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Abstract Mud depocenters in shelf seas serve as a key element in the source‐to‐sink system of sediment
transport on the Earth surface. Despite their undoubtful importance, physical mechanisms for formation,
sediment budgeting, and cycling of localized depocenters in high‐energy environments remain largely
unknown. This study aims to fill the knowledge gap by focusing on sediment dynamics related to a localized
mud depocenter in the southern North Sea. By combining field observation with 3‐dimensional numerical
simulations, we analyzed hydrodynamics and sediment dynamics over a 3‐year period. Our results indicate a
persistent transport of fine‐grained sediments toward the depocenter and subsequent trapping resulting in
accumulation, with distinct seasonal and spatial variations in the net depositional rate. The interaction of wind‐
driven coastal circulation with two distinct frontal systems—a salinity front and a tidal mixing front—emerges
as a key mechanism of sediment dynamics. While the salinity front remains persistently over the depocenter,
promoting sediment deposition year‐round, the tidal mixing front appears primarily in summer, limiting
sediment deposition. Sediment flows from offshore and along the coast provide major supply to the depocenter,
while contemporary riverine sediment outflows contribute only marginally. Southwesterly winds enhance
erosion and northerly winds promote deposition in the depocenter. Additionally, short‐term extreme events
significantly contribute to annual net sedimentation. Our work highlights the critical importance of frontal
systems and extreme events for mud depocenter development in high‐energy shelf seas.

Plain Language Summary Coastal environments constantly change as water moves sediment,
forming areas where mud accumulates, known as mud depocenters. However, the processes controlling
development of these deposits are not fully understood. This study examines a mud depocenter in the southern
North Sea to understand how ocean currents, river flow, tides, and wind influence sediment movement. We
found that two key oceanic density fronts—a riverine salinity front and a tidal mixing front—play a crucial role
in trapping sediment. The salinity front is present year‐round, while the tidal front appears mainly in summer.
The contrasting effects of these two fronts lead to higher sediment accumulation in winter. Wind direction also
affects deposition, with southwesterly winds causing erosion and northerly winds promoting deposition.
Extreme events like storms and river floods significantly increase sedimentation over short periods. Our results
highlight the critical importance of frontal systems and extreme events that shape coastal sedimentation in high‐
energy shelf seas. Understanding these processes is especially important for predicting coastal changes, as
human activities may also influence sediment dynamics.

1. Introduction
Mud depocenters in shelf seas represent the major proximal‐marine sinks for fine‐grained sediment delivered
from the land (Hanebuth et al., 2015). When continental shelves are extensively inundated under present‐day sea
level, a substantial portion of land‐supplied sediment enters the ocean and is retained in mud depocenters, making
these depocenters a crucial part in the source‐to‐sink routing system along the river‐estuary‐ocean continuum
(Durrieu De Madron et al., 2000; Severinghaus & Brook, 1999; Weight et al., 2011; Weltje & Brommer, 2011).
Although reduced bottom current strength is a prerequisite for deposition of fine‐grained sediments, formation
and maintenance of mud depocenters in shelf seas are influenced by complex environmental conditions. Five
major mechanisms related to the formation and dynamics of mud depocenters have been identified according to a
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review by Porz et al. (2021), including (a) sediment convergence by density gradients associated with frontal
systems, (b) cross‐shore bottom transport through gravity flows, (c) bed load deposition forming laminated
bedding under energetic flow conditions, (d) internal wave‐induced resuspension and dispersal, and (e) anthro-
pogenic influences such as structure‐ or bottom trawling‐induced resuspension and redistribution or sediment
management. In particular, sediment convergence caused by density fronts associated with freshwater, thermo-
haline, tidal mixing or upwelling has been identified as the major mechanism for formation of certain types of
mud depocenters (Castaing et al., 1999; Geyer et al., 2004; Kämpf, 2019; Liu et al., 2018; W. Zhang et al., 2016).

The predominance of each mechanism leading to mud depocenter development depends to a large degree on the
hydrodynamic setting and on the timescales considered. Continuous sediment deposition mostly occurs in
persistently quiescent hydrodynamic conditions such as in fjords (Addison et al., 2013), semi‐ or completely
enclosed water bodies (Jokinen et al., 2015), and regions under the influence of gyres/circulations (Sprenk
et al., 2014), leading to the deposition of finely laminated sediments. Continual resuspension‐deposition cycles
occur under dynamic hydrodynamic conditions, resulting in intermittent phases of deposition or erosion (Walsh &
Nittrouer, 1999). Episodic sedimentation and erosion are triggered by events such as river floods and atmospheric
storms (Collins et al., 2017).

In high‐energy coastal and continental shelf environment characterized by strong tidal currents, wind waves and/
or coastal currents, formation of mud depocenters requires mechanisms that not only promote deposition of fine‐
grained sediments but also trap them (W. Zhang et al., 2016). Fronts have been unraveled to provide such a
mechanism in estuaries (Burchard et al., 2018; Ma et al., 2024; Ralston et al., 2012) and coastal waters (Castaing
et al., 1999; Liu et al., 2018). On the other hand, fronts in open coastal and shelf waters exhibit large spatio-
temporal variability and a knowledge gap exists in bridging the scales between the frontal dynamics and long‐
term development of mud depocenters (Dong et al., 2020; Porz et al., 2021; Shi et al., 2019). An example is
from the existing understanding of development of a spatially confined mud depocenter, so‐called the Helgoland
mud area (HMA hereafter), in the German Bight (Figure 1). Studies based on mineral analysis indicated that the
major sediment source of the HMA is from the Elbe River (Pache et al., 2008). A recent study found that the
southern part of the HMA is characterized by a higher sedimentation rate than other parts and the organic carbon
deposited in this part is mainly of terrigenous origin, whereas organic carbon deposited in the central and northern
parts of the HMA exhibits a mixture of marine and terrigenous material (Müller et al., 2024). However, other
studies revealed that most of the fine‐grained sediment from the present‐day Elbe River cannot reach the HMA
and is rather deposited in the estuary due to the impact of tidal pumping and estuarine circulation (Burchard
et al., 2018; Lenz et al., 2024; Weilbeer, 2014). Regularly dredged material from the Elbe estuary and the
Hamburg harbor, which has been dumped in the German Bight for several decades may also influence the
sediment composition in the HMA (Irion et al., 1987). It remains undetermined to what extent a direct transport
from the present‐day Elbe River contributes to the deposition in the HMA. Moreover, the spatial heterogeneity of
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Figure 1. (a) Model domain and (b) the focus study area in the German Bight. The black polygon in (b) marks the Helgoland
mud area (HMA) with mud content >50% identified by Hebbeln et al. (2003). Stars indicate the location of tide gauges. The
red bold line indicates the transect used in data analysis. (c) Distribution of the median sediment diameter (D50) in the
surface seabed at 100 × 100 m resolution derived from the EasyGSH database (Sievers et al., 2020).
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sediment composition in the HMA cannot be explained by existing studies and the driving mechanism remains
unexplored.

This paper aims to address the challenges in bridging the spatiotemporal scales in the development of spatially
confined mud depocenters in high‐energy coastal environment. We present a case study of the German Bight in
the southern North Sea by combining field observations with simulation results from a three‐dimensional coastal
ocean model. We simulated hydrodynamics and sediment dynamics in the study area for three consecutive years
characterized by distinct seasonal and annual variations in the freshwater discharge and wind forcing that
significantly modulate the hydrodynamic regime and sediment transport pathways. Analysis of the simulations
allows us to disentangle the respective roles of involved driving forces as well as their interactions in the
development of a spatially confined mud depocenter. The major sediment sources and the relative importance of
different modes of sediment supply for the mud depocenter were also investigated. Implications for understanding
development of mud depocenters in global shelf seas were then discussed.

2. Data and Method
2.1. Study Area

The study area is the German Bight located in the southern North Sea (Figure 1). This area is characterized by
shallow water with water depth of its major part less than 40 m. This region is subject to a strong combined action
of wind, astronomical tides, and river runoff (Becker et al., 1992). Tidal currents are dominated by semidiurnal
constituents (M2 and S2) with speed of up to ∼2 m s− 1 (Schrum, 1997). Seabed sediments are dominated by
sands. Because of the energetic currents, accumulation of fine‐grained sediments is mostly confined in a mud
depocenter southeast of the Helgoland Island, that is the HMA (Figure 1c).

The HMA extends over 500 km2 with a mean water depth of ∼20 m. It is located on a slope between the water
depth of 15 and 35 m, bridging the shallow water (the outer Elbe River estuary) and the deeper bathymetric
depression, which is part of the paleo‐Elbe Valley. Up to 30 m thickness of sediments have accumulated in the
HMA since the mid‐Holocene (∼6,000 cal. yr BP, von Haugwitz et al., 1988). There exists a spatial heterogeneity
of sediment composition in the HMA, with finer (clay and silt) sediments in the southwestern part and coarser (silt
and fine sand) sediments toward the northeastern part (Hebbeln et al., 2003, see also Figure 1c). The sedimen-
tation rates in the HMA during the past 6,000 years are estimated to range between 2 and 20 mm yr− 1. A marked
drop of the sedimentation rate from>13 to∼1.6 mm yr− 1 at around 1,250 A.D. has been identified. Since then, the
rates have become stable over the last 750 years (Hebbeln et al., 2003).

2.2. Numerical Model

This study applies a hydro‐morphodynamic model, which comprises two major parts: the Semi‐implicit Cross‐
scale Hydroscience Integrated System Model (SCHISM; Y. J. Zhang et al., 2016) for hydrodynamics and the
sediment transport and morphodynamics model (MORSELFE; Pinto et al., 2012), which is integrated into
SCHISM.

SCHISM is a three‐dimensional numerical modeling system, which can address a wide range of physical and
biological processes (Y. J. Zhang et al., 2016). The hydrodynamic core employs a semi‐implicit advection scheme
avoiding the Courant‐Friedrich‐Lewy condition (CFL) stability constraints (Courant et al., 1928), and can apply
to regions with strong bathymetric gradients, such as estuaries, coastal waters, and shelf seas. The combination of
unstructured mixed triangular/quadrangular grid in the horizontal dimension and the hybrid (partially Sigma and
partially Z, SZ) coordinates or the Localized Sigma Coordinates (Song & Haidvogel, 1994) with Shaved Cell
(LSC2) in the vertical dimension enables a seamless cross‐scale simulation of three‐dimensional baroclinic cir-
culation. The robust transport schemes are also crucial for the simulation of baroclinic circulation and mesoscale
dynamics in cross‐scale applications (Ye et al., 2019). The model also incorporates a wetting and a drying scheme
in shallow water such as intertidal areas.

The sediment transport and morphodynamics module MORSELFE (Pinto et al., 2012) is based on the community
sediment transport model (CSTM; Warner et al., 2008). MORSELFE combines an advection‐diffusion model for
suspended load transport, empirical formula for bed load transport, and a bed level updating scheme. Classes
of suspended sediment are represented by tracer concentration values with sinking velocities dependent on
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the grain size. The sediment module is two‐way coupled to the hydrodynamic module to resolve the hydro‐
morphodynamics.

2.3. Model Setup for the Study Area

The model domain spans from 40° N to 66°N in latitude and 20°W to 30°E in longitude (Figure 1a), covering the
North Atlantic including the North Sea and the Baltic Sea with two open boundaries: the boundary at north of
North Sea and the boundary at south—west of North Sea. The hydrodynamic setup is based on previous studies by
Kossack et al. (2023) and Porz et al. (2024), which have been validated for the North Sea. In this study, the overall
model setup including forcing data is comparable to their setup but with a refinement in grid resolution in the
German Bight, which has been made to better resolve the nearshore processes. Around the HMA, the spatial grid
resolution is∼700 m. The horizontal grid comprises a total number of∼89 k grid nodes and∼169 k triangular grid
elements. Bathymetry is interpolated from the 50 × 50 m resolution data provided by the European Marine
Observation and Data Network (EMODnet). The LSC2 coordinate is used in the vertical dimension to resolve the
near‐bottom dynamics. In terms of vertical resolution for resolving baroclinic forcing, 52 layers are configured for
deep water (e.g., the continental slope and the basin), which gradually decrease to 10–12 layers in the HMA and
adjacent shallow water. The hourly atmospheric forcing is provided by the atmospheric hindcast simulation
coastDat‐3 (Helmholtz‐Zentrum Geesthacht, 2017). The initial fields of temperature and salinity are derived from
the World Ocean Atlas 2018 (WOA2018) climatological data (Boyer et al., 2018; Locarnini et al., 2019; Zweng
et al., 2019). Hourly time series of surface water level and currents from the HYbrid Coordinate Ocean Model
(HYCOM) derived from Samuelsen et al. (2022) are specified at the open boundary, which is additionally forced
by tides from the FES2014 (Lyard et al., 2021) using 15 tidal constituents (Q1, O1, P1, S1, K1, 2N2, MU2, N2,
NU2, M2, L2, T2, S2, K2, and M4) that constitute more than 99% of total tidal energy in the offshore region.
Higher order tidal constituents such as M8, M6, and MS4 are generated by interaction between the primary tides
(e.g., M2 and S2) and shallow water zones in the model domain (Figure S1 in Supporting Information S1). Daily
discharge rates of river runoff and sediment are specified for the major rivers in the North Sea including the River
Elbe (Kossack et al., 2023, see also Figure S2 in Supporting Information S1).

In our simulation, the surface seabed sediment configuration follows that of Porz et al. (2024) but with a higher
grid resolution in the German Bight. Four sediment classes, namely clay, medium silt, coarse silt, and fine sand,
are specified for the initial seabed with respective fractions defined according to Bockelmann et al. (2018)
(Table 1). Two additional classes, namely riverine clay and riverine medium silt are additionally introduced at the
river boundary. The purpose of distinguishing the riverine sediment with the existing seabed sediments is to trace
the transport of each class individually so that their relative contribution to the deposition in the HMA area can be
quantified. The initial erodible seabed surface sediment was divided into 30 vertical layers, each with an initial
thickness of 1 cm. During simulation, the erodible sediment layer thickness and fractions of each sediment class in
these layers are dynamically adjusted based on erosion and deposition. A constant concentration of 40 mg L− 1 for
discharged sediment is specified at the river boundaries according to the median value derived from nine major
rivers in the southern North Sea by Abril et al. (2002). The impact of flocculation on the settling velocity is
negligible due to a persistently low suspended sediment concentration (<100 mg L− 1) in the study area. Despite
∼1.2 × 106 m3 and ∼2.7 × 106 m3 of dredged sediment dumped in the study area in 2013 and 2014, respectively
(Hafen & Nach Neßsand, 2013, 2014), this was not included in our modeling since we focused mainly on the
physical mechanisms of sediment accumulation. Potential anthropogenic influence including dumping is dis-
cussed in Section 4.

Table 1
Configuration of Sediment Classes in the Model

Sediment class Settling velocity (mm/s) Erosion rate constant (s/m) Critical shear stress for erosion (Pa)

Clay 0.001 1 × 10− 4 0.2

Medium silt 0.1 1 × 10− 4 0.1

Coarse silt 0.4 1 × 10− 4 0.067

Fine sand 0.8 2 × 10− 4 1.0

Note. Erosion rate formulation is set according to Winterwerp et al. (2012).
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The model first simulated for 1 year as spin‐up based on the initial setting and realistic forcing in 2012, and then
continued to simulate the year 2013 and 2014. The results for 2013 and 2014 were analyzed in our study. The
reason for choosing 2013 and 2014 was because these 2 years are featured by high (maximum exceeding
4,000 m3 s− 1 in 2013) and low (maximum around 800 m3 s− 1 in 2014) river discharge (Figure S2 in Supporting
Information S1), representing distinct impacts of rivers in terms of freshwater plume and sediment discharge.

2.4. Observation Data

Observation data constitute an important resource for the parameterization, initialization, calibration, and vali-
dation of the model. In addition to existing open‐source data, field observations from a cruise HE595 in 2022 in
the HMAwere also used for qualitative assessment of our simulation results. A full list of observation data as well
as the purpose of these data for our study are provided in Table 2.

2.5. Identification of Fronts

In the German Bight, two types of density fronts exist, including the salinity front associated with freshwater
discharge from the rivers and the tidal mixing front associated with tidal mixing and stratification caused by the
temperature gradient. They play a critical role in controlling sediment transport and deposition (Ricker
et al., 2021).

To identify the bottom salinity front, we calculated the horizontal gradient of bottom salinity over the entire region
based on the simulation results. We identified the salinity front by the largest gradient (∇S), which is calculated by

Table 2
Data Sources Used for Model Initialization (Init.), Forcing (Forc.), Parameterization (Param.), and Model Validation (Valid.)

Data type Use Time Description Source/provider

Hydrodynamics:
atmospheric forcing

Forc. 1979–2017 coastDat‐3: atmospheric hourly hindcast for Western
Europe and the
North Atlantic using COSMO‐CLM version
5.00_clm8

Helmholtz‐Zentrum
Geesthacht (2017)

Hydrodynamics:
climatological data

Init. and Forc. 1955–2017 WOA2018: climatological fields of in situ
temperature and salinity

Boyer et al. (2018)

Hydrodynamics: oceanic
forcing

Forc. 1948–2014 HYCOM‐ECOSMO: open boundary conditions
hindcast simulation
of the North Atlantic: daily averaged subtidal
SSH and horizontal velocities

Samuelsen et al. (2022)

Hydrodynamics: tides Init. and Forc. 2012–2014 FES2014: finite‐element global ocean tide atlas Lyard et al. (2021)

Hydrodynamics: river
discharge

Forc. 1986–2015 Daily river forcing for the 172 largest rivers
computed from a regional river
data set

Zhao et al. (2019)

Hydrodynamics: river
discharge

Forc. 2000–2022 Data from FGG Elbe: daily river forcing for the Elbe
River

Flussgebietsgemeinschaft Elbe/Elbe
River‐basin association (FGG
Elbe, 2024)

Hydrodynamics: water level Valid. 2014 CMEMSAMM15: observation data at the tide gauge
stations: Helgoland,
Norderney, Hoernum and Alter Weser

Tonani et al. (2019); Wasserstraße
und Schifffahrtsverwaltung des
Bundes (WSV, 2023)

Hydrodynamics Valid. 2014 Operational model data (Circulation model
BSHcmod) includes water level, currents,
temperature, salinity

Dick et al. (2020)

Sediment Param. – Mud content and median grain size of North Sea
sediments

Bockelmann et al. (2018)

Sediment Param. 1996–2016 EasyGSH‐DB: sediment D50 Sievers et al. (2020)

Observation Valid. and Param. 2022 Cruise data from RV Heincke HE595: lander
stations, CTD and ADCP

Tippenhauer, S. (2022)
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∇S =
∂S
∂x
î +
∂S
∂y

ĵ, (1)

where S is the bottom salinity, x and y are the horizontal coordinates, and i and j are the unit vectors on x and y
directions, respectively.

To evaluate the spatial heterogeneity of the vertical salinity gradient over the model domain, we also calculated
the horizontal gradient of the maximum vertical salinity gradient for each grid cell by

∇Svmax =
∂Svmax
∂x

î +
∂Svmax
∂y

ĵ, (2)

where Svmax = max(∂S∂z) refers to the maximum vertical salinity gradient at each local grid cell and z is the

vertical coordinate. The physical interpretation of Equation 2 pertains to variations in the strength of the halocline.
A larger value indicates more rapid changes in the salinity‐induced stratification, which also aids in identifying
the boundary between freshwater‐induced stratified and well‐mixed water.

Various methods have been proposed to identify the tidal mixing fronts. We adopted three different approaches
from existing literature to compare their results for analysis. The simplest measure of thermal stratification is to
calculate the difference between the sea surface temperature (SST) and the sea bottom temperature (SBT) as
follows:

ΔT = SST − SBT, (3)

Tidal mixing fronts in the shallow water region between 50 and 100 m form when tidal mixing balances buoyancy
production due to incoming solar radiation (Simpson & Hunter, 1974). In a study conducted by Timko
et al. (2019), it was found that there is a high correlation between the location of the mixing front defined in terms
of the sea surface to seabed temperature difference (ΔT= 0.5°C) and the location defined in terms of the potential
energy anomaly in the northeast Atlantic shelf. In the simplest measure, we also adopted the ΔT = 0.5°C to
identify the mixing front. Another method we adopted is based on the horizontal gradient of the maximum vertical
temperature gradient (similar to Equation 2):

∇Tvmax =
∂Tvmax
∂x

î +
∂Tvmax
∂y

ĵ, (4)

In addition, we also calculated the Simpson‐Hunter parameter (Sh; Glorioso & Simpson, 1994), which is often
used to predict the location of tidal mixing fronts for constant heat flux as follows:

Sh = log 10(hu− 3), (5)

where h is the local water depth, and u is the depth averaged current velocity. In a numerical modeling study by
Holt and Umlauf (2008), Sh = 3.0 ± 0.3 was found to correspond to the mean frontal position based on model
comparison with ∼80,000 ΔT observation values provided by the International Council for the Exploration of the
Sea (ICES Dataset on Ocean Hydrography, 2014; http://geo.ices.dk). We adopted the same critical value
(Sh= 3.0± 0.3) to identify the location of the tidal mixing fronts. Results from all three abovementioned methods
are compared and analyzed.

3. Result
3.1. Model Validation

The hydrodynamic model has been validated by Kossack et al. (2023). We have further assessed the model
performance in the nearshore area by comparing simulation results of water level, currents, salinity, temperature,
and sediment concentration with observation data.
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3.1.1. Validation of Hydrodynamics

Results indicate that the model performs well on reproducing the hydrodynamics in the German Bight. The
comparison between simulated time series (water level, currents, temperature, and salinity) and measurement at
the tide gauge stations in Helgoland, Norderney, Hoernum, and Alter Weser (locations in Figure 1a) demonstrates
a general satisfactory model performance (Figure 2). For instance, the mean tidal amplitude at the tide gauge
station of Helgoland is ∼3.73 m and the root mean square error (RMSE) of the simulated water level is ∼0.33 m,
corresponding to 8.8% of the mean amplitude. The correlation coefficient is around 0.95. The assimilated BSH
operational model indicates an east‐west current component of ∼1.12 m/s at the tide gauge station of Helgoland,
and the RMSE of our simulated current is ∼0.11 m/s, corresponding to 9.8% of the reference value (Figure 2a).
The correlation coefficient is around 0.9 at the locations of Helgoland, Norderney, and Hoernum. The mean
salinity at the station of Helgoland is∼32 PSU, and the RMSE of simulated salinity is∼0.36 PSU (Figure 2c). The
stations in Norderney and Hoernum are close to the shore and dominated by well‐mixed water. The correlation
coefficient is a bit higher than that at the Helgoland site with the value of ∼0.95. The correlation coefficient of
temperature in March 2014 is higher than 0.95 at the locations of Norderney and Hoernum and ∼0.9 at the
location of Helgoland (Figure 2d).

Figure 2. (a) Taylor diagram showing the standard deviation, the correlation coefficient, and the RMSE of simulated water
level against field data at the tide gauge stations of Helgoland, Norderney, Hoernum, and Alter Weser in March 2014 as an
example to assess the model performance. The radial distance from the origin represents the standard deviation, indicating
the variability of the modeled and observed data. The angular position represents the correlation coefficient (r), measuring
the strength and direction of the linear relationship between the model and observations, with r = 1 indicating perfect
correlation. The distance from the observation point on the x‐axis (reference point) represents the root mean square difference
(RMSD), quantifying the overall difference between the model and observations. Comparison between our simulated results
with the BSH real‐time operational model results at the sites of Helgoland, Norderney, and Hoernum in March 2014.
(b) Current of U component (east‐west in red) and V components (north‐south in blue) (d) temperature. (c) Comparison of
salinity at the location of Helgoland and Hoernum in summer of 2014.
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3.1.2. Validation of Sediment Dynamics

The assessment of simulated total suspended particulate matter (SPM) concentration is done at a qualitative
manner due to lack of observation data in the simulated years. The observation in 2022 was implemented inMarch
with relatively calm weather conditions. We selected a similar period in March 2014 characterized by the same
spring‐neap tidal cycle (Figure 3b) and calm weather conditions for comparison. During this period, the bottom
velocity magnitude fluctuates between 0.1 and 0.5 m s− 1. The vertical profiles of SPM concentration along the
transect show comparable patterns between our simulation and observations. During the high tide, the SPM
concentration is higher in the eastern part of the HMA than the western part. During the low tide, two notable high
SPM concentrations were observed on the HMA. One is located near the eastern edge, and the other is near the
western edge. Similar patterns were also reproduced in our simulation results. The difference is that our simu-
lation results show a stratified structure with high SPM concentration confined near the bottom during the low
tide, whereas a more mixed structure was seen in the observation.

3.2. Sediment Accumulation and Bottom Shear Stress

To investigate sediment dynamics during the period of 2013–2014, the net sediment flux across the sediment‐
water interface and bottom shear stress in the German Bight are assessed based on the simulation results to
understand their spatial distribution pattern and heterogeneity. Our elucidation is mainly focused on the winter
and summer seasons since they represent distinct and contrasting hydrographic conditions. In winter, the tem-
perature gradient is minimum and sediment dynamics in our study area are mainly affected by the salinity front.
By contrast, summer is featured by the strongest tidal mixing front associated with temperature gradient. Spring

Figure 3. Observations (2022) and model simulation (2014) of bottom current velocity and total suspended particulate matter concentration. (a) Location of the lander
station is marked by the black dot and the CTD transect is indicated by the red asterisks. (b) Simulated bottom current velocity magnitude (blue line) and measured value
from the lander station (dots). (c) and (e) refer to observation data in the transect in high tide and low tide, respectively. (d) and (f) are snapshots of simulated total SPM
concentration in the similar tidal phases. The brown line in (c–f) indicates the location of the HMA.
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and autumn, on the other hand, are transitional periods during which the frontal systems are more variable and
exhibit a mixture of winter and summer patterns. For this reason, a comparison between winter and summer
provides a clear distinction between the mechanisms of sediment accumulation associated with the two frontal
systems (salinity front and tidal mixing front).

The simulation result indicates significant sediment accumulation in the HMA and a vast part of the Wadden Sea
areas in both winter and summer seasons (Figure 4). The spatial distribution pattern of net sediment flux across the
sediment‐water interface is relatively stable over the seasons but characterized by a notable difference in the
magnitude. A persistent accumulation in the HMA is seen in the results, albeit with seasonal and spatial variation
in the rate. The nucleus area of sediment accumulation in the HMA varies between 2013 and 2014, with maximum
deposition in the southeastern part of the HMA in 2013 and shifted to the northeastern part in 2014. In the HMA,
winter seasons are featured by a larger sediment accumulation rate than in summer seasons. The net sediment
accumulation rate in the HMA in winter 2013 is 88% larger than that in summer 2013. The net sediment

Figure 4. Net vertical sediment flux across the sediment‐water interface during the winter and summer periods in 2013 and
2014 derived from simulation. (a) Winter 2013 from December 2012 to February 2013, (b) summer 2013 from June 2013 to
August 2013, (c) winter 2014 from December 2013 to February 2014, and (d) summer 2014 from June 2014 to August 2014.
Positive and negative values indicate net deposition and erosion, respectively.
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accumulation in the HMA in winter 2013 and summer 2013 accounts for ∼32 % and 17 %, respectively, of the
total annual net accumulation. It is worth noting that the winter 2014 is featured by most favorable conditions for
sediment accumulation in the HMA, with its net accumulation rate accounting for ∼42 % of the total annual
accumulation of 2014, despite that the total annual accumulation in the HMA in 2014 is ∼11% lower than that in
2013 (Figure S3 in Supporting Information S1).

Sediment deposition is strongly associated with the bottom shear stress. The spatial distribution of bottom shear
stress averaged over the 2 years indicates strong bottom currents along the coasts with exception in the HMA,
where the mean bottom shear stress is below the critical shear stress for resuspension of silts (Figure 5). Time
series of bottom shear stress at four sites (indicated by stars in Figure 5a) were analyzed to understand the spatial
heterogeneity in the HMA area and its surroundings. Results indicate that the bottom shear stress at each site
remains relatively stable over the different seasons (Figures 5c and 5d). The shoreward side of HMA (S‐4) is
characterized by notably stronger bottom shear stress than other sites. The maximum bottom shear stress at S‐4
can reach to more than 0.56 Pa. On the other hand, minor difference is seen among the sites within the HMA (S‐1
and S‐2). Seasonal difference at each site is seen when the tidal signal is removed. In two sites, namely S‐1
(southern part of HMA) and S‐2 (northern part of HMA), winter season is featured by stronger bottom cur-
rents leading to higher bottom shear stress. On the contrary, S‐3 (seaward site of HMA) and S‐4 (shoreward side
of HMA) are characterized by slightly higher bottom shear stress in summer season than in winter season. In the
HMA (S‐1 and S‐2), the duration of bottom shear stress above the threshold for resuspension of fine‐grained
sediment (0.1 Pa for unconsolidated medium silt) takes up less than 10% of the total time, whereas at S‐3 and
S‐4, the bottom shear stress exceeds 0.1 Pa in more than 30% of the total time. It is worth noting that there exists

Figure 5. Distribution of simulated bottom shear stress. The stars in (a) indicate the sites selected for analysis: S‐1 in the
southern part of the HMA, S‐2 in the northern part of the HMA, S‐3 in the Helgoland Hole on the seaward side of the HMA,
and S‐4 in shallow water on the shoreward side of the HMA. (b) Simulated annual mean bottom shear stress in 2013. The
histograms show the distribution of bottom shear stress, respectively, in (c) winter and (d) summer of 2013 (original shear
stress distribution in orange and low‐pass filtered shear stress with tidal signals removed in blue). Critical shear stress for
resuspension of unconsolidated coarse silt (0.067 Pa) and medium silt (0.1 Pa) are indicated by yellow and red lines,
respectively.
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spatial heterogeneity of bottom shear stress within the HMA as shown by the difference between S‐1 and S‐2. At
S‐1, the period below the threshold of resuspension of coarse silts (0.067 Pa, representing the most vulnerable
sediment class to resuspension) persists by 10% longer than that at S2, providing more favorable condition for
settling and consolidation of fine‐grained sediment.

3.3. Residual Current and Sediment Transport

Seasonal‐averaged residual current and sediment transport flux derived from the simulation provide further in-
formation on the net transport direction and magnitude of SPM and its relationship with the HMA. Along the
transect (east‐west direction) across the HMA, the residual current shows an onshore transport in the bottommost
water layer and offshore transport above this layer (Figures 6a and 6b). Meanwhile, the residual current is directed
northward on the shallow part of the HMA and southward on the deep part of the HMA (Figures 6c and 6d). Such
a residual current pattern is quite stable and exhibits only minor variations between summer and winter. Spring
and autumn are transitional phases between winter and summer and exhibit similar patterns. Time‐averaged SPM
concentration shows a higher level above the HMA than its adjacent offshore and onshore areas during winter
(Figure 6e). In summer, the SPM concentration is reduced above the HMA compared to winter, while is notably
increased in its adjacent offshore and onshore areas (Figure 6f). Residual sediment transport is closely linked to
the residual currents (Figures 6g and 6h). The magnitude of residual sediment transport flux is higher in the
bottomwater than in middle or surface water, suggesting a dominant control of SPM transport by bottom currents.
The shoreward directed transport in the bottom water and seaward‐directed transport above the bottom water
provides a trapping mechanism for SPM on the HMA.

A horizontal view of the residual current and sediment transport directions also confirms their general consistency
with only slight differences. Results of the residual sediment transport indicate opposite transport patterns be-
tween the surface and bottom water layers in the study area (Figure 7). In winter, surface residual sediment

Figure 6. Seasonal‐averaged residual current (east‐west component) along the transect above the HMA in 2013 derived from simulation. (a) Winter from December
2012 to February 2013. (b) Summer from June 2013 to August 2013. (c) and (d) are the north‐south velocity components in the same periods as (a) and (b), respectively.
(e) and (f) indicate time‐averaged SPM concentration along the transect for the same periods. (g) and (h) refer to the residual sediment flux along the transect (east‐west
direction).
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transport is directed northward in the HMA and adjacent areas, whereas the bottom residual sediment transport is
directed southward in the western side of the HMA and gradually shifted northward in the eastern side of the
HMA. It is worth noting that the transition of the bottom sediment transport direction occurs in the HMA, forming
a vortex‐like circular motion, which facilitates accumulation of SPM in its center. In summer, surface sediment
transport in the HMA is mainly directed westward in its southern part and northwestward in its northern part. By
contrast, a dominant southward transport is seen in the bottom water in the HMA. It is particularly worth noting
that convergence of bottom residual sediment transport is seen in various parts of the HMA in both winter and
summer periods. Because most SPM is transported in the bottom water layers (Figure 6), a depth‐integrated
transport (Figure 8a) indicates a net sediment transport from the paleo‐Elbe Valley and the southwestern
coasts toward the HMA, suggesting these areas as potential sediment sources of HMA. By contrast, only a small
portion of residual sediment transport from the Elbe River mouth is directed toward the HMA in the surface water
(Figure 7) and the depth‐integrated residual sediment transport indicates a net transport into the Elbe River
(Figure 8a).

Calculation of the accumulative sediment transport flux across the four boundaries of the HMA in the period of
2013–2014 (Figure 8b) indicates that the western and southern boundaries are mainly featured by sediment input,
with the total mass of inflow larger than the outflow. By contrast, the eastern and northern boundaries are mainly
featured by sediment output. This is consistent with the transport pathways illustrated in Figure 8a. The results

Figure 7. Surface and bottom residual sediment transport direction derived from simulation. (a) and (c) are for winter from
December 2012 to February 2013. (b) and (d) are for summer from June 2013 to August 2013.
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also indicate that sediment transport across the boundaries is much more active in winter than in summer, and the
exists a discrepancy between the total sediment input and output, indicating that ∼0.8 Mt (∼0.65 Mt in 2013 and
∼1.04 Mt in 2014) of inputted sediment is deposited in the HMA annually.

3.4. Stratification and Frontal System

To further investigate the physical mechanisms of sediment trapping and deposition on the HMA, we assess the
role of the frontal systems associated with salinity and temperature gradient.

Figure 8. Depth‐integrated residual sediment transport pattern and budget analysis for the HMA area derived from
simulation. (a) Annual mean residual sediment transport flux for 2013–2014. Transport direction is indicated by arrows, and
magnitude is represented by color. (b) Accumulative amount of sediment transport across the four open boundaries of the
HMA for winter, summer, and the entire year of 2013 and 2014. The value range is indicated by the error bars. Positive and
negative values refer to inflow to and outflow from the HMA, respectively.
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3.4.1. Salinity Fronts

Location of the bottom salinity front is indicated by the maximum value of the bottom salinity gradient ∇S
(Figures 9a and 9b). Results suggest that the salinity front is persistently located above the HMA with minor
seasonal fluctuations. In the winter of 2013, the front is located close to the shoreward edge of the HMA, while it
migrates offshore toward the seaward edge of the HMA in the summer of 2013 induced by a remarkable increase
of freshwater discharge from the Elbe River associated with a river flood. Large values of the horizontal gradient
of the maximum vertical salinity gradient ∇Svmax are persistently located at the shoreward edge of the HMA in
both seasons (Figures 9c and 9d), indicating the shoreward part of the HMA and its adjacent area as a stable
transition zone between freshwater‐induced stratified water and well‐mixed water. A comparison between 2013
and 2014 indicates a relatively stable spatial distribution of ∇S and ∇Svmax, with small differences in summer
induced by a difference in the river discharge.

Figure 9. Location of the salinity fronts in the German Bight in 2013 inferred from simulation. (a and b) Bottom salinity
gradient∇S averaged in winter and summer, respectively. The maximum value is indicated by the white contour line. (c) and
(d) are the horizontal gradients of the maximum vertical salinity gradient ∇Svmax. (e) and (f) Vertical distribution of salinity
along the transect crossing the HMA averaged in winter and summer, respectively. White and red lines indicate the location of
the maximum ∇S and ∇Svmax, respectively.
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3.4.2. Tidal Mixing Fronts

Tidal mixing fronts are strongest in summer due to greatly enhanced solar radiation, while their impact is
minimum in winter because of a largely reduced vertical gradient of temperature. The locations of the tidal mixing
fronts inferred from the surface and the bottom temperature difference ΔT = 0.5 °C, the horizontal gradient of
the maximum vertical temperature gradient ∇Tvmax, and the Simpson‐Hunter parameter Sh = 3.0 all suggest that
the tidal mixing front persistently crosses the HMA in summer (Figure 10). A comparison between the summer of
2013 and 2014 indicates that the spatial distribution of Sh is the most stable among the three parameters. The
contour line of ΔT = 0.5°C and the edge of the maximum ∇Tvmax exhibit certain spatial fluctuations above the
HMA, mainly driven by a difference in the river discharge between the summer of 2013 and 2014. The abnor-
mally high river discharge in June 2023 associated with the river flood causes a shoreward shift of the contour line
of ΔT = 0.5°C and the edge of the maximum ∇Tvmax compared to a normal summer condition represented by
2014.

As shown in Figure 9, the salinity front is consistently located above the eastern (shoreward) part of the HMA and
results in a classical estuarine‐like circulation, whereas the tidal mixing front is located above the western
(seaward) part of the HMA in summer and leads to a convergence of onshore‐directed current from the seaward
side of the HMA and offshore‐directed current from the shoreward side of the HMA and a circulation at the front
(Figure S4 in Supporting Information S1). These dynamic features of the two frontal systems create a unique
mechanism that not only effectively transports SPM from both shoreward and seaward sides of the HMA to the
HMA but also traps fine‐grained sediment particles in the HMA.

3.5. Drivers of Sediment Deposition

To identify the forcing that promotes deposition of SPM on the HMA, we performed Pearson correlation analysis
on a set of variables. One correlation analysis is done between the time series of bottom shear stress and related
forcing excluding tides. These include wind and extreme events (river floods and storm surges). The baroclinic
forcing related to salinity and temperature gradient is collectively represented by the potential energy anomaly
(PEA). The other correlation analysis is done between the time series of net sediment flux across the sediment‐
water interface and related forcing mentioned above. To exclude the impact of tides, a Butterworth low‐pass filter
was applied to the time series with the cutoff frequency of 24 hr. Both correlation analyses are calculated for all
grid cells over the entire German Bight, producing a spatial distribution of the correlation.

Results show that the net sediment flux across the sediment‐water interface is closely related to the bottom shear
stress, which exhibits a high negative correlation (r < − 0.5, with minimum value of − 0.61 and P < 0.01) with
stratification, as measured by the PEA, in the eastern part of HMA and adjacent area (Figure 11a). This indicates
that enhanced stratification in the eastern part of HMA, which is mainly caused by the vertical salinity gradient
associated with the freshwater plume, leads to lower bottom shear stress that favors sediment deposition there. By
contrast, a positive correlation between PEA and bottom shear stress is seen in the western part of HMA, indi-
cating higher bottom shear stress and reduced sediment deposition by enhanced stratification, which is mainly
caused by the vertical temperature gradient.

The estuarine circulation, driven largely by freshwater runoff, is particularly prominent during periods of weak
wind forcing, such as in summer. This circulation facilitates offshore transport of fresh surface water and
compensatory onshore transport of sediment‐rich bottom water, particularly along the postglacial Elbe Valley
(Hofmeister et al., 2017). However, this seasonal signal is overwritten in winter when stronger wind forcing
dominates. To further distinguish the individual impact of thermal and haline stratification, additional correlation
analysis was performed for summer only, minimizing the influence of wind forcing (Figure S5 in Supporting
Information S1). The results reveal a stronger positive correlation between PEA and bottom shear stress in the
western HMA during summer than the annually averaged correlation. The area of positive correlation aligns
closely with the zone of high thermal stratification (Figure 10) in summer of 2013, while the haline stratification is
confined to the eastern HMA (Figure 9) and accounts for the negative correlation there. The opposite correlation
patterns with bottom shear stress between salinity‐induced and temperature‐induced stratification suggest that
although both frontal systems cause a convergence of sediment transport in the HMA, their role in sediment
deposition is different.
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Figure 10. Spatial distribution of the tidal mixing fronts in the German Bight inferred from simulation. (a) and (b) Averaged temperature difference between the surface
and the bottom water (∆T) in summer of 2013 and 2014, respectively. The contour line of ΔT = 0.5°C is marked by white color. (c) and (d) Horizontal gradients of the
maximum vertical temperature gradient ∇Tvmax for the same periods as (a) and (b). (e) and (f) The calculated Simpson‐Hunter parameter Sh for the same periods as (a) and
(b). The contour line of Sh = 3.0 is marked in white. (g) and (h) Averaged temperature field along the transect crossing the HMA with the location of ΔT = 0.5 °C (white
line), maximum value of ∇Tvmax (red line), and Sh = 3.0 (blue line) marked for summer of 2013 and 2014, respectively.
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Other involved forcing also influences bottom shear stress and sediment deposition, but with a weaker correlation
than stratification. A positive correlation (r≤ 0.4, P< 0.05) between wind velocity and bottom shear stress is seen
in the HMA, indicating a direct influence of wind strength in sediment deposition on the depocenter. A
decomposition of the wind vectors to its north‐south and east‐west components and their respective correlation
with bottom shear stress indicate that the north‐south wind component has a slightly stronger influence than the
east‐west wind component in the HMA (Figures 11b and 11c). An increase of the southerly wind velocity or
decrease of the northerly wind velocity leads to a generally larger bottom shear stress. A similar response is seen
with an increase of the westerly wind velocity or decrease of the easterly wind velocity. A combined effect of
these two correlations indicates that southwesterly winds have the most influential impact on bottom shear stress
and sediment deposition in the HMA among all wind directions. This is also reflected in the correlation between
bottom shear stress and water level (Figure 11e), since an increase of the latter is largely induced by the
southwesterly winds. A weak negative correlation (r ≥ − 0.2, P < 0.05) between bottom shear stress in the HMA
and the Elbe River runoff is seen, suggesting that the instantaneous runoff of the Elbe River does not have a
significant impact on the bottom shear stress and sediment deposition in the HMA. A time lag response may exist
due to the distance between the HMA and the river mouth but is of high variability due to the impact of wind,
tides, and longshore coastal circulation.

4. Discussion
4.1. Mechanisms of Sediment Trapping and Deposition

Our results show that the joint effect of coastal circulation and the frontal systems acts as an efficient mechanism
for delivering fine‐grained sediment to the HMA as well as trapping the sediment in the HMA. The resultant
residual currents exhibit a distinct seasonal variation that influences the efficiency of sediment trapping in the
HMA (Figure 6). Sediment deposition in the HMA is most significant in winter, when an anticlockwise bottom
circulation is formed in the southeastern part of the HMA (Figure 7) promoting sediment accumulation and
deposition there (Figure 7c). This vortex‐like circular motion has also been described by Mayer (1995) as the
primary diver of fine‐grained sediment deposition in the HMA. However, the depositional area inferred from the
result of Mayer (1995) is located directly south of the Helgoland Island in the bathymetric depression, which does

Figure 11. Spatial distribution of the Pearson correlation coefficient (r) between the hourly time series of simulated bottom shear stress and each related forcing in the
year of 2013. Positive and negative values in the north‐south wind velocity component indicate southerly and northerly wind directions, respectively. Positive and
negative values in the east‐west wind velocity component indicate westerly and easterly wind directions, respectively. The HMA is outlined by the black polygon.
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not match the exact location of the HMA that sits more eastward on the slope (Figure 1c). Moreover, there is also a
notable mismatch in the maximum deposition area between the results of Mayer (1995) and the field data reported
by Hebbeln et al. (2003) and Müller et al. (2024). Our results are able to capture the spatial heterogeneity of
sediment deposition in the HMA and indicate that the maximum deposition area is located in the southeastern part
of the HMA, which generally fits the field data.

Our results further suggest that although the German Bight is featured by energetic hydrodynamic conditions, the
frontal systems especially the salinity front in the HMA remain relatively stable with small fluctuations over the
seasons. This enables a persistent sediment convergence and trapping in the HMA. A strong correlation between
stratification intensity (represented by PEA), bottom shear stress, and net sediment deposition flux further in-
dicates a critical role of the frontal systems in controlling sediment deposition in the HMA. According to Stanev
et al. (2015), vertical stratification enhanced by freshwater inflow reduces erosion in the tidal channels and
promotes sediment accumulation in bottom water by limiting vertical sediment exchange between the bottom and
surface water layers. This is confirmed by our results. During periods of high river discharge, the salinity front
shifts seaward, enhancing stratification and sediment deposition (Zeiler et al., 2014). The nearshore coastal zone
of the southern North Sea is remarkably influenced by freshwater runoff, notably from the Rhine and Elbe
outflows (Ricker et al., 2021). When the Rhine water enters the North Sea, its sharp salinity gradient along the
Dutch coast forms a front that guides a northeastward extension of the freshwater plume along the coastline,
which is further strengthened by river runoff by other rivers (e.g., Ems, Wesser, and Elbe) along its pathway. In
the German Bight, the Elbe River outflow contributes to a second gradient in the salinity front that remarkably
modulates sediment dynamics in the HMA (Figure 9). The salinity front is persistently located above the HMA
with minor seasonal fluctuations associated with variation in the river runoff and wind direction. By contrast, the
tidal mixing front forms and crosses the HMA mainly during summer and diminishes or disappears in winter,
causing a seasonal variability in the sediment trapping efficiency and deposition in the HMA. The tidal mixing
front leads to the development of cyclonic and anticyclonic flows in the vertical plane, enhancing vertical ex-
change of SPM between surface and bottom water (Figure S4 in Supporting Information S1). It further enhances
bottom shear stress in the western side of the HMA, causing a positive correlation between stratification intensity
and bottom shear stress that is opposite to that related to the salinity front as shown in Figure 11. This also ac-
counts for a reduced sediment deposition in the HMA in summer compared to in winter.

4.2. Major Sediment Source for the HMA

Our results suggest that HMA is naturally mainly fed by sediment inflows from its western and southern boundary
(Figure 8). This indicates the paleo‐Elbe Valley and the southwestern coasts as important sediment sources of
HMA, while direct riverine sediment outflow from the Elbe River does not significantly contribute to the
nowadays sedimentation in the HMA. In the Elbe and Weser River mouths, the depth‐averaged residual sediment
transport is directed toward inland, suggesting sediment entrapment within the estuaries. This is consistent with
the study of Becherer et al. (2016), which indicates that the net sediment transport in the tidal inlet is dominated by
tidal pumping during calm conditions while strong landward SPM flux is driven by advection during windy
periods.

Our analysis indicates that approximately 0.8 Mt of sediment is deposited in the HMA annually (Figure 8). This is
comparable to the amount of sediment delivered from the upstream River Elbe to its estuary (Irion et al., 1987).
However, existing studies show that the majority of riverine sediment settles within the estuary and only particles
with settling velocities less than 0.3 mm/s can be transported to the open North Sea by the freshwater plume
(Rolinski, 1999; see also Figure S6 in Supporting Information S1). Therefore, direct sediment outflow from the
River Elbe is far from being sufficient to supply the annual deposition in the HMA.

According to Desmit et al. (2024), the maximum coastal SPM concentration and deposition occur in the offshore
transition zone, particularly at depths below 20 m in the southern North Sea and the English Channel. The 20 m‐
isobath was proposed as the “line of no return” beyond which particles escape coastal trapping mechanisms
(Postma, 1984). In the HMA, the net sediment transport direction is jointly driven by advection following the
Jutland Current, tidal pumping due to the ebb‐flood asymmetries directed to southeast (Figure S5 in Supporting
Information S1), and circular motions above the HMA. Sedimentation in the HMA, which sits across the 20‐m
isobath makes the “line of no return” less representative in the German Bight. Based on our results, the overall

Journal of Geophysical Research: Oceans 10.1029/2025JC022622

CHEN ET AL. 18 of 24

 21699291, 2025, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

022622, W
iley O

nline L
ibrary on [07/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



transport patterns and related mechanisms for sediment transport, trapping, and deposition in the HMA can be
summarized in the sketches in Figure 12.

4.3. Impact of Extreme Events

Episodic but high‐flux extreme events exert considerable influence in mud depocenter development (Porz
et al., 2021; W. Zhang et al., 2016). Flood events directly influence stratification and the frontal systems in the
German Bight. Previous studies have demonstrated that the Elbe River flood event in June 2013 exemplifies an
extreme hydrological condition (Chegini et al., 2020; Kerimoglu et al., 2020; Voynova et al., 2017). Observation
data (Figure S2 in Supporting Information S1) show that the Elbe River discharge exceeded 4,000 m3 s− 1 on June
11th and 12th, 2013, being 5 times of its multiyear averaged runoff (860 m3 s− 1) recorded at the Neu Darchau
gauge. By contrast, the maximum runoff in 2014 was 805 m3 s− 1 (occurred on 31 October), with a peak of
796 m3/s during June 2014. The flood event in June 2013 had a significant impact on the biogeochemistry of the
Elbe estuary and stratification in the southeastern German Bight with a long‐lasting effect that is still observable
2 months after the event (Voynova et al., 2017). Chegini et al. (2020) found that the strong stratification near
Helgoland during the summer of 2013 was primarily associated with the salinity gradient. Stratification in the
HMAwas more dynamic than a persistent thermal stratification in the deeper region along the paleo‐Elbe Valley.
Our result is able to reproduce the dynamic response of the frontal systems to the river flood (Figures 8 and 9). The
SPM concentration during and after the flood event was higher than in normal periods. As a consequence, more
sediment is deposited in the HMA in 2013 summer than in 2014 summer, as shown in Figure 4. This suggests an
enhancement of sediment deposition in the HMA by river floods.

Wind plays a crucial role in controlling vertical circulation (Purkiani et al., 2016) and lateral advection (Becherer
et al., 2016). It was suggested by Schrum (1997) that minimal stratification occurs in the German Bight under
prevailing southwesterly or southerly winds, while northeasterly winds induce maximum stratification. The
southwesterly winds constrained the river plume to near the shore, while northerly winds spread the plume from
the shallow areas toward the paleo‐Elbe valley promoting stratification (Dippner, 1998; Schrum, 1997). With
regard to sediment dynamics, southwesterly winds enhance erosion, whereas northerly winds enhance net
deposition through a control of stratification. This is confirmed by our correlation analysis (Figure 11) indicating
that southwesterly winds have the most influential impact on bottom shear stress and sediment erosion in the
HMA among all wind directions.

A notable example of an extreme wind event is Storm Xaver, which occurred in December 2013. This storm was
also identified in the atmospheric forcing data set (coastDat‐3) using the criteria (a) above the 95th percentile of
wind speed, (b) absolute wind speed >20 m s− 1, and (c) duration of longer than 24 hr. We compared the
simulation results before and after the storm. Results show that the strong geostrophic winds from northwest

Figure 12. Sketches illustrating the depth‐averaged net sediment transport pathways (larger arrows referring to larger
magnitude of transport flux) associated with sedimentation in the HMA in the horizontal plane (a) and vertical plane (b). The
red and blue lines indicate the mean position of the tidal mixing front and the salinity front, respectively.
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associated with Storm Xaver have two significant impacts on sediment dynamics in the German Bight, namely
increased bottom shear stress that triggers massive sediment resuspension and redistribution in nearshore shallow
regions and enhanced sediment deposition in the HMA (Figure S7 in Supporting Information S1). This con-
tributes to a higher sedimentation in winter of 2014 (December 2013–February 2014) than the previous winter
(December 2012–February 2013) as shown in Figure 4. Dangendorf et al. (2016) noted that the strong north-
westerly wind during Storm Xaver pushed the water toward the coast, causing exceptionally high water levels in
the coastal part of the German Bight. The generated pressure gradient intensified bottom transport from southwest
toward northeast. Additionally, the northwesterly winds pushed the river plume toward the paleo‐Elbe Valley and
the southern coastline, resulting in a southeastward shift of the salinity front that further facilitated sediment
trapping within the HMA. Enhanced SPM supply caused by storm erosion in shallow coastal zones toward the
HMA during the winter of 2014 was remarkably high, with net sediment deposition in the HMA almost three
times of that in the winter of 2013. This highlights the role of extreme wind events like Storm Xaver in shaping
sediment transport and deposition patterns in high‐energy shelf seas.

4.4. Impact of Anthropogenic Activities

In addition to natural processes, anthropogenic activities such as bottom trawling, dredging, and dumping are very
intensive in the North Sea (Irion et al., 1987; von Haugwitz et al., 1988; Zhang et al., 2024). These activities lead
to massive sediment resuspension, transport, and redistribution (Porz et al., 2024). Dumping activities in the
Wadden Sea and surrounding areas, particularly in locations close to and in the HMA, can remarkably impact the
sediment budget within the HMA (Müller et al., 2024). Boxberg et al. (2020) suggested that most of the material
dumped close to the HMA does not enter the eddy‐controlled depositional system of the HMA. On the other hand,
our simulation indicates a net sediment input from the southern and the western boundaries of the HMA. This
implies that if dumping sites are located south or west of the HMA, they may contribute to the accumulation in
the HMA.

Additionally, construction of dams and dredging activities in the estuaries and the Wadden Sea have reduced
riverine sediment output from the rivers to the open North Sea. According to Rovira et al. (2014), the sediment
budget and estuary dynamics of the Elbe River have been significantly affected by a construction of the Gees-
thacht Weir located ∼140 km upstream from the river mouth, with enhanced tidal pumping transporting large
amounts of sediment landward (Freitag et al., 2007). However, impacts of anthropogenic activities were not
considered in our model; therefore, it remains still unclear how they influence long‐term sedimentation dynamics
in the HMA. Further research is needed to address this knowledge gap.

4.5. Implications for Mud Depocenters in Global Shelf Seas

The complex nature of mud depocenters has been demonstrated in existing literature. Density fronts, boundaries
between opposing currents, meso‐ and submesoscale eddies have been proposed as the major causes for formation
and development of mud depocenters in high‐energy shelf seas (Castaing et al., 1999; Geyer et al., 2004;
Hanebuth et al., 2015; Liu et al., 2018; Xu et al., 2023; W. Zhang et al., 2016).

Our study in the HMA confirms the importance of fronts in controlling deposition of fine‐grained sediment under
high‐energy hydrodynamic conditions. Similar mechanisms were also found from other shelf seas to explain the
formation of mud depocenters there, such as the Amazon shelf (Geyet al., 2004), the Bay of Biscay (Castaing
et al., 1999), the East China Sea (Xu et al., 2023) and the Iberian shelf (W. Zhang et al., 2016). Despite a similar
importance of fronts, the impacts of fronts in our study area differ from other areas due to the interaction of two
distinct and seasonally shifting frontal systems. Unlike the Amazon shelf, the Bay of Biscay or the East China Sea
where a stable thermohaline front persists at a certain depth range year‐round, the HMA is featured by a relatively
stable salinity front and a seasonally variable tidal mixing front. The latter forms and migrates across the HMA
during summer, then diminishes in winter, directly influencing sediment trapping efficiency and deposition
patterns. This seasonal shift creates complex hydrodynamic interactions, with cyclonic and anticyclonic circu-
lations enhancing SPM exchange and increasing bottom shear stress on the western HMA. Consequently, the
sediment deposition pattern exhibits a distinct seasonal variation in the HMA.

The variability in stratification introduces a dynamic control on sediment deposition that is less commonly
observed in other mud depocenters. A deepened understanding of such variability and impact on sedimentation
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dynamics helps bridge the scales between short‐term processes and long‐term development of mud depocenters in
shelf seas.

5. Conclusions
Our study aims to address the knowledge gap in understanding spatiotemporal variability of localized mud
depocenters in high‐energy coastal environments.

Through a detailed investigation of sediment dynamics associated with a localized mud depocenter in the
southern North Sea, we found that an interplay between the wind‐driven coastal circulation and two frontal
systems, namely a salinity front mainly located in the shoreward part and a tidal mixing front in the seaward part
of the depocenter, acts as an efficient mechanism for sediment trapping. The salinity front is persistently located
above the depocenter with minor fluctuations associated with variation in the river runoff and wind direction. By
contrast, the seasonal tidal mixing front forms and crosses the depocenter mainly during summer and diminishes
or disappears in winter, causing a seasonal variability in the sediment trapping efficiency and the deposition rate.
The presence of the tidal mixing front enhances bottom shear stress in the seaward part of the depocenter and
limits sediment deposition, an opposite effect to that by the salinity front, which promotes sediment deposition.
Such seasonal variability in the interplay leads to a higher sedimentation rate in the depocenter in winter than
summer seasons.

Wind direction also plays an important role in driving sediment dynamics, with southwesterly winds enhancing
erosion and northerly winds promoting deposition in the depocenter. Short‐term extreme events such as the Elbe
River flood in June 2013 and Storm Xaver in December 2013 increase sedimentation in the depocenter,
contributing a considerable portion of the total annual net deposition.

The mud depocenter is naturally mainly fed by sediment from offshore and along the southern North Sea
coastline. By contrast, direct riverine sediment outflow from the Elbe River plays a minor role in nowadays
sedimentation in the depocenter due to a net landward transport in the estuary. On the other hand, sediment
dynamics and development of mud depocenters in coastal zones are subject to influence of intensive anthro-
pogenic activities, the impacts of which remain largely underexplored. Further research is needed to close this
knowledge gap.

Data Availability Statement
SCHISM (Semi‐implicit Cross‐scale Hydroscience Integrated System Model) is an open‐source model and
distributed with an open‐source Apache v2 license (Y. J. Zhang et al., 2016). Software access and licences are
available from the https://doi.org/10.5281/zenodo.6537526. Figures were made with matlab R2024b‐gcc‐13.3.0
through the German Climate Computing Centre (DKRZ) platform.Maps were created using the mapping package
M_Map (Pawlowicz, 2020) available online at www.eoas.ubc.ca/~rich/map.html. The model data supporting the
conclusions of this article and matlab scripts associated with this manuscript for the calculation are published on
Zenodo: https://doi.org/10.5281/zenodo.15356640.
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