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The Elbe estuary is a substantially engineered tidal water body that receives high loads
of organic matter from the eutrophied Elbe river. The organic matter entering the estuary
at the tidal weir is dominated by diatom populations that collapse in the deepened
freshwater reach. Although the estuary’s freshwater reach is considered to manifest
vertically homogenous density distribution (i.e., to be well-mixed), several indicators like
trapping of particulate organic matter, near-bottom oxygen depletion and ammonium
accumulation suggest that the vertical exchange of organic particles and dissolved
oxygen is weakened at least temporarily. To better understand the causal links between
the hydrodynamics and the oxygen and nutrient cycling in the deepened freshwater
reach of the Elbe estuary, we establish a three-dimensional coupled hydrodynamical-
biogeochemical model. The model demonstrates good skill in simulating the variability
of the physical and biogeochemical parameters in the focal area. Coupled simulations
reveal that this region is a hotspot of the degradation of diatoms and organic matter
transported from the shallow productive upper estuary and the tidal weir. In summer,
the water column weakly stratifies when at the bathymetric jump warmer water
from the shallow upper estuary spreads over the colder water of the deepened mid
reaches. Enhanced thermal stratification also occurs also in the narrow port basins and
channels. Model results show intensification of the particle trapping due to the thermal
gradients. The stratification also reduces the oxygenation of the near-bottom region
and sedimentary layer inducing oxygen depletion and accumulation of ammonium.
The study highlights that the vertical resolution is important for the understanding and
simulation of estuarine ecological processes, because even weak stratification impacts
the cycling of nutrients via modulation of the vertical mixing of oxygen, particularly in
deepened navigation channels and port areas.
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INTRODUCTION

Estuaries and coasts are transition areas between land and ocean
that have been fundamentally reshaped by human intervention
(Vos and Knol, 2015; Cobos et al., 2020). Naturally, these regions
receive fresh water, nutrient and organic loads from the landside
by river inflow and groundwater sources. Particularly with the
advent of industrial agriculture in catchment areas, nutrient loads
have drastically increased, leading to widespread eutrophication
in coastal systems and estuaries around the globe (Rabalais,
2002). Locally, the atmospheric deposition of nutrients due
to ship traffic or dense populations can further contribute to
accumulation of nutrients (Matthias et al., 2011). River discharge
drives the transport of inorganic and organic loads toward
the ocean shaping the conditions for horizontal dispersion and
vertical mixing of nutrients in the coastal water bodies. The
oscillatory tidal motion increases freshwater residence time,
and thus the probability that river-borne nutrients and organic
matter will settle or be transformed and leave the estuary by
outgassing (Middelburg and Herman, 2007; Regnier et al., 2013).
The ability of estuaries to change the oceanic fate of tracers
is a classic topic in estuarine ecological research that remains
on the societal and scientific agenda (Robins et al., 2016). The
estuarine filtering capacity depends on many parameters, such
as geometry, riverine forcing and local biota, making it an
individual characteristic of the specific estuary (Regnier et al,
2013). For the management of the coastal zone, the estuarine
filtering capacity regarding nutrients is of specific importance.
The understanding of estuarine nutrient transformation requires
significant observational efforts and process studies, since process
rates are often heterogeneous even within a single estuary
(Damashek et al., 2016). Therefore, numerical transport-reaction
models have become a popular tool used to complement
stationary measurements and ship- and helicopter-based surveys
(Arndt et al., 2011; Azevedo et al., 2014; Camacho et al., 2015).

Both the physical and the biogeochemical classification of
estuaries depend dominantly on the depth of the system.
Literature distinguishes stratified from well-mixed estuaries with
partially mixed estuaries as an intermediate class. In praxis,
the categorisation is related to the effectiveness of tidal mixing
and to the riverine Froude number (Geyer and MacCready,
2014). Apart from the dynamical boundary conditions like the
oceanic forcing, both measures depend on the depth of the
water body. According to these measures, deeper systems feature
stratification, whereas shallower ones are more likely well-mixed.
The competition between mixing and stratification in the water
column has important implications for the horizontal exchange,
both between the estuary and the ocean as well as within the
estuary. Stratified estuaries exhibit systematic exchange flows,
while well-mixed estuaries have no or very small baroclinic sub-
tidal flows (Geyer and MacCready, 2014). On the other hand,
stratification occurs even in geometrically shallow estuaries given
large horizontal density gradients that get vertically strained by
river flow or weak tidal forcing. Such systems are considered
dynamically deep (Cheng et al., 2013).

Similar  considerations govern the biogeochemical
classification. Shallow water bodies with depth smaller than the

aphotic depth manifest a positive balance between production
and respiration, ie., they are autotrophic (Caffrey, 2004).
Estuaries usually comprise one or more relatively deep channels
and they are mostly heterotrophic (Nidzieko, 2018). In order for
such systems to maintain a healthy ecological status (with respect
to hypoxia or anoxia), they critically depend on the import of
oxygen either from the atmosphere or by lateral exchange. Both
are regulated by the vertical exchange in the water column. In
stratified environments, vertical exchange is reduced and the risk
of hypoxia or anoxia increases with depth and is particularly high
in the sediment. Lack of oxygen positively feeds back on recycling
of nutrients contributing to eutrophication and its consequences
(Howarth et al., 2011). Previously ecologically healthy water
bodies face critical regime shifts once they develop hypoxia
(Conley et al., 2009). For this reason, stratified estuaries critically
depend on lateral exchange with the forcing system to prevent
hypoxia (Caffrey, 2004; Liu et al., 2018b). The higher the nutrient
loading, the more sensitive the estuarine ecology responds to
stratification and lateral exchange. In shallow estuaries that are
subject to high organic matter and nutrient loads, a reduction in
vertical mixing may impair the oxygenation of the bottom and
sedimentary layer. Amongst the possible reasons for permanently
reduced vertical mixing are typical forms of human intervention
like channel deepening and reduction of the channel curvature
(rectification).

Like many alluvial estuaries around the globe, the Elbe estuary
is relatively shallow. It shares the common fate with most of
the estuaries discharging into the southern North Sea. These
estuaries have undergone substantial human intervention with
respect to geometry, while being located in a region with high
risk for eutrophication (Kerner, 2007; Howarth et al., 2011). The
Elbe estuary is a drastic example, because of two reasons. First,
it hosts one of the major ports of Europe approximately 100 km
from the sea far up the freshwater-dominated reach. Second, it
receives high organic loads originating from the Elbe river, which
manifests the strongest growth of diatoms amongst the German
federal waterways (Hillebrand et al., 2018). Although research
has addressed major aspects of the along-channel distribution
of nutrients, plankton and oxygen (Goosen et al., 1999; Didhnke
et al,, 2008; Sanders et al,, 2018), little is known regarding
the vertical and three-dimensional structure of biogeochemical
dynamics and its response to the estuarine physics. Recent studies
reveal sensitivity of the organic matter decomposition, carbon,
and nutrient cycling to bottom oxygen availability (Zander et al.,
2020). The organs of certain fish species caught near the port
of Hamburg indicate that the animals experienced moderate
hypoxia (Tiedke et al., 2014). Previous studies have illustrated the
importance of a bathymetric jump, separating the shallow upper
reach from the deepened port and mid reaches, for the collapse
of primary producers and transition to the heterotrophic regime
and associated oxygen depletion (Schroeder, 1997; Holzwarth
and Wirtz, 2018). The same bathymetric feature seems to control
the position of the estuarine oxygen minimum zone as well as the
region of high ammonium remineralisation rates (Sanders et al.,
2018). Kerner (2007) reported increased siltation in the port after
a 1999 deepening campaign, which was associated with enhanced
oxygen demands and decreasing summer oxygen levels. The same
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author suspected “slight changes in the hydrodynamics” due to
the dredging to cause a regime shift toward particle trapping and
increasing risk of hypoxia. These reported changes and ecological
issues in the port area motivate a closer investigation of the
interaction of the estuarine physics and ecological dynamics in
this hotspot region.

In this case study, we argue that the prevalent picture of
the Elbe as a well-mixed estuary (Muylaert and Sabbe, 1996;
Amann et al, 2012) deserves to be revised. Hydrodynamic
modelling studies have shown that buoyancy-driven density
gradients induce periodic stratification in the brackish reaches
(Burchard et al., 2004; Stanev et al., 2019). Here, we extend the
focus of the 3D modelling to the freshwater-dominated reach
using a coupled hydrodynamical-biogeochemical model. Earlier
coupled modelling made use of Lagrangian (Schroeder, 1997)
and idealised depth-averaged models (Holzwarth and Wirtz,
2018) to simulate the dynamics of primary production and
oxygen along the estuarine freshwater reach. While these works
explained well the transition from autotrophy to heterotrophy
in the port region, they did not elucidate why the zones
of the oxygen minimum, biogenic particle sedimentation and
ammonium accumulation linger close to the bathymetric jump
(instead of being flushed downstream by river flow). In this study,
we establish a coupled hydrodynamical-biogeochemical model
validated for the freshwater and low-saline reaches of the Elbe
estuary, aiming to:

o Identify spatio-temporal pattern of stratification in the
deepened freshwater reach including the port region.

e Assess the linkages between the dynamics of stratification,
response of the local currents and the estuarine circulation.

e Quantify the response of local oxygen and nutrient
levels to the physics associated with stratification of
the water column.

e Better understand the causality between hydrodynamics
and  biogeochemical dynamics in this  highly
engineered tidal freshwater reach to facilitate further
research, development of management strategies and
inter-system comparison.

In order to address the above aims, the manuscript is
organised as follows: section “Materials and Methods” contains
descriptions of the hydrodynamical and biogeochemical models
and set-up, section “Results” contains the model validation
and interpretation of the relevant physics, biogeochemistry and
coupled dynamics. Finally, in section “Discussion” we discuss the
results in the light of previous research in the Elbe estuary and
similar systems and give our conclusions.

MATERIALS AND METHODS

The investigation of the above physical-biological interactions
requires a modelling framework that is capable of the coupled
dynamics and covers horizontal scales from the estuarine border
with the coastal ocean to the upper tidal river in the horizontal
direction. The model coupling needs to be at every time step
(“online”) to provide the immediate responses of biology to

physics, which are highly dynamic in the estuarine environment.
Additionally, a vertically resolved water column and dynamic
coupling between the water column and sediments are required.
The modelling framework that is used here builds on an
unstructured mesh hydrodynamic core (Zhang et al, 2016),
which is coupled online to an ecosystem module for the lower
trophic levels (Schrum et al., 2006; Daewel and Schrum, 2013).

Hydrodynamical Model

The hydrodynamic model employed in this study is the Semi-
implicit Cross-scale Hydroscience Integrated System Model
(SCHISM, Zhang et al., 2016). Using this model, both idealised
and realistic estuarine domains were successfully simulated
to address research questions in the areas of hydrodynamics,
sediment dynamics and ecology (Ye et al, 2016; Liu et al,
2018a,b; Pein et al., 2018; Stanev et al., 2019). SCHISM solves
the Reynolds-averaged Navier-Stokes equations on unstructured
meshes assuming hydrostatic conditions. The hydrodynamical
model of the Elbe estuary has been nested one-way into an
unstructured model of the German Bight (Stanev et al.,, 2019).
The mesh of the Elbe model is largely identical to the mesh
covering the same area in Stanev et al. (2019), except for minor
changes that were used to speed up model integration. The
Elbe setup has 32k nodes compared to the 450k nodes of the
forcing model. In the vertical direction, SCHISM resolves the
model domain using terrain following coordinates. Here we make
use of the LSC? technique (Zhang et al., 2016) for the vertical
grid, allowing for the maximum number of 20 levels only in
areas deeper than 5 m. The number of vertical layers decreases
stepwise toward smaller depths. Regions with depths less than
2 m are resolved by just one vertical layer. The advantages of this
approach include increased stability regarding the transport of
sinking tracers over shallows and a faster integration of the model
(Ye et al., 2016).

The model time step is 60 s. The bottom drag coefficient in the
estuarine main channel has been calibrated against observations
of sea surface elevation, such that the dominant M2 tide is
reproduced. The bottom drag coefficient (Cp) varies stepwise
along the channel axis with Cp = 1.53 e-3 between the mouth
and km 700, Cp = 1.98e-3 between km 700 and km 610 and
Cp = 1.35¢-3 upstream from km 610 (see referencing of km in
Figure 1). Over the shallows, i.e., at depths smaller than 2 m, the
drag coefficient is Cp = 5.e-3 accounting for sub-scale friction.
For tracer transport, SCHISM employs a robust and accurate
implicit TVD scheme (Zhang et al, 2016). The turbulence
closure follows the generic length scale model (Umlauf and
Burchard, 2003). Here we specified the k-kl closure scheme with a
stability function (Zhang and Baptista, 2008). SCHISM calculates
the transport and diffusion of ecosystem state variables and
provides salinity, water temperature and bottom stresses to the
ecosystem module.

Ecosystem Model

The ecosystem model is inherited from the ECOSystem
MOdel (ECOSMO, Schrum et al., 2006; Daewel and Schrum,
2013), which originally had a hydrodynamic core of its
own (Schrum and Backhaus, 1999). For this study, the
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FIGURE 1 | Model domain with depth [m] given as a background. The black
transect line indicates the Elbe navigational channel, with black labels
identifying the official Eloe-km. Red labels and associated ticks mark the
locations of observation stations for (but not only) water quality parameters,
with respective official Elbe-km given as additional information. Purple circles
mark the locations of permanent moorings where horizontal currents, salinity,
and temperature are measured, with purple labels D1-D4 identifying the
individual stations. The inset in the upper right corner indicates the locations
of gauges in the region of the port of Hamburg used for model validation: (1)
Blankenese, (2) Seemannshoft (labeled “HH”), (3) Sankt Pauli, (4) Harburg,
and (5) Bunthaus. The red dashed line marks a port basin subject to analysis
in Figure 11.

ecological module of ECOSMO has been one-way coupled to
the SCHISM via a messaging interface, the Framework for
Aquatic Biogeochemical Models (Bruggeman and Bolding, 2014).
ECOSMO has been developed to predict the lower trophic
level ecosystem dynamics of the North Sea (Schrum et al,
2006) and the Baltic Sea (Daewel and Schrum, 2013). In the
following we shortly describe the parts of the model that are
either very relevant in the specific area of the study or that
have been changed in comparison with Daewel and Schrum
(2013).

For this study of a heterotrophic estuary, the organic matter
decay, the coupled nitrogen and oxygen cycles and the exchange
between the water column and the sedimentary layer are
key processes for simulating the ecosystem dynamics. Organic
decay starts when biological production has reached its final
particulate stage, detritus. The source terms for detritus comprise
faecal production by zooplankton, zooplankton mortality and
phytoplankton mortality (see Figure 2 for the linkages between
the ecosystem state variables). The sink terms comprise feeding
by zooplankton and mineralisation. Particulate organic matter
has a settling velocity w,. At the bottom, it is deposited to the
sedimentary layer given the bottom shear stress (t;) is below
a value (t. = 0.3 N m™?). For 1, > 1, the sediment is re-
suspended with the rate h,, is estimated as:

hepd = Mw(Partheniades, 1986), (1)

Tc

with constant M = 5 m d ™! herein. In the shallow coastal ocean
and estuary dominated by tidal motion, organic matter (C, N)
is regularly resuspended from the sedimentary layer to the water
column. The mineralisation of organic matter depletes oxygen,
while regenerating inorganic nitrogen (NH4) and phosphorus

(PO4). The remineralisation rate is controlled by temperature
and equals:

TZ
ep (T) = kx [1 + 20% (Tmf2 " TZ)}’ (2)

where Ty,r = 13°C is a reference temperature and k is a constant
with k = 0.005 d~! in the water column and k = 0.003d™! in
the sediment layer.

Nitrification of ammonium to nitrate depends on the
ambient water temperature and dissolved oxygen concentration
(Stigebrandt and Wulff, 1987). The sources of ammonium
include excretion by zooplankton and remineralisation of organic
matter in the water column and in the sedimentary layer.
Nitrification is the only autochthonous source of nitrate, while
external sources are river loads and atmospheric deposition.
Nitrate is taken up by primary producers and decreases due to
denitrification under anoxic conditions. During denitrification
nitrate is used as an oxidant in the remineralisation process
and the remaining nitrogen leaves the system by outgassing.
Denitrification depends on the local oxygen concentration and
water temperature and occurs both in the water column and at
the sediment interface.

Oxygen is an important indicator of estuarine water
quality, reflecting the local relationship between production
and respiration. The oxygen concentration increases due to
the assimilation of nitrogen by phytoplankton and by air-sea
exchange at the sea surface. The latter process is controlled
by the saturation concentration of oxygen and the piston
velocity v, (Liss and Merlivat, 1986). Respiration includes
nitrification, grazing and mineralisation of organic matter. The
latter depletes oxygen following the Redfield ratio of O:N = 6.25.
Remineralisation, nitrification and denitrification occur in the
water column and the sedimentary layer, whereas the sediment
oxygen demand affects the lowermost pelagic grid cell (for details,
see Daewel and Schrum, 2013). The list of the model state
variables and the parameter table are given in Supplementary
Tables 1, 2, respectively.

Model Forcing

At the open boundary, boundary conditions for the Elbe model
are provided by the previously published German Bight model
(Stanev et al.,, 2019). In turn, the latter receives sea surface
elevation, horizontal currents, salinity and temperature at its
boundary from the AMM?7-based CMEMS reanalysis of the
North-Western European shelf (O'Dea et al., 2017). For the
marine biogeochemical forcing time series of nutrients, oxygen
and organic matter from observations in the southern North Sea'
were prescribed at the open boundary. The available observations
were averaged over the ICES area IVb excluding samples with
salinities smaller than 34 psu to obtain a forcing representing
marine variability. Those time series force the model in the area
of a sponge layer extending from the open boundary into the
model area. The thickness of the sponge layer is 15 km, and the
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FIGURE 2 | Links between the pelagic and benthic state variables in ECOSMO?2 [figure adapted from Benkort et al. (2020)].

relaxation constant decreases linearly from the outer boundary to
the inner edge of the sponge layer.

At the landward end, river discharge enters the estuary,
driving the downstream flow. The daily discharges are derived
from observations at the tide-free gauge station at Neu Darchau,
approximately 50 km upstream from the weir at Geesthacht.
At this station the long-term average discharge is 710 m® s71!,
while standard deviation is 471 m® s~!. During the period
of model integration the yearly average discharges were 636
m? s7! in 2012 and 1012 m® s~! in 2013, and respective
standard deviations were 373 m*® s7! and 641 m® s™!. Here,
we calibrated the rating-curve-based discharge estimates to
obtain permanent limnic conditions at measurement station D2
(Figure 1), adding 30% of the volume to the original time
series. This correction seems necessary because the upstream
gauge station does not account additional freshwater input
from small tributaries and groundwater sources up to the tidal
weir. For the inflowing volume, concentrations of nutrients,
oxygen and organic matter are specified. The time series
of concentrations were compiled from weekly to monthly
measurements accomplished by the FGG Elbe and available via
www.fgg-elbe.de/elbe-datenportal.html. The smaller tributaries,
with an average discharge less than 20 m® s~1, are represented
as point sources at the location of the tributary mouth. These
point sources contribute fresh water with ambient temperature
and ambient nutrient concentrations at a rate equal to the long-
term mean of the tributary’s discharge. A single exception is
given by a point source representing the Hamburg sewage plant,
which discharges 4.8 m?® s=! with concentrations of organic
and inorganic nitrogen derived from the annual environmental
report of the plant in 2012. The atmospheric forcing includes
wind, air temperature, precipitation, shortwave and longwave

radiation and is based on reanalysis data generated by the
COSMO-EU model of the German Weather Service (DWD).
More details regarding the forcing at the air-sea interface are
given in Stanev et al. (2019).

Observational Data
Elbe estuary data sources include observations from tide gauge
stations and stationary long-term measurements of salinity,
water temperature, horizontal currents, nutrients, oxygen, and
chlorophyll concentrations. The tide gauge data and observations
of surface and bottom currents, salinity and temperature are
available via the data portal www.tide-elbe.de. For the period
considered in this study (2012-2013), these data have a high
temporal resolution between 1 min and 5 min and serve
for calibration and validation purposes of the hydrodynamic
simulation. Five out of six tide gauges considered herein are
situated in the focal area of this study (see inset in the upper
right corner of Figure 1), and one tide gauge represents the lower
estuarine reaches (see label “BRU” in Figure 1). Temperature,
salinity and current data were obtained from four permanent
measuring stations (“Dauermessstationen,” see labels “D1,” “D2,
“D3,” and “D4” in Figure 1) located in the mid-estuarine reaches.
The long-term stationary observations of nutrients, oxygen
concentrations and chlorophyll-a were collected at six locations
along the Elbe estuary: at the weir at Geesthacht (km 585.9),
Zollenspieker (km 598.7), Seemannshoft (km 628.8), Grauerort
(km 660.5), Brunsbiittel (km 693.0) and Cuxhaven (km 725.2).
In this study, the data from Geesthacht (see label “WGE” in
Figure 1) are used for the riverine forcing. Observations from
Seemannshoft and Grauerort (see labels “HH” and “GRA” in
Figure 1) were used for model validation of the biogeochemical
dynamics in the focal area. The measurements were taken by
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FGG Elbe as horizontal profile mixing probes or individual
samples 1 h before low tide. Samples were taken, without lateral
position information, approximately 1 m below the surface.
Station data from 1979 - 2014 are available on a daily basis
measured at weekly to monthly intervals, but there are different
levels of data gaps depending on measurement station, parameter,
season and year. For further model validation, stationary data
were used comprising long-term nutrients and chlorophyll-a
measurements taken by several local authorities and available
through the websites www.gateway.hamburg.de and https://wiki.
cen.uni-hamburg.de/ifm/ECOHAM/DATA_RIVER.

Statistical Evaluation Methods

For model validation, we use standard statistical measures
and presentation methods, including the root mean square
error (rmse), the Pearson correlation coeflicient (R) and the
Willmott skill score (WSS, Willmott, 1981). The rmse is given
by the mean of the squared differences between predicted and
observed realisations of a variable. This measure is useful as a
straightforward quantitative assessment of the model simulation.
Other than the rmse, R reflects how much the deviations of two
signals from their respective means are alike during an interval
in time. R is thus appropriate to quantify phase differences of
oscillatory quantities in model and observations for example on
tidal or seasonal time scales. High correlations between model
and observations demonstrate good model representation of
the underlying physical or biogeochemical processes. The WSS
assesses the deviation of the simulated or predicted variability
from the observed time series and reads as follows:

Z?: 1 (Pi - Oi)2

WSS = 1— = —
>i_ 1 (|Pi=0O[+|0; - O]

3)

where n is the number of observations, O; and P; refer to a
corresponding pair of observed and simulated values with index
i and overbars denote the time average. The WSS offers a skill
assessment that considers both the bias and the correlation
between model predictions and observations. The value ranges
between 1 (perfect agreement) and zero (no agreement).

For the graphical presentation of the agreement between
model and observations regarding a single variable along the
estuarine gradient or several variables at a single location, we
use a Taylor diagram (Taylor, 2001). This measure locates the
model performance regarding a specific variable in a specific
location in a space spanned by the normalised standard deviation,
normalised rmse, and the correlation coefficient, R. We use
the Taylor diagram to illustrate the model performance either
i) with respect to one (physical) variable along the estuarine
density gradient or ii) regarding several different but interlinked
(biogeochemical) variables at one position of the estuary. In this
diagram, a perfect model simulation is indicated by a marker at
the intersection of the X-axis and the circle with a radius of one
standard deviation. Model deficiencies lead to scattering of the
markers toward the regions of increased root mean squared error
and reduced correlation coefficient, that is toward the tip of the
Y -axis.

RESULTS

Hydrodynamical Simulation Validation

and Interpretation

The validation of the hydrodynamical model focuses on the
freshwater-dominated reach of the Elbe estuary addressing
vertical and horizontal tidal currents, salinity, water temperature,
and stratification. In the following we show the essential aspects
of the validation, while additional information are given in the
Supplementary Material.

The tidal currents in the navigational channel are monitored
by four moorings between km 677 and km 641 (Figure 3, for
stations locations see Figure 1). At the surface, at station D3 (km
665), both flood and ebb currents attain approximately 1.5 m s~ !
during peak flows demonstrating roughly symmetry (Figure 3A).
The bottom currents reach 2/3 of the magnitude of surface
currents, thereby demonstrating a pronounced vertical shear of
the horizontal flows in the estuarine main channel (Figure 3B).
At the upstream station D1 (km 643) flood-directed surface peak
currents have magnitudes similar to the ones at D1 (Figure 3C),
while maximum ebb currents reach 1 m s~! only. The observed
bottom currents are again weaker with peak flood currents twice
as strong as ebb currents (Figure 3D). At DI, about 20 km
downstream of the central port region, horizontal tides are thus
clearly flood-dominant. This implies that in this area suspended
particulates are subject to tidal pumping toward the port due to
correlations between horizontal currents and suspended particle
concentrations. The model replicates above characteristics of the
tidal currents at D3 and D1, as well as the change between D3
and D1 (Figure 3). Simulated flood currents also quantitatively
match well with the observations with the rmse calculating to
0.23 m s~ ! (surface) and 0.17 m s~ ! (bottom) at D3, and 0.28
m s~ ! (surface) and 0.21 m s~ ! (bottom) at D1. The model tends
to underestimate currents at low water slack at D3 and late ebb
currents at D1. Further, the model reproduces the propagation
of the tidal wave from the lower reaches into the port area. For
the period of 2012, the rmse calculates to 0.28 m at Brunsbiittel
station and between 0.31 m to 0.35 m at the gauges located in
the port area (Table 1, for gauge positions see Figure 1). The
correlation coefficient, R, and the WSS are above 0.96 and 0.98,
respectively. A comparison of the observed and simulated tidal
water level variations is given in the Supplementary Material.

Simulated surface salinity is also in good agreement with
observations along the main channel and Supplementary
Figure 2 illustrates the model performance by means of a
Taylor diagram. For realistic simulation of density gradients
and ecosystem dynamics in the freshwater-dominated reach
good model performance of simulated temperature is important.
A Taylor diagram of the model error statics compared to
observations for the surface temperature reveals high correlations
of approximately 0.99 and small relative errors of approximately
0.2°C (Figure 4A). The stations used for model-data comparison
cover the main channel between the deep lower estuary and the
shallow area upstream from the port (Figure 4B). The average
(for the period of May to September 2012) surface temperatures
at these stations are instructive because they show a mild gradient
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FIGURE 3 | Comparison of the simulated (red solid lines) against the observed (blue dots) (A,C) surface velocity magnitude and (B,D) bottom velocity magnitude at
the measurement stations (A,B) D3 and (C,D) D1 during the period from 6 June to 12 June 2012. The dashed line in (A,C) shows the local water elevation.

over the mid reaches but a steepening gradient toward the shallow
upper estuary. Given these horizontal temperature gradients,
the vertically sheared horizontal currents induce vertical density
gradients if i) temperature controls the equation of state, and ii)
turbulent mixing does not cancel out the vertical gradients.

A comparison of observed and simulated density variability
for the time of model integration (2012-2013) at the stations
D1-D4 (Figure 1) is given in the Supplementary Figure 3.
Both model and observations reveal permanently fresh (limnic)
conditions at DI (km 643) and D2 (km 651), oligohaline
conditions at D4 (km 677). At D3 (km 665), observations indicate
a permanent freshwater dominance, while the model shows an

TABLE 1 | Error statics of simulated sea level elevation compared against
observations at six gauges in the Elbe estuary.

RMS R WSS
BRU 0.28 0.97 0.98
Blankenese 0.31 0.97 0.98
HH 0.33 0.97 0.98
Sankt Pauli 0.35 0.97 0.98
Harburg 0.35 0.96 0.98
Bunthaus 0.34 0.96 0.98

oligohaline regime in summer. Observations from stations D1-
D4 also allow for the estimation of the bulk stratification in this
part of the estuary. A bulk Richardson number is commonly
used to characterise the stability of a stratified flow (for example,
Tedford et al., 2009):

Riy = SHAP/P0. @
(Au)?

where g is the gravitational acceleration, H is the total water
depth, Ap is the density difference between the bottom and
surface, Au is the velocity difference between the surface and
bottom and pg is a reference density. The resulting estimated
time averages (median values) of Rip at stations D1-D4 are D1:
6.10 (0.23), D2: 3.67 (0.09), D3: 2.63 (0.09), and D4: 3.52 (0.09).
The median values provide an idea of the distribution of local
mixing conditions in time. At the lower stations D2, D3, and
D4, half of the observations manifest well-mixed conditions,
with Rig = 0.09, which is well below Ri.; = 0.25. At station
D1, the median value represents mixing conditions near the
critical condition, implying periodic stratification of the water
column. Given the flood-dominant conditions at D1 the water
column stratifies on ebb whereas the strong flood currents lead to
complete vertical mixing.
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FIGURE 4 | Taylor diagram representing the normalised standard deviation,
the correlation coefficient, and the root mean squared error of (A) simulated
surface temperature against respective observations at several stations along
the main estuarine channel. In (A), the grey dots represent locations between
km 725 and km 609. In (B) the shaded area illustrates the along-channel
depth distribution and the grey dots represent the observed near-shore
surface water temperature between May and September 2012. The black and
blue dashed lines mark the stations Seemannshoft and Cuxhaven,
respectively; see labels “HH” and “CUX” in Figure 1.

For a spatially better-resolved assessment of the stratification,
we use simulated horizontal currents and density to calculate the
gradient Richardson number (Ri):

0p/0z

(0u/02)*’ ®)

Ri = —g/po
where z is the vertical coordinate. Similar to the bulk estimates
derived from the observations, model-derived Ri above the
well-mixed bottom layer is low near D2 (km 665, left-hand
end of Figure 5A) and increases in upstream direction. At
D1 Ri has a local maximum beyond which the measure
remains elevated, while falling to background levels over the
shallow upper estuary (Figure 5A). Particularly the area of the
bathymetric jump between km 623 (green dashed line) and km
618 (channel depth ~ 5 m) indicates stable flow conditions.
The dynamical picture is further clarified by comparing the ratio
of the turbulent diffusivity during flood and ebb (Figure 5B).
In this figure, warm colours identify flood-dominated mixing
and cold colours represent ebb-dominated mixing, while times
of flood (ebb) are defined as times of locally rising (falling)
tide. In agreement with the above shown dominance of the
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FIGURE 5 | Time-averaged along-channel profiles of simulated (A) Gradient
Richardson Number, (B) ratio of flood diffusivity to ebb diffusivity (mixing
asymmetry), (C) vertical temperature anomaly, are given for the period May to
September 2012. In (C) black arrows represent the local deviation of the
along-channel velocity from the barotropic along-channel velocity. The black
dashed line marks the Seemannshéft station (see label “HH” in Figure 1),
whereas green and purple dashed lines indicate the positions of the
confluence of northern and southern channel branches and Sankt Pauli gauge
station, respectively (see inset in Figure 1).

flood currents (Figure 3), the ratio is greater than unity in
the deepened part of the channel (until km 620, Figure 5B).
Upstream from the bathymetric jump the ratio is smaller than
unity. This indicates that turbulent exchange (mixing) is flood-
dominated in the deepened part and ebb-dominated over the
shallow part. Dissolved properties and particulates are thus
mixed up high in the water column differentially and the zone
of convergence is exactly the bathymetric jump. This is an
important result of the hydrodynamic simulation because it
explains the accumulation of particulates (sediment and biogenic
particles) in the port area (see Kerner, 2007). The flood-
dominance of the turbulent diffusivity over the deep channel
also implicates that the elevated values of Ri (Figure 5A) are
due to stratification of the water column during ebb. Figure 5B
represents the conditions along the transect line passing through
the northern branch of Elbe river in the port area (Figure 1). Ri
and the ratio of flood to ebb mixing are also given for a transect
following the southern branch in the Supplementary Figure 4
emphasising the robustness of the results. The time-averaged
vertical temperature anomalies reveal systematic surface-bottom

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 623714


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Pein et al.

Seasonal Stratification and Biogeochemical Turnover

difference downstream from the bathymetric jump (Figure 5C).
In the freshwater-dominated reach temperature-induced density
differences account for stratification of the water column during
ebb (Figures 5A,C). The mixing asymmetry finally leads to
systematic vertical shears of the average longitudinal currents
with enhanced seaward flow near surface and recirculation
near the bottom (see black arrows in Figure 5C). Given the
overall consistency of the hydrodynamic simulation with the
available observations and derived measures of stratification,
the hydrodynamic simulation of the Elbe presented herein is
approved as a credible tool to explore the 3D coupled physical-
biological dynamics.

Validation of Biogeochemistry

The validation of the ecosystem model focuses on the port area.
The locally most relevant measuring station is located at km 629
(see location labelled “HH” in Figure 1), approximately 3.5 km
downstream from the convergence of the northern and southern
channel branches. At this station nitrate, silicate and oxygen
concentrations are characterised by a clear seasonal signal with
high winter and low summer levels (Figures 6A,C,D), whereas
chlorophyll demonstrates the opposite pattern particularly with
respect to the silicate dynamics (Figure 6E). Ammonium
levels reach maxima during summer and autumn, whereas
winter concentrations mostly fall between 5 and 10 mmol
m~2 (Figure 6B). The time series is somewhat scattered, with
fluctuations in the range of the seasonal variability occurring
within a time span of a month, for example, in June 2012. The
simulated time series at the same location convey a smoother
picture of the nutrient and oxygen variability, emphasising the
seasonality of respective signals with the exception of ammonium
(Figure 6). The simulated nitrate, silicate and oxygen levels match
the seasonal extremes very well (Figures 6A,C,D) with the WSS
calculating to 0.95, 0.98 and 0.93, respectively. In the case of
ammonium, the model predicts a short-term variability similar
to that of the observations, which manifest higher amplitudes
of the small-scale variability and imminent scatter (Figure 6B).
In addition, the observed levels rarely fall below 5 mmol m~3,
while the simulated ammonium concentrations approach zero
over a period of up to several weeks, particularly during the
cold season. The resulting systematic bias between the observed
and simulated signals is more pronounced in 2012 than in
2013. The second run year manifests 54% higher average river
discharge (not shown) and consequently enhanced flushing rates
that tend to reduce the influence of local processes or sources.
The peak ammonium concentrations and low oxygen levels
during the summer months are manifested in both observations
and simulations. The along-channel transition from production
to consumption is reflected by the comparison of chlorophyll
observations at the upstream station Zollenspieker (Figure 6E,
see label “ZOL” in Figure 1 for the location) with those at the
downstream station Seemannshoft (Figure 6F, see label “HH”
in Figure 1 for the location). The upstream station is situated
at the channel bifurcation and captures a clear seasonality with
summer chlorophyll levels between 100 and 250 mg m~3 in
2012 (Figure 6E). At a distance of 31 km further downstream,
the summer levels decrease considerably, reaching approximately

50 mg m~> (Figure 6F). The model simulation captures the
seasonal dynamics in and the systematic difference between
both stations (Figures 6E,F). The model tends to underestimate
the spring bloom at the upstream station and overestimate
the spring bloom at the downstream station. In general, the
model simulations reproduce the fundamental aspects of the
Elbe ecosystem associated with the remineralisation processes
in the port area. A Taylor diagram based on the time series
shown in Figure 6 provides a condensed assessment of the
model performance in the port area (Figure 7A). In this figure,
the state variables with strong seasonality are associated with
high correlation between model and data and low normalised
model error. This applies to silicate, nitrate and oxygen.
The simulation attains significant correlation with observations
regarding chlorophyll-a and ammonium. At the downstream
station Grauerort (see label “GRA” in Figure 1 for the location),
the model adequately simulates oxygen and the macronutrients
of nitrate and silicate with a high correlation and small relative
error (Figure 7B). The correlation of ammonium is weak, but
the relative error is small. Additional statistics of the model
performance regarding nitrate, oxygen and silicate emphasise
the quality of the ecosystem model simulation (Supplementary
Table 3 given for five stations along the estuarine main stem).

Biogeochemical Gradients in the Main
Channel

The estuarine ecosystem dynamics are dominated by inputs of
allochthonous phytoplankton and nutrient loads at the tidal weir
(km 585). The variability of these inputs determines the pace of
the processes inside the estuary. A detailed description of the
seasonal variability of the dominant primary producers, grazers,
oxygen and nutrients between the weir and the lower end of
the port area is provided in the Supplementary Material. In
the following, we present the longitudinal structure of the main
channel ecosystem dynamics during the productive period that
frame the physical-ecological interactions in the port area. The
along-channel summer average profiles of the state variables
primarily involved in the organic to inorganic transformation
and respiration illustrate the along-channel vertical structure of
the estuarine reactor (Figure 8). The longitudinal sequence of
the transition of organic matter to the inorganic pool is evident
from the order of estuarine maxima of chlorophyll, with its
maximum at the tidal weir (Figure 8A), followed by particulate
organic matter (detritus) peaking in the port area (Figure 8B)
and ammonium peaking in the port area with levels gradually
decreasing downstream (Figure 8D). Downstream from the
detritus and ammonium maxima, oxygen reaches its estuarine
minimum, developing a clearly delineated OMZ between km 650
and the port area (black dashed line in Figure 8C indicating
the location of station Seemannshoft). The silicate concentration
levels have an estuarine minimum at the downstream end of
the shallow upper estuary (Figure 8E). The decrease in silicate
reflects the growth of diatoms in the shallow reach, suggesting
that the silicate levels exert a certain control on the oxygen
and, consequently, on the nitrogen cycle in this area. Both
silicate and nitrate are regenerated downstream from the port
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FIGURE 6 | Comparison of simulated and observed surface concentrations of (A) nitrate, (B) ammonium, (C) silicate, and (D) dissolved oxygen Seemannshdoft
station (see label “HH” in Figure 1). The bottom panels show the simulated and observed surface concentrations of chlorophyll-a at (E) Zollenspieker station (see
label “ZOL” in Figure 1) and (F) Seemannshdft station. Blue circles in (A,B,E) represent additional observations provided by the Institute of Oceanography (IFM),

University of Hamburg.

area (Figures 8E,F). The nitrate concentration levels reveal
clear along-channel gradients around their estuarine maximum
at km 670. The longitudinal gradients develop into vertical
gradients due to differential advection in the near-surface region.
Specific mechanisms contribute to the stratification of detritus
and dissolved oxygen (Figures 8B,C). The former is a sinking
tracer accumulating, per definition, near the bottom (see the
area near the port measurement station marked by the black
dashed line in Figure 8B). Oxygen shows depletion toward the
bottom, particularly in the area of the OMZ, due to the demands
from detritus and deposited sediments, whereas reoxygenation
at the air-water interface increases oxygen concentration in the
upper water column.

Biogeochemical Dynamics and

Stratification in the Port Area

Zooming into the port area, most of the state variables shown
in Figure 8 reveal surface-to-bottom differences in the area of
the bathymetric jump and downstream in an illustration of the

along-channel vertical anomalies (Figure 9). Chlorophyll, silicate
and nitrate demonstrate vertical anomaly pattern very similar to
the one of water temperature (Figures 9A,E,F vs. Figure 5C)
with silicate and nitrate increasing toward the bottom. Detritus
and dissolved oxygen show significant vertical gradients with a
surface-bottom difference in the range of 5-10 % of the local
absolute concentrations (Figures 9B,C vs. Figures 8B,C). The
vertical anomalies of ammonium (Figure 9D) are relatively small
and the associated patterns appear less systematic in comparison
with the other state variable. This illustration of the vertical
gradients of some key ecosystem state variables highlights the
tendency of the ecological compartment to amplify even subtle
physical gradients. These along-channel and vertical gradients
emerging at the interface between the shallow upper estuary and
the deepened freshwater reach are intensified by the manifold
side channels and basins of the port area (see inset zooming into
the port area in Figure 1).

In the port basins, primary producer concentrations generally
decrease toward the inside of the basins (Figure 10A), whereas

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 623714


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Pein et al. Seasonal Stratification and Biogeochemical Turnover

2

\
e

[

6\
e

Normalised standard deviation
R MS

Normalised standard deviation
v

RM

o
o

FIGURE 7 | (A,B) Taylor diagrams illustrate the model performance regarding nutrients and oxygen at the stations of Seemannshéft (HH) and Grauerort (GRA).
Chlorophyll measurements were available only for Seemanshéft and are represented in (A).

A, Chl-Diat [g m3] B, PON [mmol m™3] g

5 100 5 6
£-10 £-10

N ic 4
§-15 50 *3-15

©-20 ©-20 2
25 -25

: : . : 0 : . . : 0

750 700 650 600 750 700 650 600

distance [km] distance [km]
DO [mmol m3] NH, [mmol m™]

O
o
w)
o

300 -5 10

250

depth [m]
depth [m]
e
w

200

750 700 650 600 750 700 650 600
distance [km] distance [km]

Si0, [mmol m™3] NO,, [mmol m™3]
< 20 F oo B

5

£ . £ .10 150
N — N o

£ 515 100
£ 10 320

50

1 1 1 1 5 1 1 1 1
750 700 650 600 750 700 650 600
distance [km] distance [km]
FIGURE 8 | Time-averaged vertical anomalies of (A) chlorophyll, (B) detritus, (C) dissolved oxygen, (D) ammonium, (E) silicate, and (F) nitrate concentrations are

given for the main channel between km 610 and km 640 of the Elbe estuary. The time averages represent the simulation during the period of May to September
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the grazer concentrations increase in the same direction. whereas in the adjacent main channel biogenic particles
In the port basins, enhanced secondary production leads to remain suspended as detritus (Figure 10C). The port basins
locally high accumulation of organic sediment (Figure 10D), function as hotspots of the remineralisation processes, displaying
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2012. The dashed black, green, and purple lines mark the positions of station Seemannshéft (“HH,” see Figure 1), the confluence of the northern and southern
channel branches, and station Sankt Pauli (see inset in Figure 1), respectively.

increased ammonium concentration levels and local bottom
oxygen depletion (Figures 10E,F). The resuspension of bottom
sediments and dispersion of detritus along the deepened limnic
reach leads to the formation of an “organic” high turbidity
zone between station D1 and the port area (Figure 10C).
The dispersion of the dead organic material and subsequent
remineralisation to ammonium is reflected by the elevated
ammonium concentration levels in the same region and, in
particular, that over the shoals (Figure 10E).

The time series of ammonium, nitrate, diatom, and
zooplankton biomass and oxygen concentration illustrate
the seasonal variability of the coupled nitrogen and oxygen cycles
in a major port basin (Figures 11A,B). The location marks a
pronounced spring bloom that is followed by the growth of
grazers and an increase in the ammonium concentration levels
(Figure 11B vs. Figure 11A). During summer, diatom biomass
remains below the spring bloom level. The similarity of the
port basin time series of diatom biomass nitrogen with the
time series of diatom chlorophyll recorded in the main channel
(Figure 11B vs. Supplementary Figure 5A) and the spatial
diatom distribution of diatom nitrogen given in Figure 10A

suggest that during summer, diatoms are advected from the main
channel into the port basins. Zooplankton, on the other hand,
appear to be of autochthonous origin (not primarily advected)
because the spatial maxima in the port basins and that in the
main channel are separated (Figure 10B). The advection between
the port basin and the main channel, the average Richardson
number and concentrations of major ecological variables are
shown in the Supplementary Figure 6. In the port basins,
grazer biomass attains comparable levels as that of the diatoms
(Figures 10A,B, 11B), indicating that they take up most of the
biomass contained in the primary producers plus additional
biomass advected to the basin (see also Supplementary Figure 6).
Zooplankton mortality and grazing then lead to the production
of detritus that functions as labile particulate organic matter.
Accordingly, detritus (brownish solid line in Figure 11A) loosely
follows the temporal development of diatoms, suggesting a rather
indirect relationship between the two variables. In Figure 10C,
the dead organic material reveals a homogeneous zone of
elevated concentrations in the area of the central port basins and
the confluence of the river branches, suggesting that the port
basins receive detritus from the major channels.
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Impact of Stratification on

Biogeochemistry

The accumulation of organic matter in the port area due
to tidal pumping could be further intensified by baroclinic
processes associated with the relatively weak ebb currents
and steepening longitudinal temperature (density) gradients
at the interface between the shallow upper estuary and the
deepened freshwater reach. The environment created by the
bathymetric jump is similar to the sloping region between the
shelf and the deep ocean or the river mouth and the shelf sea
where often plume-effects occur. In shallow, tidally dominated
systems periodic stratification is typically generated by tidal
straining. An appropriate measure to estimate the straining-
induced stratification is given by the potential energy anomaly
(Simpson, 1981):

1 n
o= 5/ #o-ni, ©

where 1) is the local water elevation and D = H + . Figure 12A
illustrates the average distribution of ® in the limnic reaches of
the Elbe estuary, including the port basins, during the period of
May to September 2012. In the shallow tidal river and over the
shoals, stratification @ is (near) zero, demonstrating locally well-
mixed conditions (Figure 12A, inset showing port bathymetry
in Figure 1). In deepened channel parts, ® clearly exceeds zero
(Figures 12A, 11C), approaching unity in the western part of
the port area, the southern branch of the bifurcated channel and
downstream from the port toward station D1. The deepened

limnic reaches of the Elbe estuary thus demonstrate average
conditions indicative of stable stratification, supporting the
hypothesis of strain-induced stratification and associated two-
layer flow.

In the freshwater regime, density gradients are necessarily
temperature-driven. Therefore, to test our hypothesis, an
additional model experiment excluding temperature-induced
density stratification is added to the study. For this purpose, the
temperature was set constant in the equation of state in the model
code (i.e,p = p (S, Twmmm,p) instead of = p (S, T, p),where
T and p refer to temperature and pressure, respectively, and
Teonstant = 14°C) and the model simulation was repeated. This
additional model experiment with constant water temperature
in the term stipulating water density (from now on “Exp-
T14”) was compared to the control run (CR) (Figures 12, 13).
Figure 12C shows the time-averaged differences in vertical eddy
diffusivity for the period of May to September 2012. Red colours
in Figure 12C represent increased eddy diffusivity in Exp-T14 in
relation to that in CR. This figure demonstrates that eliminating
the influence of temperature on water density leads to increased
mixing over the bathymetric jump and the deepened limnic
reaches (km 620 to km 690 in Figure 12C). The increase in
mixing is higher for the ebb phase of the tidal cycle (for a tidally
resolved representation of changes to near-bottom turbulent
kinetic energy, see Supplementary Figure 7), thereby reducing
the flood-positive asymmetry of the tidal mixing. Consequently,
the along-channel residual flows are slightly changed in the
opposite direction of the estuarine circulation (Figure 12B). The
modifications to the tidal mixing asymmetry and the residual
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circulation impact directly on the along-channel distribution
of the particulate organic material (Figure 12D). The detritus
concentrations decrease in the area of the bathymetric jump and
increase about 30 km downstream at the lower end of the OMZ
(Figures 12D, 13A).

The numerical experiment also manifests systematic impacts
of the temperature-induced stratification on the non-sinking
biogeochemical variables (but that are linked to detritus via
kinetic reactions, Figure 2). Time-averaged differences in
the organic sediment mass have a negative sign throughout
the port area, while the organic sediment increases in the
downstream main channel (Figure 13A). The elimination
of temperature-induced density gradients thus shifts organic
sediments from the port area toward the mid-estuarine reach,
implying that in realistic cases, temperature gradients reduce
the chances of particulate material leaving the port region.
The displacement of bottom sediment in the numerical
experiment reduces the near-bottom ammonium concentrations
in those areas where resuspension of sediment is unlikely
and ammonium is replenished primarily from sediment
remineralisation (Figure 13B). This pattern clearly applies to the
port basins (regions in blue colours in Figure 13B), which are
protected from strong tidal currents. The main channel shows
elevated ammonium concentrations in the Exp-T14 simulation
in comparison with the CR, suggesting that the increased
turbulence (Figure 12C) keeps the dead organic material
suspended, allowing for a higher remineralisation rate. The
improved vertical exchange has the strongest impact on the near-
bottom oxygen concentrations, which increase by as much as 10
mmol m~? in the port basins and by approximately 7 mmol m™3
in the main channel downstream of the port region (Figure 13C).
Increased oxygen levels allow for accelerated nitrification and
reduce denitrification, leading to enhanced nitrate levels,
particularly in the areas with improved oxygen availability
(Figure 13D). Similar to the case of oxygen, nitrate levels increase
by approximately 10% in comparison to those in the CR. The
experiment highlights the coupling of physics and biochemistry
in the freshwater reach of the Elbe estuary and, in particular,
the coupling between the oxygen and nitrogen cycles in the
port area. Alternatively, the relationship of temperature-induced
stratification and biogeochemistry can be tracked by correlating
the temporal change in stratification and the temporal change
in biological state variables. Although this approach might
fail due to a time lag between the causal signal (stratification)
and the response (biogeochemistry), Supplementary Figure 8
demonstrates systematic patterns of the correlation coefficients
of  stratification-diatoms,  stratification-mesozooplankton,
stratification-ammonium, stratification-nitrate, stratification-
oxygen, and stratification-sediment. An increase in the potential
energy anomaly is associated with an increase in the sediment
and ammonium concentrations, while oxygen tends to be
depleted. This pattern applies clearly to the port region, while
in the downstream limnic main channel (around station “D1”),
increasing stratification correlates with increasing oxygen
levels and decreasing ammonium concentrations. In this area,
stratification promotes estuarine circulation such that enhanced
near-bottom upstream flows tend to shift high-oxygen and

low-ammonium water from the mid-estuarine reaches toward
the port region.

DISCUSSION

Comparison of the Results With Other
Studies

The 3D coupled model simulations reproduced the along-
channel patterns of ecosystem dynamics known from idealised
modelling studies of the Elbe estuary (Schroeder, 1997; Geerts
et al., 2017; Holzwarth and Wirtz, 2018). The previous studies
did not address the vertical variability of hydrodynamics
and biogeochemical dynamics. In contrast with 1D and 2D
depth-averaged modelling studies, observational studies revealed
steeper along-channel gradients of ammonium downstream of
the port (Schlarbaum et al., 2010; Sanders et al., 2018). With
the help of the numerical model we developed the following
dynamical picture:

e Tidal current asymmetry and tidal mixing asymmetry,
that are flood-dominated in the deepened freshwater
reach and ebb-dominated in the shallow upper estuary,
lead to particle accumulation and enhanced horizontal
temperature gradients at the interface between the ebb-
dominated and the flood-dominated region.

e Over the deepened channel ebb flows advect the warmer
upstream waters over the colder downstream waters.

e Ebb currents are too weak to completely remove the density
stratification in the deepened main channel - the shielded
from the tidal currents port basin is characterised by even
stronger stratification.

e The periodic weak stratification reduces oxygenation of the
near-bottom region and the sedimentary layer where labile
organic material accumulates due to the tidal pumping,
which is enhanced for the actively sinking detritus by the
positive mixing asymmetry.

e The organic matter is remineralised to ammonium but
the subsequent nitrification is slowed down due to
low oxygen levels.

The simulated pattern of subtidal flow in the deepened
limnic reach is well-known from idealised modelling studies (for
example Cheng et al., 2013). These authors showed that, in weakly
stratified systems, asymmetrical mixing on flood and ebb induces
a two-layer residual flow similar to the estuarine circulation.
They isolated this effect using the buoyancy differences between
seawater and freshwater. In another simplified modelling study,
Pringle and Franks (2001) have demonstrated that buoyancy
gradients over steep topography (in analogy to the bathymetric
jump in Elbe estuary) intensify particle trapping in the region
of the slope. In our study, the buoyancy forcing is due to the
differential heating between land (warm) and ocean (cold) during
summer. In the artificially deepened channel, vertical space gets
large enough such that the differential advection by tidal straining
induces (small) vertical gradients that cannot be completely
cancelled out by vertical mixing. The crucial role of dynamical
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stratification for the oxygen budget of a semi-closed embayment
has been addressed regarding other tidal and relatively shallow
systems, like lagoons (Gale et al., 2006) and estuaries (Kuo et al.,
1991; Kim et al., 2010). These studies revealed that stratification
or mixing exert a major control on the near-bottom oxygen
levels even when the average depth of the embayment was less
than 5 m (Gale et al., 2006; Kim et al., 2010). Although density
stratification has previously been recognised in the area of the
salinity intrusion of the Elbe estuary (Burchard et al., 2004; Stanev
et al, 2019), it has not yet been systematically addressed in
the freshwater reach. From the viewpoint of physics, the subtle
temperature stratification in the deepened limnic reaches of the
Elbe estuary might appear negligible because the physical frontal
regime is the salinity front. From a biogeochemical viewpoint,
the frontal system is represented by the transition from high
to low primary producer or oxygen concentrations. We suggest
that large biogeochemical gradients respond sensitively to small
physical gradients. Rising global temperatures and mean sea level
likely promote dynamic stratification and potentially aggravate
the water quality issues projected by means of simplified (1D)
modelling frameworks (Quiel et al., 2011). Vertical stratification
and mixing are relevant aspects of the interaction between climate
change and human interventions in the limnic reaches of heavily
modified estuaries and appear to be a potentially important
element of estuarine management.

Issues Requiring Further Clarification

(Model Limitations)

A source of uncertainty in the present simulation is related
to the riverine freshwater forcing. Since the official discharge
estimate refers to a position far (50 km) from the landward
end of the estuary, we calibrated the freshwater discharge to
obtain a realistic position of the salinity front and extent of

the limnic regime. This calibration is consistent with H-ADCP
measurements at Bunthaus station, 25 km downstream from
the tidal weir (see location marked in the inset of Figure 1).
Discharge estimates based on this data demonstrate comparable
to the calibrated time series magnitudes for a period of relatively
constant flows during Febuary to June 2014 (see Supplementary
Figure 9). A new H-ADCP station is currently planned by
the Helmholtz-Zentrum Hereon in Geesthacht for a location
close to the tidal weir allowing for more reliable and accurate
estimates of the freshwater discharge into the Elbe estuary in
the future (personal communication Jana Friedrich, Helmholtz-
Zenrum Hereon). Such data are also important, because they
offer a better time resolution of the landward flow boundary
conditions. The daily discharge estimates represent a potentially
significant simplification impairing a more accurate simulation
of tidal currents and water levels in the freshwater reach.
Underrepresentation of small-scale topographical features and
discharge fluctuations are the most likely reasons for the
quantitative differences between model and simulations on the
intra-tidal scale (see Figure 3 and Supplementary Figure 1).
Simplification of the runoff variability can also affect the
biogeochemical simulation. Azevedo et al. (2014) have shown
that small-scale variability of river flow has significant impacts on
primary production and nutrient cycling on the Douro estuary.
In the shallow upper Elbe estuary and the narrow port basins,
such flow variations might increase the temporal variability of
physical processes and coupled ecosystem dynamics. Similar
considerations apply to the local atmospheric forcing, which is
also rather coarse (7 km) to account for small-scale variability
of wind direction and magnitude, precipitation and evaporation
in a metropolitan area. To further consolidate the link between
the various drivers and hydrodynamic processes in the Elbe
estuary, we advocate for dedicated surveys to measure the
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variability of currents, vertical density stratification, and physical
and biogeochemical scalars in the deepened limnic reaches and
port basins. Such surveys could help to identify drivers of physics
or biogeochemistry currently not covered by modelling, e.g., ship
traffic affecting the stability of the stratification in the water
column, dredging campaigns and dumping of dredged material.

Further, model limitations are potentially due to the 2D
resolution of the sediment layer or the omission of flocculation
of biogenic particles with inorganic sediments (also omitted).
The three-dimensional resolution of the sedimentary layer
would allow for simulation of vertical profiles of oxygen in
the sediment and thus a higher spatial diversity of zones of
nitrification or denitrification. Implementing a biogeochemical
sediment module might thus result in better reproducing the
peak ammonium levels observed in the low-oxygen zones of
the port area where sediment pore water reveals ammonium
concentrations greater than 330 mmol m~2 locally (Zander
et al., 2020). The second point has physical and biogeochemical
implications. Flocculation typically leads to increased sinking
speed, bringing the organic material quickly to the channel
bottom. The faster sinking particles will likely be even more
affected by the tidal mixing asymmetry and particle trapping
might increase. On the other hand, flocculation can lead to
oxygen deficiency even inside the aggregates creating hypoxic
or anoxic zones in the water column. This is another
possible explanation for the high ammonium levels in the
port of Hamburg and worth consideration for the coupled
modelling. Resolving floc generation would also necessitate the
representation of inorganic sediments to form hybrid inorganic-
organic aggregates and account for associated processes such as
hindered settling and formation of fluid mud layers.

Implications and Outlook

The findings of our model experiments might have potential
implications for the estuarine management and, in particular, the
construction of fairways or likewise forms of human intervention.
At the site where today particle trapping and oxygen depletion
occur, the Elbe channel depth was about 5 m at the onset of
industrialisation. Without the deepening, the hydrodynamics and
ecosystem dynamics in the present hotspot area presumably
would have been similar to the conditions to be found about
30 km upstream today (ebb-dominated peak flows, downstream
export of particles, and high oxygen levels). Geerts et al. (2017)
presented a “back of the envelop” calculation estimating that
up to 4000 ha of additional flood plains would be necessary
to raise summertime oxygen levels in the OMZ by 31 mmol
m~3. In this study, we demonstrated that reducing the weak
thermal stratification in the water column would increase oxygen
concentrations in the low-oxygen regions of the port area by up to
10 mmol m~? at the channel bottom. This is an interesting result
motivating to dedicated studies into the possibilities of channel
construction to support turbulence production, in particular
for the ebb-directed flows. The simulations presented herein
revealed a possible starting point for such considerations - the
southern estuarine channel branch in the port area. Unlike
the northern branch, the southern branch manifests a narrow
stretch of ebb-dominated mixing (bluish area upstream from

the green dashed line, at km 625 in Supplementary Figure 4B).
This anomaly is likely induced by the curvature of the southern
Elbe branch just upstream from the confluence. Pein et al.
(2018) demonstrated that channel curvature supports secondary
circulations in stratified flows in particular ebb. The helical
flows enhance the vertical exchange between surface and
bottom, pushing the salinity front (in case of salinity-driven
density gradients) seaward. An analogous mechanism (driven
by temperature gradients) could enhance ebb flows and vertical
mixing in the curved southern channel in the port reducing
the surface-bottom oxygen difference (downstream of the green
dashed line in Figure 9C). The potential of channel meanders of
improving ecosystem dynamics via enhanced helical circulation
and associated vertical mixing is the topic of a parallel study using
idealised topography.

CONCLUSION

A nested modelling system for the prediction of the coupled
physical-biogeochemical in the Elbe estuary is presented. The
model uses a 3D unstructured mesh covering the outer estuary
and part of the German Bight, the deepened mid-estuarine
reaches and the shallow upper estuary. The validation of the
model against observational data demonstrated the realistic
performance of the hydrodynamic simulations. The model
reproduced the tidal current magnitudes, phases and tidal current
asymmetry of surface and bottom flows at permanent stations in
the navigational channel with high accuracy. Using the validated
numerical model, the study revealed temperature stratification to
occur during summertime in the deepened main channel and
in the port basins. The water column stratified in a region of
pronounced flood dominance of the tidal currents and mixing,
namely in the transition area between the shallow upper estuary
and the deepened fairway and approximately 30 km down
the deepened main channel. In this region of relatively weak
ebb flows, the vertical anomalies of the longitudinal residual
circulation headed landward near the channel bottom and
seaward at the surface. Enhanced thermal stratification also
occurs in the deep port basins connecting to the main channel.
A sensitivity experiment, in which the temperature was
set constant in the density equation, revealed that density
stratification is a mechanism that promotes the retention of
the biogenic particles in the port area. In addition, the thermal
stratification controlled the local oxygen budget and coupled
nitrogen cycling. In the modelling experiment stratification
reduced and mixing increased, thereby improving the near-
bottom oxygen concentration by up to 10% in several port
basins in comparison with the control run. The enhanced
oxygen levels positively fed back onto the nitrate concentrations.
In the port region, nitrate levels increased by more than 10
mmol m~3 locally, implying enhanced (reduced) nitrification
(denitrification) rates. This exercise demonstrated that the
specific geometry of the deepened tidal river favors the formation
of density stratification associated with rather unexpected
feedbacks onto the local oxygen and nutrient levels. The
correlations between temperature and stratification, on the one
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hand, and stratification and oxygen depletion, on the other
hand, emphasise the increased vulnerability of the human-
shaped system to meteorological and climate forcing. Further
model development shall consider the origin and specific
characteristics of organic matter as well as specific interactions
between organic and inorganic particles, such as flocculation. The
current model is a useful new tool for regional studies and for
exploring management options regarding channel construction
and channel deepening. Such a tool is of particular relevance for
further scenario studies that are planned for assessing the impacts
of global warming, sea level rise and human intervention on the
catchment scale. The model is able to quantify the impact of
tailored management activities on a local scale. The mechanisms
addressed herein are potentially crucial for solving future issues of
ecological health and use conflicts in the area of the Elbe estuary
and the Elbe River catchment.
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