southern boundary of WCOFS is located about 1000
km further south than that of COAWST. In particular, the WCOFS domain includes Sabastian Vizcaino Bay, a large hook
shaped feature about 500 km south of San Diego that is a known source of CTW generation (see Ramos-Musalem et al.,
2023). When the modeled alongshore currents are compared to moored ADCP observations at the Del Mar mooring, we
find that the observed alongshore current variability agrees better with WCOFS (r = 0.4) than COAWST (r = 0.2).
However, neither model fully captures the observed variability due to the complex bathymetry of the shelf and shelf
eddies. In addition, the Del Mar mooring is located inside the bend of a submarine canyon, a complex bathymetric feature
which also induces current variability when a CTW passes over (see Saldias et al., 2021). The Hovmoller diagram below
shows the northward propagating sea level anomalies present in both models. Using a lagged correlation analysis, we find
that the ASL anomalies in WCOFS propagate northwards at a speed of 2.3 m/s, consistent with previous estimates of the
propagation speed of Kelvin Waves in this region (see Hickey et al., 2003).

We hypothesize that the increased agreement in WCOFS is due to the inclusion of wind stress along Baja California,
and that this is necessary to capture the variability of the alongshore current in the San Diego region.

By characterizing the respective representations of CTWSs in each model, we investigate the alongshore current
variability induced by the inclusion of the Baja coast into the model domain. We calculated the linear regression
coefficient between the alongshore current at the location of the Del Mar mooring with every other grid cell to create a
map of the region in the flow field that shares variability and common forcing mechanisms with the San Diego nearshore
circulation. This revealed a narrow band of elevated regression coefficients that adhere to the coastline.

Furthermore, the introduction of lagged alongshore velocity into this regression analysis demonstrates that this
coherent coastal band propagates poleward consistent with the behavior of a CTW. This propagating signal is decomposed
with a complex EOF analysis to isolate the CTW driven circulation, which we then use to quantify the direct contribution
of the CTW field on alongshore transport.
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Figure 1. A regional map. (Left) The model domains of WCOFS and COAWST are shown on top of the WCOFS bathymetry. San Diego
is indicated on the map by the star. (Right). Close up view of San Diego with the location of each mooring.
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Figure 2. (Right) A Hovméller diagram of sea level anomalies along the coast of the SCB in each model gridded onto alongshore
distance. Distance is measured starting from the southernmost coastal point in the WCOFS domain.
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From natural dynamics to anthropogenic impacts: A near-century of geomorphological
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Abstract

Since the 1970s, human interventions like navigation projects, land reclamation, sand mining, and dam construction
have notably altered the geomorphology of the Oujiang River Estuary (ORE) in Zhejiang Province, China (Fig. 1a). The
ORE, a medium-sized, funnel-shaped, macrotidal estuary with a mean tidal range exceeding 4m during normal
semidiurnal tides, exemplifies the impact of combined anthropogenic activities on coastal environments. While extensive
research has predominantly focused on the geomorphological evolution of large-sized estuaries, globally common small
to medium-sized estuaries, like ORE, remain understudied despite their critical role in global coastal and seabed dynamics
(Milliman and Syvitski, 1992).
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Figure 1. Maps of the study area (a) and (b), as well as patterns of erosion and deposition in the Oujiang River Estuary (ORE) from

1931 to 2018 (cj).

In this study, we investigated the geomorphological changes in the ORE over 88 years, spanning from 1931 to 2018,
while examining their relationships with shifts in hydrodynamic and sediment transport patterns. Our analysis was based
on a comprehensive dataset including bathymetric surveys, river discharge records, tide data, and historical satellite
imagery. All bathymetric data were standardized to WGS84 and adjusted to the theoretical lowest water level datum. 50
m resolution Digital Elevation Models were subsequently created through TIN interpolation using depth values from
marine charts. Tidal records (1960-2018) from three stations were analyzed for annual average high and low tide levels,
tidal range, and multiyear averages of flood and ebb duration. Satellite imagery from the USGS was radiometrically and
atmospherically corrected in ENVI and georeferenced to WGS84. Shorelines were manually delineated in ArcGIS.
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The study identifies a five-phase morphological evolution of the ORE (Fig. 1c—j): marked erosion (1931-1964),
extensive accretion (1964-1979), minor erosion/deposition oscillations (1979-2007), fast erosion (2007-2014), and rapid
back-siltation (2014-2018). Before the 1970s (Fig. 1d—e), the ORE exhibited a natural state with morphodynamics,
featuring wandering, braided, and meandering channels interspersed with shoals. Erosion and deposition patterns
maintained a dynamic equilibrium: erosion occurred during periods of high river discharge, while net upstream sediment
transport and deposition took place during low river discharge, influenced by the dominant flood tides. However, post-
1970s human interventions disrupted this dynamic equilibrium, leading to varied geomorphological responses (Fig. 1f—
). Navigational projects stabilized channels and shoals, influencing local sedimentation, while dams reduced both the
frequency and magnitude of floods, further reducing the possibility of intense scouring and erosion that natural state
occurred. Land reclamation reduced intertidal areas, narrowed channels, and advanced coastlines towards the water, while
dredging for reclamation infill and sand extraction intensified erosion. Human activities have altered hydrodynamics and
sediment transport, leading to increased high tidal levels and reduced low tidal levels, thus amplifying the tidal range (up
to 25.6% increase between 1960 and 2018 at Wenzhou station in the upper reach of the inner estuary). Moreover, the
duration of flood tides has been lengthened (e.g. from 4.8 to 5.5 between 1960 and 2018 at Wenzhaou station), whereas
the ebb tide duration has been shortened (from 7.6 to 7 h between 1960 and 2019 at Wenzhao station). These tidal
variations are particularly pronounced in the upper estuary. These changes are attributable to two main causes: reduced
tidal damping from lessened friction after intertidal area loss due to channel deepening and narrowing (Dronkers, 2017;
Jalén-Rojas et al., 2018), and increased tidal convergence from the narrowing of the upstream channel (Talke et al., 2021).
Given the flood-dominant nature of the ORE and the fact that sediment deposition within the ORE predominantly
originates from the outer sea via tidal currents transport, the aforementioned alterations in tidal range and asymmetry are
likely to enhance tidal pumping, thereby increasing sediment importation.
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Abstract

Intertidal habitats, such as mudflats, sandflats, salt marshes, and mangroves, are vital ecosystems in estuaries. These
habitats serve crucial functions such as providing breeding and nursing grounds for marine species, aiding the mitigation
of global warming through carbon capture and storage, improving estuarine water quality by filtering pollutants and
excess nutrients, and safeguarding against flooding and erosion hazards by dissipating wave energy. Due to coastal
development and climate change, intertidal habitats have been lost worldwide at rapid rates, triggering significant changes
in estuarine tidal propagation and posing challenges for sustainable estuarine management. To mitigate the accelerating
flooding, erosion, and biodiversity risks posed by climate change (e.g., sea-level rise, extreme weather) and human
activities (e.g., damming, dredging, and reclamation), estuarine intertidal habitats are increasingly conserved, restored,
and created around the world as nature-based solutions.

Given the critical roles of tides in estuarine flooding, bed erosion, and waterborne material transport (e.g., sediment,
salt, nutrients, pollutants), it is crucial to understand the controlling mechanisms behind the influence of intertidal habitats
on tidal propagation in estuaries and their responses to climate change and human activities. Analytical modeling has
been effectively used to systematically understand the physics of tidal wave propagation in estuaries with intertidal
habitats. However, the existing analytical studies have focused on estuaries with narrow intertidal areas (e.g., Speer and
Aubrey, 1985; Jay, 1991; Friedrichs and Madsen, 1992; Winterwerp and Wang, 2013; Hepkema et al., 2018). In these
studies, the intertidal water velocities were assumed to vanish, hence the longitudinal momentum transfer over the
intertidal zone was dismissed. Also, tidal dynamics were solved by cross-sectionally averaged models, therefore the
effects of vertical and lateral processes on tidal wave propagation remain poorly understood. To overcome these
limitations, in this study, we developed an analytical model that not only accounts for water storage and momentum
transfer over the intertidal zone but also explicitly resolves interactions between intertidal and subtidal water motions.

This research systematically investigates the underlying mechanisms governing tidal movement in estuaries
characterized by extensive intertidal habitats. It examines how these habitats influence tidal dynamics, considering various
estuarine features, through the utilization of an analytical width-averaged model within idealized estuaries. The model
dynamically connects water movements within intertidal and subtidal zones (see Fig. 1), incorporating lateral water
exchange driven by i) intertidal water storage and ii) intertidal momentum transfer. Our solution indicates that the
influence of intertidal habitats on tidal propagation in estuaries is determined by the product of a complex wavenumber

(k) and estuary length (L), and the wavenumber k is affected by the ratio of total estuary width to subtidal channel
width (through i) and intertidal-subtidal flux ratio (through ii). Sensitivity analysis reveals that intertidal habitats tend to
amplify tides in estuaries with small kL (e.g., weak friction, short length, deep water, low-frequency waves, small vertical
eddy viscosity, or narrow habitat), but lead to tidal damping under conditions with large kL. Our results also show that
the intertidal momentum transfer reduces the water exchange between intertidal and subtidal areas, hence
counterbalancing the above-mentioned intertidal effects. This study has been submitted to the Journal of Fluid Mechanics
(Zhu et al., 2024).

O

Figure 1. Model sketch with the cross-sectional view of an idealized estuary. The arrows represent water exchange processes between
the intertidal and subtidal waters.
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Processes controlling sediment plumes of dumping activities in a mesotidal setting
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Abstract

In the Weser estuary, Germany, a large dredging campaign is planned to deepen the estuary’s navigation channel. The
sediment disposals of the dredging material have to be evaluated regarding their impact on the suspended sediment
concentrations and the resulting sediment distribution patterns. Based on this, an ecological impact assessment follows.

The Weser estuary is located in the south-east of the North Sea (see Fig. 1). The outer estuary is wide and funnel-
shaped with a tidal range of 2.8 m at the outmost station ALW. In the more channelized inner estuary, the tidal range
increases and amounts to 4.3 m at the tidal weir (mean values 2013-2022). The estuary’s turbidity maximum is associated
with the brackish water zone and located in the northern part of the inner estuary (Kosters et al., 2014). Highest suspended
sediment concentrations are measured at station NUF with a tidal average of 300 mg/l and a tidal maximum of 740 mg/I.
Up- and downstream, values decrease. 30 km north at station DWG, average and maximum tidal values amount to 80
mg/l and 200 mg/l (mean values for the hydrological year 2016, measuring height 1 m below mean tidal low water).

L

Sedimentation in the estuary’s navigation channel requires
maintenance dredging of 2.5 Mio. m3 of mud and 4.5 Mio.
m3 of sand a year. Now, to make way for bigger ships, a
channel deepening with capital dredging of another 8.9
Mio. m3 sediments is in planning, including 1.5 Mio. m?
mud and 7.4 Mio. m3sand (wet volume). The material will
be dumped at different sites in the outer estuary which are
already in use for maintenance dredging today. According
to regulations, mud can only be disposed at the sites T1 and
T2 located in the southern part of the outer estuary (see Fig.
1).

We investigate the sediment disposals with a
hydrodynamic and sediment transport model. From the
simulation results, we can estimate the suspended sediment
concentrations and sediment distribution caused by the
sediment disposals.

Topographie
(m NHN)
M s

Here, we will focus on the mud fraction of the dredging
material, i. e. fine sediments < 63 um.

The model which is used has been validated for 3d
baroclinic circulation and suspended sediment dynamics
for the hydrological year 2016. The natural transport of
AS 3 NIBL sediments already present is described with eight
i1 sediment fractions, including two fractions covering fine

W sediments < 63 um. Additionally, five fractions are used
ot e g oha&w  to describe the distribution of the dredged material, also

L including two fine sediment fractions.

-20

Quelle: © BKG (2024), Datenquellen:
https://sgx.geodatenzentrum.de/web
_public/gdz/datenquellen/
Datenquellen_TopPlusOpen.html

Figure 1: Model domain and bathymetry of the
Weser estuary.

Describing qualitatively the impacts of the disposals as shown by the model, each disposal is followed by a peak in
sediment concentrations. Part of the sediment settles on the disposal site, the rest is advected further by the tidal currents.
The more frequent the disposals, the higher the availability of disposed fine sediments in the area becomes. Hence, there
is ongoing resuspension of this material by tidal currents or waves and as a result, the average sediment concentration
increases. The results show that the fine sediments have a wider distribution in the estuary than previously assumed. Only
a small part remains in the vicinity of the disposal sites. A big portion settles on mud-flats in the southern outer estuary.
More than 50 % of the dredged fine sediment returns to the estuarine turbidity maximum, where it has originally been
dredged, due to the baroclinic circulation.
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However, the processes that influence the sediment plumes of the disposed material are manifold. As an example, the
disposal process itself plays a role. The conditions during the disposal as well as the grain distribution and water content
of the dredging material determine how much of the material settles at the disposal site, to be resuspended later on, and
how much is going into suspension directly after dumping. In a regional scale model such as ours, the dumping process
is parameterized (Gundlach et al., 2021). To study the sensitivity of such parameterizations, we investigated how the
portion of the sediment released directly into the water column effects average sediment concentrations. Our analyses
show that increasing this portion from 50 % to 100 % causes an increase of average sediment concentrations by 20 %.

Other processes influencing the sediment plumes are flocculation and connected to this different settling velocities as
well as the erodibility of the deposited sediments in contrast to that of naturally present sediments of the region.

In a poster contribution, we would like to present our approach to capture the above-described processes and how we
model them. Moreover, we will discuss the measurements we have based our model approaches on, and the sensitivity of
the model results on the choices we made.
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