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Abstract

In this study, two aspects relevant for the sustainable sediment management in the Elbe estuary
are addressed: adaptive sediment management and largescale river engineering measures that
positively influence the tidal dynamics.

The estuarine characteristics of the tidal Elbe and historical interventions in the estuary are in-
troduced as well as natural and man-made estuary pressures that challenge at present-day the
sediment management. Particularly, the pressures tidal amplification and intensification of tidal
pumping are regarded as they contribute to increase the transport of fine sediments upstream.

The concept of adaptive management is reviewed in view of relevant environmental factors in the
Elbe estuary that affect sediment management actions as well as the development of measures
and solutions. Potential river engineering measures that positive influence the tidal dynamics are
discussed, in particular those that create additional tidal volume in the estuary. A largescale meas-
ure planned to counteract tidal pumping by reconnecting additional tidal volume in the tidal Elbe
is evaluated, and the hydrodynamic modelling system UnTRIM-Sedimorph employed for the as-
sessment is briefly described. The evaluated measure of reconnecting the cut-off anabranch Dove
Elbe into the Elbe estuary was developed within the IMMERSE-project in BBS Greuner-Ponicke et
al. (2020) and BAW (2021) by integrating social and technical constrains in the measure design.
Different from BAW (2021), a new module in the modelling system is employed in the assessment
presented here to simulate in more detail the sluice gate operation at the reconnection.

The effect of the anabranch reconnection on reducing tidal amplification, tidal asymmetry and
suspended particle concentration are shown. The results depicted that the measure effectiveness
reducing the upstream sediment transport was local and, considering the whole estuary, low. The
measure effectiveness was constrained mainly by the limitation on the high water level within the
Dove Elbe, as shown by BAW (2021), and to a minor degree also by the narrowed cross-section in
the weir and riverbed geometry downstream the weir. That showed that the restriction to lower
the potential measure impacts of higher water levels for the locals played a crucial role in the
measure design and effectiveness.

That case of study evidenced also that one measure alone cannot bring the tidal Elbe back into
balance as the current hydromorphological condition of the Elbe is the result of 150 years of hy-
draulic engineering measures, port constructions, fairway adjustments and coastal protection.
The combination of several measures that create additional flood space at different locations in
the estuary could have in total a major effect reducing the tidal range and the net transport of
sediments upstream. Also, a more adaptive management on the practices for maintenance dredg-
ing and relocation is necessary to improve not only the dynamics and sedimentation patters in the
estuary but also the sustainability of the use and management of the estuary ecosystem services.
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1 Introduction

The Elbe estuary comprised the tidal influenced low reach of the river Elbe. The entire trajectory
of the Elbe extends 1094 km from its source in the Giant mountains in the Czech Republic,
1.386 m above the sea, being the fourth largest river in Middle Europe (see Figure 1). The drainage
basin comprehends 148.268 km? (Boehlich and Strotmann 2008). Along its large trajectory to the
North Sea, the Elbe collects sediments, nutrients and pollutants that determine the quality of the
estuarine water and sediments.

The Elbe estuary is a valuable natural area, protected by European environmental laws, which has
a significant relevance for the economic development of the region: it is the artery of the Metro-
politan Region of Hamburg with Germany’s largest seaport and the most important shipping route
for international maritime traffic in Germany. The shore areas of the estuary are densely popu-
lated and intensively used by smaller ports, industry, agriculture, power stations, fishery as well
as for recreation and tourism.
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Figure 1. Elbe river catchment

To further the economic development in line with the environmental policy in the tidal Elbe, au-
thorities and managers must guarantee both: safe water depths for navigation and sea port access,
and a positive environmental performance of the estuary system. An adaptive, more sustainable
management that considers the tidal Elbe system as a whole is an approach to address these re-
quirements as discussed in HPA and WSV (2008), Entelmann et al. (2013), Winkel (2020) among
others, which will be followed up in this report.

Subsequently, the estuarine characteristics of the tidal Elbe and the historical management activ-
ities are briefly addressed. Following, natural and management pressures that recently challenge
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the sediment management in the estuary are introduced, as well as the framework for the devel-
opment of measures according to the present-day concept of sediment management. In chapter
two, potential measures and concepts to advance in developing the estuary sustainably are re-
viewed. In chapter three, the practical assessment of estuary measures through advanced numer-
ical methods is addressed, highlighting a case of study in the Elbe estuary about the reconnection
of a cut-off area into the tidal Elbe.

1.1 Driving forces in the Elbe estuary

Figure 2. Mouth of the Elbe estuary (Satellite image from 2017, source: EOMAP, provided by the
BAW).

The estuarine dynamics at the tidal Elbe are primary dominated by the semi-diurnal tide that pre-
dominates in the North Sea and propagates along the estuary. Tidal currents are the dominant
driving force that shapes the geomorphology of the estuary. In addition, waves and wind-forced
currents might induce now and again large transport of sediments particularly in the mouth of the
estuary. At the mouth, the averaged tidal range is approx. 2.9 m (at Cuxhaven, see Figure 3), up-
stream into the upper estuary the tide wave reflects and amplifies, so that the tidal range arises
to 3.87 m at St. Pauli in Hamburg (HPA 2022).

The tidal limit landwards is determined by a weir nearby the city of Geesthacht (see Figure 3). The
weir separates the lower reach influenced by the tide from the fresh water inflow, as long as no
storm-tide conditions prevail. Seawards from the weir within Hamburg, the tidal Elbe branches
out into the Northern and Southern Elbe. Western Hamburg, both sidearms join again and form
from here until the mouth, one main navigation channel surrounded by several islands, side chan-
nels as well as sand bars visible by low tide. The shape of this formations is in many cases the
result of river training measures carried out in the past to improve the conditions in the fairway.
By the transition to the North Sea, a major part of the funnel shaped mouth falls dry during low
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tide (see Figure 2), this area makes up part of the wadden sea; it is also a nature reserve and one
of the most morphologically active regions in the German Bight.

The wide entrance of the funnel-shaped mouth contains extensive tidal flats and sand banks that
significantly damps the wave and tidal energy that enters the estuary landwards. Morphological
changes there, caused for instances by meandering tidal channels, can significantly affect the es-
tuarine dynamics and impact tidal dissipation. In particular since 2008, a partial opening of a sec-
ondary tidal channel called Medemrinne increased the hydraulic capacity of the tidal inlet and the
incoming tidal energy into the estuary (see chapter 1.3)

Besides this natural morphological development, variations in deposition and erosion patterns
are also strongly influenced by a training wall of approx. 10 km in Cuxhaven, named Kugelbake
(between Elbe-km 720 -730, see Figure 3). Its construction began in the 1970s to stabilize the
former multichannel-system in the mouth and secured the main navigation channel.

Until the Cuxhaven-Kugelbake, the length of the tidal Elbe is 141.8 km starting from its tidal limit
at the weir (IKSE 2005). According to Boehlich und Strotmann (2008), the seawards limit of the
estuary is defined in the South by the tidal flats of the Scharh6rn-riff and in the North by a lateral
separation formed by drained sandbanks at low tide close to the great beacons A und Z (approx.
10 km seawards from Scharhoérn).
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Figure 3. The Elbe estuary (IKSE2005modified): most important tributaries and channels of the Elbe
estuary with the average annual discharges; calculated mean outflows (MQ) at selected
cross-sections; distance marking (Elbe-km) starting by 588 at Geesthacht.

Figure 3 shows also the most important tributaries and channels along the Elbe estuary that con-
tribute to approx. 85% of the drainage flows from the estuary basin area. Their annually mean
contribution (MQ) to the tidal Elbe sum up 112.73 m3/s (without the Rhin river).

The fresh water inflow from the head of estuary significantly influences the dynamics and
transport capacity of the well-mixed estuary, especially due to its large range of variability (see
chapter 2.1.1), the long term mean discharge is 695 m3/s (HPA 2022). Very high discharges en-
hance the water volume flowing during Ebb and can alter resonance and reflection patterns espe-
cially in the upper estuary. Boehlich et al. (2008) depicted the effect of high discharges on the tide
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duration and showed a notably increase on the tide ebb duration and decrease on the flood dura-
tion upstream from Elbe-km 665, when comparing feasible riverine inflows of 2,000 m3/s and 300
m3/s. High discharges enhance the flushing capacity of the estuary leading for instances to an in-
creased residual transport of particulate matter to the mouth, as showed by Weilbeer (2015). On
the other hand, very low fluvial inflows boost the import of marine sediments into the upper part
of the estuary. In this case, also fluvial loads are barely transported downstream from Hamburg.
In general, such natural variations on the fresh water inflow influences estuarine processes on the
tidal Elbe system like barocline processes, salinity intrusion, trapping effect of the turbidity max-
imum (ETM), as well as biogeochemical processes. Holzwarth’s investigations (2018) depicted,
how the natural variability in fresh water discharge affects the riverine water age within the es-
tuary, and the implications of this on degradation of riverine organic matter and oxygen depletion.

1.2 Long-lasting adaptation for human activities

Major adaptations in the estuarine environment for human activities began approx. in the 13t
century at the Elbe estuary. For agriculture purposes, foreshore areas were diked and the hinter-
land drained to gain land. This resulted in soil subsidence in hinterland areas that are today below
the mean sealevel. For flood risk protection, extensive areas were also diked and floodplains dras-
tically diminished. Specially after the severe storm surges events in 1962 and 1976 major flood
protection measures cut off the tidal influence in the foreshore areas, tributaries and sidearms.
Since 1900, the Northern foreshore areas in the state Schleswig-Holstein, have decreased 50 %
and the Southern foreshore areas in the state Lower Saxony 75 % (Elbe estuary working group
2012).

The construction of the tidal weir in the city of Geesthacht in 1956/1960 was also a significant
intervention in the estuary that fixed a tidal limit 20 km upstream of Hamburg causing a partly
reflection of the tidal wave and an increase in the tidal amplitude in Hamburg (Freitag et al. 2008)

For navigation and port accesses the river channel has been deepened and widened several times.
Until 1868 the tidal channel downstream Hamburg was maintained to a water depth of 5.30 m
(Boehlich and Strotmann 2008), today, container vessels with a regular draft of 13.5 m can leave
the Port of Hamburg without restrictions to tidal water level. A draft up to 14.10 m is possible for
larger container vessels (62.5 m wide or 400 m large) by using flood tide (WSA Elbe-Nordsee
2021). The strengthening of the river channel altered the tidal dynamics of the Elbe. The deepen-
ing of the channel reduces the effect of bottom friction on the flowing water mass, so that the
incoming tidal wave is less dampened and more tidal energy moves upstream amplifying the tidal
wave. In particular, it caused in the tidal Elbe a decrease of the low water.

The cumulation of these human interventions combined with natural changes on the geometry of

the estuary led to an increase of 1.48 m in the tidal range from 1950 to 2021 in Hamburg, St. Pauli
(HPA 2022), as depicted in Figure 4.
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1.3 Present-day natural and man-made pressures for the Elbe estuary management

Tidal amplification, e.g. the increase of the range between high water and low water towards the
inner estuary, is one of the pressures that has become intensified over the last decades in meso-
and macrotidal estuaries like the Elbe, Weser, Scheldt and Humber (TIDE 2012, 2012). The inten-
sification of the tidal amplification is associated with changes on the estuary geometry (e.g. after
the construction of dykes and barriers, the deepening and widening of the main channel) and the
removal of sandy sediments out of the system that reduced friction and dissipation of energy. In
the Elbe, a progressive increase in the tidal range over the last 70 years is observable at the inner
upper part of the estuary (see Figure 4), particularly the decrease of the low water levels has fos-
tered the amplification of the tidal wave landwards.

10 1 Deepening of the Fairway (since 1905)
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Figure 4. Water level at gauge St. Pauli, Hamburg (upper estuary) from 1950 until 2020. Source
Hamburg HPA, 2020 (modified)

An increase on the tidal range is linked to changes on the propagation rates of the tidal wave, the
transport regime of sediments and salt intrusion. Variations on the amplification of the tide might
reflect shifting dynamics in the estuary system in response to natural processes or man-made in-
terventions that could influence several uses of the estuary services. In the Elbe estuary, an accel-
erated increase in the tidal range was observed from 2013 to 2018 together with an increase in
the current velocities and higher levels of turbidity. Here, the high morphological activity of the
mouth of the estuary was found to be a major cause, in particular the meandering of the two side
arms Medemrinne and Klotzloch (see black rectangle for 2010 and 2016 in Figure 5) which in
2018 intersected each other and partially joined into a wider branch with enhanced hydraulic
capacity (Weilbeer et al. 2021). This meander migration caused the removal and deposition of
large amounts of sediments, and an increase in the tidal energy entering the estuary (at least tem-
porary), similarly to the morphological activity observed between 1998 and 2002 (Freitag et al.
2008). Weilbeer et al. (2021) concluded that the accelerated increase of the tidal range and sedi-
ment transport upstream after 2013 were caused by the combination of the recent morphological
changes in the mouth of the estuary, a long period of low mean annual freshwater discharge and
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the recirculation of dredged material after relocation works around the port of Hamburg. An in-
crement in the tidal energy, sediment availability and the long-lasting low mean annual freshwa-
ter discharge explained the higher amounts of dredged material (fine sediments) at highest in
2014 upstream the middle estuary (Weilbeer et al. 2021).

m above NHN
I e @
=30 =20 -17 -14 -11 ] %536 1 4

Figure 5. Morphological activity at the mouth of the Elbe estuary. Topography in 1970, 2000 and
2006 from DEM. Black rectangle shows the west-north displacement of the side arm Medemrinne.

Different studies showed the effects of tidal asymmetry on the net sediment transport in tidal
systems (Ridderinkhof 1997; van de Kreeke and Robaczewska 1993) and in the Elbe estuary (e.g.
(Freitag et al. 2008; Weilbeer 2015). The intensification of the net sediment transport upstream,
so-called tidal pumping, is particularly a pressure of a matter of concern in the Elbe estuary due
to the economic and ecological impacts of higher turbidity and increased dredging activities
needed to maintain the waterway.

Tidal asymmetry typically refer to a deformation of the tidal curve along an estuary with tidal
variations primary in channel depth, when the tidal wave propagates faster during high water
than during low water due to the water depth difference between both phases (Boehlich and
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Strotmann 2008; Friedrichs 2010). But different types of tidal asymmetry can be distinguished:
the asymmetry mentioned above owing to a difference in the duration between rising and falling
tides; flow asymmetries owing to differences in the duration and magnitude of flood and ebb cur-
rents (Song et al. 2011), and those owing to differences in the vertical mixing (Scully and Frie-
drichs 2003; Winterwerp 2011).

Following Song et al. (2011) and Gong et al. (2016), three tidal asymmetries can be evaluated by
the skewness, for instances to obtain insights about the sediment transport patterns: The tidal
duration asymmetry (TDA), which reflects the difference between the duration of rise and fall
water levels, depicting whether a tidal phase lasts longer than the other one. The flow velocity
asymmetry (FVA) which is the difference in the magnitude of the maximum velocity during ebb
and flood tidal flow, and the flow duration asymmetry (FDA), which is the difference in the dura-
tion of the slack water going from flood to ebb and vice versa. FVA and FDA are relevant for the
study of sediment transport (Gong et al. 2016). Figure 6 shows the evaluation of these three asym-
metries for a validated model of the Elbe estuary in the reference scenario with the bathymetry of
2016 (including the fairway deepening that finished in 2022), within an analysis window of four
weeks in May-June 2016 (see also reference Elbe estuary model in 3.2.1.1).

In Figure 6, positive (red) values depict a positive asymmetry: for the TDA (upper panel in Figure
6), the dominating positive asymmetry over the whole estuary means a shorter duration of the
rising tide which is expected for a funnel-shape, hydromodified river as the tidal Elbe, where the
tidal variations dominate in the channel depth (Friedrichs 2010). A decrease in TDA (blue in Fig-
ure 6) is observed in some sections with tidal flats and fringing marsh where the tidal variations
in width might dominate so that the low tide propagates faster. Also the interactions of the semi-
diurnal tides (e.g. M2 and M4), which predominate in the Elbe estuary, are in favor of generating
a positive tendency according to Gong et al. (2016).

The asymmetries in the flow velocity (FVA) and flow duration (FDA) can be used as a proxy for
the direction of sediment and substance transport. The FVA gives insights about the direction of
the bedload transport. It reflects whether the maximum magnitude of the current velocities in
one tidal phase is higher than in the other one, considering the influence of the residual flow. It is
positive when the flood current is dominant and negative when the ebb flow is dominant. In the
middle panel in Figure 6, the modelled reference scenario shows to be ebb dominant up-estuary,
where the estuary is shallower and the influence of the freshwater discharge is greater, but also
in the mouth, where by lower water levels the ebbing flow is confined in the channel and less in-
fluenced by the tidal flats, so that it can reach higher velocities than the flood current velocities
that are reduced by the extensive tidal flats (during rising tides).
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Tidal duration asymmetry

Flow velocity asymmetry
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Figure 6. Tidal asymmetries, TDA (above), FVA (middle), FDA (bellow) after Gong (2016) for a refer-
ence scenario of the Elbe estuary with topography of 2016.
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A positive asymmetry in the flow duration (FDA) reflects a shorter duration of low water slack
and longer duration of the high water slack, which favors the landward transport of fine sediment,
while a negative asymmetry favors the seaward transport of fine sediments (see lower panel in
Figure 6). The reference scenario of the Elbe estuary exhibits in Hamburg a tendency of a positive
asymmetry, which becomes predominant in the port basins in Hamburg. Downstream of the
mouth, the tidal creeks in the tidal flats show a negative asymmetry, whereas the navigation chan-
nel shows primarily a positive tendency of the FVA. In Figure 6, it is also observable that FVA and
FDA are opposite to each other in some estuary regions as they are in favor of different sediment
transport patterns.

Besides tidal pumping, other pressures of concern at the Elbe are sediment-bound pollution and
recirculation of dredged material. These (exclusively) man-made pressures exacerbate the im-
pacts of tidal pumping on the sediment management measures.

1.4 Framework for the measure development in the Elbe sediment management

Measures for the maintenance of the tidal Elbe as a federal waterway are in the competence of the
Federal Waterways and Shipping Administration (WSV), except for the Harbour area, where the
Hamburg Port Authority is responsible for the water and landside infrastructure. Besides, the im-
plementation of measures for example for flood risk protection and monitoring are principally in
the competence of the federal states of Hamburg, Lower Saxony and Schleswig Holstein within
their territory, in coordination with the monitoring coordinating group FGG, Flussgebietsgemein-
schaft Elbe, which is in charge of the national surveillance monitoring of the Elbe catchment. The
estuary management is therefore a join task of different governmental or federal authorities with
different competences.

Since 2008, the management of the estuarine sediment has followed a concept developed in dis-
cussions with the federal states of Hamburg, Lower Saxony and Schleswig Holstein, and agree-
ment between the Federal Waterways and Shipping Administration (WSV) and Hamburg Port Au-
thority. The River Engineering and Sediment Management Concept for the Tidal River Elbe -
Strombau- und Sedimentmanagementkonzept Tideelbe (2008) aimed to contribute to the long-
term sustainable development of the tidal Elbe by developing and implementing measures at
short, medium and long term. It considered measures of three kinds: river engineering measures
to modify the unbalanced sediment budget and the intensified tidal pumping; measures to opti-
mize the maintenance practices and relocation strategies; and measures to reduce the polluted
dredged material (see Figure 7). Towards implementation, suitable locations for both, relocation
of dredged material and river engineering measures were discussed with the stakeholders and
interest groups of the estuary region and forward concretized (Dialog Strombau- und Sediment-
management Tideelbe 2015). In that consultation process, more than 20 locations were prese-
lected for the forward development of river engineering measures that might reduce the tidal am-
plitude (i.e. tidal range), influence the erosion and siltation patters in the estuary system and so
modify the unbalanced sediment budget.
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Elbe River Engineering and
Sediment Management Concept

Modify the unbalanced
sediment
budget

Optimize maﬁntenance Reduce contamination
dredging levels

- Land treatment
and deposition of
dredge spoll
- Cross-border so-
lutions at catch-

' ment level

i. Re-connection of cut-off
anabranches

ii. Realignment measures

iii.

River engineering Relocation strate-
IMEESIES gies

Figure 7. Measure categories intended in the Elbe River Engineering and Sediment Management Con-
cept (2008)

Since 2016, the estuary partnership “Forum Tideelbe” has continued this process in discussion
with interest groups and stakeholders of the estuary to give a recommendation to the responsible
authorities about feasible locations for measure implementation considering the ecological and
socioeconomical conditions. In chapter 2.2, this sort of largescale river engineering measures are
discussed and in chapter 3.2, a case study is presented for the hydro-morphological assessment
of one of the potential locations considered by the estuarine partnership for a detailed evaluation
and feasibility study.

2 Management measures for the sustainable development of Elbe estuary

In the advancement of measures for a sustainable development of the Elbe estuary, two aspects
are here emphasized: adaptive sediment management and long-term measures that positively in-
fluence the tidal dynamics. At the following, the concept of adaptive sediment management and
long-term measures proposed in the River Engineering and Sediment Management Concept for
the Tidal River Elbe are discussed.

2.1 Adaptive sediment management

The Elbe estuary is a diversely and intensively used environment located at the intersection of
different federal states, delimiting geographic borders. Whereas sediment-related transport
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processes act on the estuarine environment at a system-scale, the administration and manage-
ment of the estuary is shared between federal states and governmental authorities with different
jurisdictions and competences. A coordinated sediment management can be challenging, since a
common understanding between several estuary players is required in view of the functioning of
the estuary system. A joint fact-finding regarding present-day pressures and potential cross-bor-
ders solutions is needed, so that management actions can react flexible and adaptively to natural
or anthropogenic estuary pressures.

From a higher level, at catchment-scale, hydrological and sedimentological processes prescribe
the fluvial sediment loads and particle-bound pollutants that enter into the estuary. At the estu-
ary-scale, those fluvial discharges mix with marine loads and with those trapped, exiting loads
within the estuary. Transport and settling rates of both sediments and particle matter undergo
high dynamic mixing processes along the entire estuary. Thus, joint responses and adaptive ac-
tions in response to pressures like tidal pumping, recirculation of dredged material or sediment
pollution must build on a common understanding of the system and clear collective objectives
followed by the estuary stakeholders towards the sustainable development of the estuary. On this
basis, sediment strategies can be continuously adjusted and improved following an adaptive sed-
iment management that facilitate decision-making.

Adaptive management was proposed by CEDA (2015) as a decision framework that can facilitate
decision-making by allowing management actions to be progressively adjusted in response to out-
comes from monitoring and evaluation. Different than the usual execution of a fixed management
plan, the flexibility of this approach should allow management actions to be periodically adjusted
to meet sustainable objectives and goals, by intensifying monitoring and correcting when needed,
to response to uncertain variables (e.g. sea level rise and its impact on tidal pumping). This flexible
approach can improve strategies in sediment management and in the collective use of the estuary
services at the Elbe estuary, as decision-making is continuously supported by monitoring and
through a stepwise reduction of uncertainty of environmental effects at each revaluation of mon-
itoring outcomes. For that, estuary managers should commit on the overall goals and objectives
that steers management actions in line with monitoring outcomes.

From a practical perspective, adaptive management and flexible practices in sediment relocation
can improve the efficiency of maintenance works at the tidal river Elbe, when considering inten-
sive monitoring and forecast of the freshwater discharge. At the Elbe estuary, freshwater dis-
charge is a variable factor that determines the flushing capacity of the river flow and can boost
sediment transport in both ways in the tidal stream. A flexible strategy to decide where and when
the relocation of the sediments is effective can allow managers to react ad-hoc to changes on me-
teorological and hydrological conditions that might increase or decrease the freshwater discharge
and plan maintenance works making use of favorable conditions and minimize wasting resources
or unfavorable depositions.

Adaptive activities can lead also to a more sustainable and efficient management where the effects
of engineering and maintenance measures are uncertain or predicted with low confidence. Cli-
mate change scenarios, changing environmental regulations and new technologies are factors that
impact long-stablished human activities and uses, and challenge managers in planning the future
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development of the estuary. As the severity of the impact for future activities might be not accu-
rate for planning at long term, management measures require a vision to follow and a cyclic eval-
uation, where uncertainties are renewed estimated with new findings and within an updated con-
text (EMOVE 2015; CEDA 2015)

2.1.1 Freshwater discharge forecast

The freshwater discharge at the head of the Elbe estuary (gauge station Neu Darchau) varies sig-
nificantly; in the past 96 years from 1926-2021, the mean discharge was 695 m3/s, whereas the
lowest discharge was 145 m3/s (LQ) and highest 4050 m3/s (HQ) (HPA 2022). The MLQ and MHQ
derived from 01.11.1874 - 31.12.2020* were 270 m3/s and 2000 m3/s, respectively.

This variation of the river discharge influences the flux of suspended material transported down-
stream. Such very high or very low river discharges flush with a very different strength towards
the sea, regulating the residual energy of the tidal current (net energy of the current integrated
over one tidal period). Therefore, the reach of the sediments and settling rates along the estuary
vary in interaction with the magnitude of the freshwater discharge. Following that, the need of
dredging in the fairway or in the harbour entrances is boosted by long dry periods and small dis-
charges, and it is lowered by high water events. In 2013, the summer high-water event at the Elbe
(HHQ = 4070 m3/s in June) lowered the dredging need to minimal values during Winter and still
in 2014 the dredged volume hold very low to 2.1 million m3 (Weilbeer et al. 2021). On the other
side, the low river discharge observed on average between 2014 and 2019 (MQ lower than 500
m3/s) intensified the need of dredging works and in combination with other factors lead in 2016
in Hamburg to 14.3 million m3 of dredged volume (Weilbeer et al. 2021).

Given that variability on the natural sediment transport, flexible strategies to plan dredging activ-
ities are more effective, when they consider the freshwater discharge. Estimations able to forecast,
for instances, high freshwater discharge within days can provide relevant information to optimize
dredging and reduce maintenance works. Also, when very low discharges are expected for long
periods, it might be useful to recognize inefficient relocation and disposal on-time, and avoid
dredging cycles that increase maintenance works. These dynamic actions following an adaptive
strategy require coordinated, inter-jurisdictional reactions estuary-wide. Hereby, hydrological
and hydrodynamic operative models are useful technologic tools in addition to monitoring, for
example to estimate the likely run-off and expected freshwater discharge, and calculate the hy-
drodynamics and expected transport of SPM and bedload in the tidal reach.

First approaches have been started in the Elbe to develop operative models that provide ad-hoc
decision-making data. For instances, a hydrological six-weeks forecast for the freshwater dis-
charge at the head of estuary (Neu Darchau station) was initiated by the National Meteorological
Service, the Deutsche Wetterdienst (DWD), and Federal Institute of Hydrology (BfG) of Germany
(Frielingsdorf et al. 2018).

1 Data source: https://undine.bafg.de/elbe/pegel/elbe pegel neu darchau.html
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The BAW started the development of OPTEL-C, an operational tidal model for the tidal Elbe, using
the hydrodynamic numerical model UnTRIM (BAW 2011). The model has been extended for the
German Bight (German Bight Operational Model, GBOM) and is employed at present-today
to calculate daily forecasts of water levels and current velocities in 2D. Also, a conceptual model
used by the port of Hamburg to estimate the dredging needs has been advanced in its efforts to
correlate low freshwater discharges with dredging cycles (Weilbeer et al. 2021).

Open questions for further development regard modelling frameworks that operatively simulate
the potential transport and deposition of sediments (within days/weeks) using climatological-
hydrological forecast-models and hydrodynamic operative models. Those might be particularly
useful for the ad-hoc planning of maintenance works in waterways. Developments to meaning-
fully integrate non-deterministic data from forecast-models with deterministic hydrodynamic
models are required, as well as suitable approaches to quantify the uncertainty of such combined
prediction models.

2.1.2 Integrated estuary management

2.1.2.1 Interplay between abiotic and biotic parameters in transport process

The understanding of the physical processes related to abiotic parameters like water levels and
current velocity have played a significant role in coastal engineering and in sediment management
measures. For many engineering problems, advances in describing the transport phenomena re-
lated to fluid dynamics and estuarine circulation has been imperative to develop engineering
measures by means of numerical modelling.

New findings and a better understanding about the biological effects on sedimentological pro-
cesses have encouraged scientific efforts in developing process-based models that better repre-
sent interconnected mechanisms between abiotic and biotic parameters in sediment transport;
process like for example bioresuspension, flocculation or seasonal biomass-sediment interac-
tions. For instances, the role of the biologically mediated flux in the water-sediment interface and
its effect on the SPM-dynamics has been demonstrated (Graf and Rosenberg 1997; Le Hir et al.
2007). Here, benthos-organisms are responsible for influencing erosion and sedimentation pat-
terns of fine particulates. This could be demonstrated near-bed at the shallow North Sea shelf and
quantified by means of numerical modelling (Graf and Rosenberg 1997; Le Hir et al. 2007;
Nasermoaddeli, Mohammad Hassan et al. 2014; BAW 2016). These advances in understanding the
influence of biotic parameters on sediment transport process can reduce the uncertainty of pro-
cesses usually neglected in the modelling systems, and improve the reliability of model-based sed-
iment management assessments.

On the other side, the influence of abiotic parameters on biotic parameters is crucial for the func-
tioning of diverse ecosystems in the estuary. Physical factors as the flow current, substrate (e.g.
sediments and SPM), temperature and oxygen are major factors of importance to the biota (Allan
1995). Sediment management practices cause changes on those physical factors, at different
scales; dredging, relocation or deposition of sediments can pose challenges for the biota to adapt
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to alterations in the habitats, but also opportunities to improve the ecological conditions through
purposeful designed engineering measures. Thus, potential environmental effects of the uses of
estuarine resources should be integrally assessed wherever the state-of-the-art approaches allow
it. Integrative methods including biogeochemical interconnections in 3D numerical models have
been developed with this purpose and employed, for instances at the Elbe estuary, to assess the
implications of man-made bathymetric modifications on the dissolved oxygen (Holzwarth 2018).
Following the later, good practices in an adaptive sediment management might emerge from in-
tegrative approaches that employ interdisciplinary knowledge and technologic tools like numeri-
cal models that help to quantify approaches to achieve a more sustainable and cost-efficient estu-
ary management. The less uncertainties about the interplay of abiotic and biotic factors in estua-
rine processes (e.g. bioresuspension, flocculation, seasonal biomass-sediment interactions), the
more accurate and proper are measures and strategies that aim the sustainable development of
the estuary region. Nonetheless, appropriate methods to assess the development of the estuary
are essential to fulfil the requirements of the EU legislations (e.g. WFD, MSFD).

2.1.2.2 Integration of estuarine ecosystem services and sediments

Estuarine environments provide direct or indirect contributions to human well-being in form of
natural resources, so-called ecosystem services. Their correct functioning builds in many ways
the sustainability of economic systems (TEEB 2010). Ecosystems in estuarine environments pro-
vide food sources, water for navigation, sand provision, as well as regulating services like the dis-
sipation of tidal and wave energy that regulates the flow current, mitigates storm surges, river
peak discharges and allows i.e. safety navigation (Liekens et al. 2013).

Sediment management activities make use of ecosystem services related to the flow current, and
natural fluxes of particle matter. For example, the flush capacity of the freshwater discharge is a
natural service, on which dredging strategies in the tidal Elbe relies (e.g. on the typical, historical
time series of freshwater discharge). Also, morphological features like sand bars or intertidal ar-
eas, exert a natural damping function of tidal and wave energy through friction, which regulates
water levels and the amount of sediment transported into the estuary, diminishing tidal pumping.
According to the studies in the TIDE-project (Sander et al. 2012; Liekens et al. 2013; TIDE 2012),
the ecosystem services with the highest demand in the estuaries Elbe, Weser, Scheldt and Humber
are the supply of water for navigation ( i.e. presence and use of water for shipping purposes),
regulating services of the water quantity for transportation (i.e. river discharge and tidal charac-
teristics that lower dredging) and biodiversity (Sander et al. 2012).

Sediment management activities can alter the functioning of these natural benefits as they inter-
fere in the natural evolution of the morphology and sediment drift across the estuary. The inter-
ference might be temporal, positive or negative and to a minor or major degree. The high demand
and followed intensive use of ecosystem services for shipping and port access suggest that sedi-
ment management actions require flexible, resilient practices to safeguard both, the proper func-
tioning and sustainable supply of the natural estuary services: the functioning of the estuarine
habitats can be impacted for example by dredging works due to enhanced turbidity or direct im-
pact on benthic communities (Sander et al. 2012) and the sustainable supply of the regulating
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benefits for navigation like riverbed friction, river discharge and tidal forcing can be impacted for
example by to sea level rise, i.e. climate change.

The integration of estuarine ecosystem services into an adaptive sediment management requires
measure assessments regarding the performance of the estuarine habitats present in the estuary.
Methodologies to determine the ecosystem services were suggested for example by TIDE (2012),
and an evaluation tool developed and applied in the Scheldt estuary (Boerema et al. 2020).
Hereby, the quantification of the physical interactions is also essential, for example to evaluate
sediment management activities and engineering works and their impact on the estuarine habi-
tats. Advanced physical-mathematical models are therefore an important basic tool to assess es-
tuary measures. Based on measure assessments, cost-benefit analysis of possible scenarios can be
compared, and so, decision-making in sediment management strategies supported.

2.2 Long-term positive influence on tidal dynamics

Tidal pumping has become a matter of concern at the Elbe estuary due to the increased need of
dredging to secure safety navigation in the Elbe waterway to Hamburg. The entities that adminis-
trate the waterway and are responsible for its maintenance (WSV and HPA) decided to further
river engineering measures that positively influence the tidal dynamics at long-term and counter-
act the unbalanced regime of the sediment transport (HPA and WSV 2008). Largescale river engi-
neering measures were foreseen to reverse, or at least to lower a further intensification of tidal

pumping.

Largescale river engineering solutions like realignment measures, and those conceived to activate
new channels or polders in the estuary can positively influence the estuary dynamics by increas-
ing the local tidal volume (tidal prism). To increase the tidal volume, measures can be differently
implemented, for instances by widening and excavating silted up areas (see e.g. pilot at the Sea
Scheldt in IMMERSE WPA 5.4) or by reconnecting cut-off estuary areas like assessed for the Elbe
estuary by the (BAW 2021). The main aim of this type of measure is to damp tidal (wave) energy
by spreading it over a larger cross-section and so reduce tidal amplification and tidal pumping.
Other benefits of allowing the tide to run over larger flood areas relate the decrease of the high
water levels which helps to reduce the storm surge flood risk, or the improvement of the ecologi-
cal conditions by creating intertidal areas where estuarine habitats can develop (Kniippel 2012;
Boerema et al. 2013).

According to the investigations of the BAW (2014; BAW 2021; 2021), three key factors are im-
portant to obtain the largest possible hydraulic effect reducing tidal amplification and tidal pump-
ing by this type of river engineering measure (e.g. realignment measures or reconnecting cut-off
areas):

- Location along the estuary, where tidal volume is reconnected or re-created for tidal flood-
ing. Since the Elbe estuary is funnel-shaped (narrower and shallower upstream), the in-
crease of the tidal volume next to the wide mouth (up to approx. 17 km wide) has a lower

local effect on the water levels than the same tidal volume would have in the upper estuary
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or within the Hamburg harbour, where the cross section of the tidal Elbe is smaller (e.g.
the anabranch Northern Elbe in Hamburg is approx. 300-500 m wide and 5-20 m deep
below German Datum NHN).

- Tidal prism: the water volume created in the connected areas above mean low tide level
is determinant. Water volume under mean low tide is neither filled, nor drained by the
tidal wave (within average tidal level) and thus, it does not influence the flow conditions
of the main river. The larger the tidal prism (tidal volume between MLT and MHT) con-
nected to the main river the greater is the effect on the water levels and velocities in the

main river.

- Flow cross section: the depth and width of the cross section that connects the main river
to the new flooding area can change the expected effect of a certain tidal volume. A small
cross section can turn into a bottleneck and reduce the effectiveness of the measure.

The physical response to a specific re-activation of a cut-off area of the estuary is in general well
known, however the real effectiveness of a measure has to be evaluated for every different place
of implementation because of differences on the morphology and hydrodynamics, and the non-
linearity of the tidal dynamics. Detailed studies, for instances by means of numerical modelling,
are required to calculate the effective influence of a specific location on the estuary dynamics, the
effective estuary volume connected, and the design of the cross section between the main river
and the connected area.

Besides the physical and technical considerations, uses and potential impacts in the concerned
area play a crucial role in the measure design. This was evidenced in the assessment of reconnect-
ing the former anabranch Dove Elbe to the Northern Elbe at the Elbe estuary, in which at the end
of stakeholder involvement the potential tidal volume for the reconnection was reduced 54%
from approx. 5 million m3 to 2.7 million m3 to lower the measure impact for the local stakeholders
(BAW 2021). That constrained the measure effectiveness in reducing tidal pumping and tidal am-
plification (see chapter 3.2).

3 Assessment of estuary measures through numerical methods

The flow conditions of an estuary are typically subject to dynamic processes that result in a slow,
but continuous change of the estuary shape. The river bed, tidal flats and shoal areas are subject
to non-steady and in many cases high active hydrodynamics caused by the sum of astronomic
forces, meteorological conditions, riverine discharges, as well as anthropogenic interventions.
These combined processes ongoing in an estuary are difficult to track or classify based on obser-
vations. Especially, natural and man-made induced changes appear undistinguishable in meas-
urements of hydrodynamic parameters (e.g. water level, flow velocities or sedimentation rates)
and cannot always be differentiated by means of measurement analyses, particularly, when it
comes to understand the trigger of a certain change in the dynamics or to estimate the effects of
an engineering measure on the estuary. Numerical models have been used in the scientific scene
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to fill that gap. They model processes and mechanisms at a defined scale observed in nature,
solving mathematical equations numerically that cannot be resolved through analytical meth-

)
/| | yneap tide
" spring tide

solar irradiance
surface radiation

Figure 8. Estuarine physical processes

Figure 8 depicts important process that characterize an estuary in a physical system. The most
relevant of them are considered in the hydro-morphological model system UnTRIM -Sedimorph
employed at the BAW to investigate engineering measures in the German estuary systems.

3.1 Hydro-morphological model system UnTRIM -Sedimorph

The BAW uses spatially detailed three-dimensional modelling to simulate the morpho-hydrody-
namics at the Elbe estuary. The modelling suite is based on the mathematical numerical method
UnTRIM (Casulli 2009) and the morphological model Sedimorph (Malcherek et al. 2005). The hy-
drodynamic model UnTRIM solves time-dependent, non-linear differential equations related to
free-surface flow and transport problems on an unstructured orthogonal grid (see Figure 9). Sedi-
morph is a software package that models two or three-dimensional fractioned sediment transport
in the river bed and the related morphological process like for example the bed evolution. Details
about the numerical methods can be found in the validation documents by Casulli and Lang
(2004), and Malcherek et al. (2005).
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Figure 9. Unstructured orthogonal grid, with complex bathymetry of the Elbe estuary model domain
(left), zoomed in to Hamburg harbour (right)

UnTRIM computes a system of differential equations that represent the physical conservation
laws for water volume (continuity equations), linear momentum (Reynolds-average Navier-
Stokes equations), and transport mass for salt, heat (temperature), suspended sediments or con-
servative tracers (advection-diffusion equation). Those equations are solved numerically within
a model domain defined by an unstructured orthogonal horizontal grid (combination of triangles
and quadrilaterals) and vertical z-layers that discretized the topography of the investigated area
and can model complex geometry and bathymetry (Figure 9). Also, full drying and wetting zones
like tidal flats are part of modeled area. The model domain is also determined by certain boundary
conditions, for instances, unsteady tidal water levels at the sea boundary and unsteady river in-
flows at the head of the estuary. Details about the governing equations, discretization methods
and numerical approaches can be found in the works by Casulli and Zanolli 1998), Casulli 1999),
Casulli and Walters 2000), Casulli and Zanolli 2002), Casulli and Zanolli 2005) Casulli 2009).

Sedimorph computes, coupled to UnTRIM, the bedload transport in the undermost z-vertical lay-
ers, balancing both: the mass movements of different grain classes within the bottom layer, and
the vertical load exchange between the water column and the river bed resulting from deposition
and resuspension. It computes the bed roughness resulting from grain and form roughness, bot-
tom shear stress, bed load transport rates, bed evolution, sediment distribution and porosity pre-
diction. Details about governing equations can be found in Malcherek et al. (2005); approaches
and improvements recently implemented into the Sedimorph model can be found in
BAW (2020b).
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Figure 10. Model system for sediment transport in UnTRIM-Sedimorph
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Complementary modules have been incorporated to the hydrodynamic model system UnTRIM-
Sedimorph to improve the process-based descriptions of physical phenomena related to coastal
dynamics and parameters that are characteristic for tidal waters (see Figure 11). Advances in this
field from the scientific community are continuously implemented in the modelling suite, as well
as improved methods for computational efficiency, numerical treatment and postprocessing anal-
ysis and visualization (Lang 2017).

UnK UnTRIM delwaq

Waves  +——— Hydrodynamics > Water Quality
Transport Biogeochem. Processes

DredgeSim SediMorph MudSim

Sediment «——— SedimentInventory <+ Fluid Mud Dynamics

Management Roughness

Bed Load Transport

Figure 11. HN-Modelling system

3.1.1 New feature: Operational Weir

An important characteristic of the architecture of UnTRIM is its modular setup. This property al-
lows developers to integrate complementary modules coupled to the hydrodynamic computa-
tions, for instances, to simulate alterations in the flow regime and sediment transport resulting
from management works like for example the package DredgSim does by modelling dredging and
dumping of sediment.

During this investigation the feature “Opweir" was programmed and incorporated in the suite
model to simulate the operation of hydraulic structures like sluice gates at runtime and control
weir sections in the model domain depending on the model results. This feature steers the weir
height according to user-defined thresholds for the flow conditions, enabling a more efficient sim-
ulation for the operation of weirs since the modeler doesn’t need to know or estimate the exact
times of changes on the weir height. Opweir proofs the flow conditions at observation points in
the model domain (see Figure 12) and determine whether the weir height should change. For ex-
ample, when the water level exceeds or falls below a given threshold at an observation point, the
weir height is modified at runtime, simulating the closing or opening operation of a weir gate.
Besides the water level, control conditions can be defined based on a threshold for the magnitude
or direction of the flow velocity and the speed of water level change. The difference of the water
levels and current magnitudes between two given observation points can be also used to define
control conditions. The control conditions can be specified for certain dates, times or weekdays
and different conditions can be combined logically (AND or OR connections) to build chain of rules
for the weir operation that might be close to reality (OP_WEIR.DAT 2021). The application of this
feature for a measure assessment is shown in the following section.

Page 19



BAW = Assess adapted sediment management in the Elbe through use of new numerical = June 2022

Observation Observation
point 1 Weir point 2

0 5000  1000.0 m et
—— | R D - B
superelevation - 125.0-times 0 1. 2 3 4.

Figure 12. Flow velocities in a longitudinal profile, downstream and upstream of a weir. The veloci-
ties at both observation points (together with thresholds) can be used to steer the weir
height.

3.2 Case of Study: reconnection of cut-off estuary areas

One of the long-term solutions formulated in the River Engineering and Sediment Management
Concept for the Tidal Elbe River (2008) bears on the creation of additional flood space in the es-
tuary. Through an increase of the tidal volume (tidal prism) at a suitable location along the estu-
ary, this type of measure could reduce tidal pumping and, thus, the amount of sediments trans-
ported towards the upper estuary (see chapter 2.2).

Three locations to reconnect former estuary areas to the tidal Elbe were preselected by the estu-
arine partnership Forum Tideelbe (2020): at the former anabranches Dove Elbe and Alte Siider-
elbe, and in the diked wetland Haseldorfer Marsch. Within the IMMERSE-project, a measure layout
for the reconnection of the Dove Elbe has been developed, which integrates social and technical
constrains (BAW 2021).

The present case of study shows the use of the modelling system UnTRIM-Sedimorph for the as-
sessment of the Dove Elbe reconnection and the application of the feature Opweir simulating the
weir operation. In the measure layout, specifications to control the water levels in the anabranch
Dove Elbe were considered to reduce the impact of the current uses for the locals and improve the
ecological state: for instances, a restricted tidal exchange was planned which lowers the tidal wave
upstream the anabranch. In BAW (2021) this measure layout has been assessed with the same
modelling system but using a simplified approach at the weir. In that approach, the water flux in
and out the Dove Elbe to the tidal Elbe was simulated, so that the maximal tidal water volume
achievable in the reconnected area was computed, for instances, assuming pumps installations
that drain the reconnected flood area by ebb (BAW 2021). In the approach presented here, the
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feature Opweir models the actual opening and closing of sluice gates at the reconnection as an
obstacle constricting the flow downwards. Thus, potential limitations due to the flow constriction
at the weir are here examined.

The method of investigation consists in the analysis of the Elbe model simulated in two scenarios:
a baseline scenario in the initial state without the reconnection, and an alternative scenario that
includes the reconnected area in the Dove Elbe and the operation of sort sluice gates that control
critical water levels within the Dove Elbe. In both simulations, baseline and case scenario, forcing
and modelling parameters as well as boundary conditions are kept the same (same method and
setup of the study by BAW (2021).

3.2.1.1 Elbe estuary model

The domain of the Elbe model extends from the tidal weir in Geesthacht at the head of the estuary
until Helgoland, beyond the sea limits of the estuary (see Figure 13 ). The horizontal resolution of
the mesh grid varies gradually from large grid cells in the North Sea (2 km) to finer grid resolution
in small channels upstream (20 m), with 1 m resolution for the z-layers. The heights were inter-
polated from the digital elevation and bathymetry model based on an estuary-wide survey in 2016
(WSV 2016). For this year, also the dataset required for the forcing, calibration and validation of
the model was available. The forcing data used at the sea boundary (water level, temperature and
salinity) bear on the results of a validated North Sea model computed with the model system Un-
TRIM-Sedimorph-UnK (BAW 2020a). At the head of the estuary, hourly freshwater discharge
measurements from the gauge Darchau located 20 km upstream of the weir are used with one day
time lag. Suspended particulate matter, temperature, and conductivity measurements from the
monitoring station at weir Geesthacht (provided by The Federal Institute of Hydrology, BFG) are
also imposed for boundary forcing. The main tributaries of the tidal Elbe are included, here fresh-
water discharge measurements are imposed. For the atmospheric forcing (wind, atmospheric
pressure and air temperature), area-wide data from the Global Modell ICON provided by the Ger-
man Meteorological Service (Reinert etal. 2021) is used. The initial sediment load at the river bed
(superficial, erodible soil layer) corresponds to the distribution of the measurement-based func-
tional soil model “AufMod” (Heyer and Schrottke 2013). The sediment distribution is represented
in Sedimorph by 10 fractions of different particle sizes from very fine silt to gravel.

Further initial conditions and model parameters are setup according to the extensive sensibility
analysis and model calibration carried on for the planning of the waterway deepening and widen-
ing works that started in 2019 (BAW 2006b, 2006a). The calibrated model for the year 2016, set
up with the dataset above described, depicted a RMSE for the water levels smaller than 0.15 m in
all 25 gauges stations along the tidal Elbe. This model was employed here as the baseline scenario
including the expected bathymetry after fully implementation of the deepening, widening and the
compensation measures started in 2019. Thus, the reference scenario of the Elbe estuary used to
evaluate the effect of the following river engineering measure (i.e. reconnecting additional tidal
volume to the estuary) represents the hydrodynamic conditions expected in the near future.

The simulation period covers three spring -neap cycles from 19t April to 02t June 2016. For the

analysis and postprocessing, only the last two spring-neap cycles (04.05.-19.05.2016) are consid-
ered. The period between (04.05.-19.05.2016) is characterized by high tidal energy that causes
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large tidal ranges, and by rather low freshwater discharge (between 609 - 320 m3/s against the
30-years mean discharge of 700 m3/s). As these two conditions enhance the import of sediments
upstream (tidal pumping), this period represents the most unfavorable but realistic conditions of
the year to assess the effectiveness of a river engineering measure under a “worse-case” scenario
in terms of tidal pumping.

Alonger analysis period (04.05.2016 -02.06.2016) was employed for a tidal harmonic analysis to
evaluate the measure effect on the tidal asymmetry (see chapter 3.2.1.3).
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Figure 13. Spatial extent and bathymetry of the Elbe Modell 2016 (here including the Dove Elbe re-
connection upstream Hamburg).

3.2.1.2 Alternative case scenario

The measure layout in the case scenario extends the tidal influenced areas along 6.3 km into the
cut-off anabranch Dove Elbe, which is today an inland waterbody (see Figure 14). The depth of
the channel next to the weir Tatenberger Siel is planned 3.5 m under NHN, (NHN is the german
vertical datum for the standard elevation zero). Further upstream of the anabranch, the case sce-
nario reflects the current bathymetry, which reaches until -13 m NHN. Some shore areas are
planned deeper as today to create intertidal areas (134 ha). The measure layout foresees a condi-
tional tidal exchange, so that the low and high tide are moderated within the reconnected area.
The water levels should be regulated around 0.9 m NHN and -1.2 m NHN. The weir is so operated
that the time of weir closure and the periods of no water movement are minimized and the sedi-
ment deposition in the reconnected is reduced. The slow, but continuous movement of water in
both ways in the tidal stream should also further habitat creation in the intertidal areas. To get
the greatest hydraulic effect of the measure, the tide control should steer a tidal range of approx.
2.1m.
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Tatenberger. Siel

Dove-Elbe

Figure 14. Topography of the additional estuary area to be reconnected to the tidal Elbe at the for-
mer anabranch Dove Elbe, today separated by the Tatenberger Siel

3.2.1.3 Results

The measure effectiveness on flow conditions and sediment transport at large-scale was
determined by the sluice operation to regulate the high water within the Dove Elbe. In average
within a 2-week analysis period, the high water in the Dove Elbe was 0.9 m NHN, regulated by the
sluice gate, whereas the mean high water in the Northern Elbe was 2.4 m NHN (see Figure 15).
For the falling tide duration within the Dove Elbe induced by the sluice, the low water was
hydraulic limited by the narrowed cross-section of the weir and riverbed geometry downstream
the weir; the mean low water resulted in -1.0 m NHN, less than the target value of -1.2 m NHN.
Figure 15 shows the different mean low water levels downstream and upstream the sluice.

The mean tidal range resulted in 1.9 m upstream the sluice. In the Northern Elbe, at the mouth of
the Dove Elbe, it was 4.2 m. This significant reduction of the tidal range in the reconnected area
lowered the water volume (i.e. tidal prism) that could potentially pass through the reconnection.
As a result, the additional tidal prism connected from the Dove Elbe to the estuary caused princi-
pally a local effect in the flow dynamics that within few kilometers seawards subsided: next to the
mouth of the Dove Elbe, the reduction reached approx. 10 cm and the average tidal range in the
Hamburg area was 2 to 3 cm (see Figure 16).
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Figure 15. Tidal exchange controlled by a sluice gate along the navigation channel of the Dove Elbe
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Figure 16. Reduction on tidal range in Hamburg due to the reconnection of the Dove-Elbe
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For a 4-week analysis period (04.05.2016 -02.06.2016), the measure effect on the flow velocity
asymmetry (FVA) and flow duration asymmetry (FDA) (see chapter 1.3) in Hamburg is depicted
in Figure 17. Similar to the figures above, Figure 17 shows a difference: the results of the param-
eter FVA or FDA in the scenario with the reconnection of the Dove Elbe minus the results of the
same parameter in the reference scenario without the measure. The flow velocity asymmetry FVA
tends to be more dominant downstream the Dove-Elbe, which indicates that in that section the
maximum flood velocity increases more than the maximum ebb velocity after the reconnection
(but not necessary the mean flood and ebb velocities). Since this section of the tidal Elbe in the
reference state is ebb dominant (see Figure 6) and the increase on the FVA is rather low, this area
remains ebb dominant after the reconnection. The flow duration asymmetry (FDA) depicts a
stronger tendency to a positive asymmetry also downstream of the Dove Elbe mouth. This area
presents typically lower suspended loads in comparison to the typical loads downstream St. Pauli
and it might be therefore less impacted by the positive dominance of FDA that the reconnection
would induce. A tendency to positive FDA and FVA is also observable along a shallow and narrow
channel section in the middle of the Port.

A slight tendency to a negative asymmetry for the FVA and FDA is caused by the measure in dif-
ferent sections at the branch Kéhlbrand by the Elbe-km 625 (see km625 in Figure 17). The re-
duced asymmetry in the maximum flow velocity and the slack water duration (more ebb domi-
nant) has an impact on the sediment transport, in particular in the river sections with high sus-
pended particle concentration like for instances around the branch Kéhlbrand by km625. This
positive effect on the sediment transport extends downstream St. Pauli along the tidal Elbe (Figure
18). The suspended particle concentration becomes 1 to 9 mg/I lower due to the reconnection.
The effect is stronger during the first depicted spring-tide (ninth spring-neap-cycle of the year)
which is in general related to a high tidal energy import into the Elbe estuary. In the Northern Elbe
downstream the mouth of the Dove-Elbe, the suspended particle concentration increases up to
11 mg/1 as an initial morphological response to the locally changed flow behavior (in correspond-
ence to positive tendency of FVA) that might be temporary, and subside in the medium term
(Figure 18).

The positive effect on the sediment transport showed in the study BAW (2021) could be confirmed
in the approach presented here by using the module Opweir to simulate the weir control at the
sluice Tatenberger Siel. The measure effectiveness on the upstream sediment transport was low,
constrained mainly by the limitation on the high water level within the Dove Elbe since the less
amount of water flowing through the connecting sluice, the less influence had the transport of this
additional water on the tidal dynamics of the Elbe. To a minor degree, the tidal volume was also
constrained by narrowed cross-section of the weir and riverbed geometry downstream the weir.
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Figure 17. Difference in the tidal asymmetry during 4 weeks analysis time between the reference and study
case scenario. Difference of the flow velocity asymmetry FVA (above), difference of the flow dura-
tion asymmetry FDA (bottom).
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Figure 18. Difference of suspended particle mater between the reference and case study scenario
along the tidal Elbe waterway (left seawards, right tidal limit) in time (vertical axis).

4 Discussion and conclusions

In this study, two aspects relevant for the sustainable sediment management in the Elbe estuary
were addressed: adaptive sediment management and the assessment of largescale measures that
positively influence the tidal dynamics and counteract the pressure tidal pumping.

The concept of adaptive management considers a flexible approach, different from the usual exe-
cution of a fixed management plan. This approach allows sediment management actions to be pe-
riodically adjusted to meet sustainable goals and to response to uncertain variables (e.g. sea level
rise and its impact on tidal pumping) by intensifying monitoring and correcting based on the mon-
itoring outcomes. Adaptive actions in response to pressures like tidal pumping, recirculation of
dredged material or sediment pollution must build on a common understanding of the estuary
system and clear collective objectives about the estuary development. Thus, adaptive manage-
ment actions require a joint response among estuary managers and stakeholders that share re-
sponsibilities and competences within the estuary. That coordinated sediment management
might be challenging, when the administration and management of the estuary is shared, like in
the Elbe estuary, between three federal states and different governmental authorities.

Flexible practices in sediment relocation can for example improve the efficiency of maintenance
works at the tidal Elbe, when the influence of environmental factors like the freshwater discharge
is monitored and estimated as it controls the flushing capacity of the river flow and can boost
sediment transport in both ways in the tidal stream. Similarly, integrated approaches that
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consider the influence of biotic parameters on sediment transport processes can help to improve
measure assessments that are based on (abiotic) hydrodynamic numerical models to adjust man-
agement actions with new knowledge.

Adaptive sediment management might also comprehend integrated approaches aimed to safe-
guard the ‘natural benefits’ of the estuary system used for human activities. Access to ports and
navigation depends on natural benefits that are not changeless available, i.e. the proper function-
ing and supply of ecosystem services. Ecosystem services related to estuarine habitat services can
be impacted for example by dredging works due to enhanced turbidity or direct impact on benthic
communities (Sander et al. 2012), and regulating ecosystem services relevant for navigation, like
riverbed friction, river discharge and tidal forcing, might be changed by sea level rise and climate
change. Therefore, good practices in adaptive sediment management might emerge from integra-
tive approaches that employ interdisciplinary knowledge and technologic tools like numerical
models that estimate the effect of measures and management actions on the functioning and pres-
sures of the estuary.

The intensification of tidal pumping is a pressure of matter of concern in the Elbe estuary that
according to the River Engineering and Sediment Management Concept for the Tidal River Elbe -
Strombau- und Sedimentmanagementkonzept Tideelbe (2008) must be counteracted, for instances
through largescale river engineering measures. Potential solutions to mitigate tidal pumping are
measures that improve the morphological state of the estuary by re-creating former estuary vol-
ume, i.e. tidal prism. Within the IMMERSE-project, a measure layout to reconnect the cut-off ana-
branch Dove Elbe and re-create additional tidal volume in the estuary was developed integrating
social and technical constrains, and the feasibility and hydraulic effects were published in BBS
Greuner-Ponicke et al. (2020) and BAW (2021). In the present work, the case study of the Dove
Elbe was similarly assessed, but using a new module of the modelling system UnTRIM-Sedimorph
to simulate in more detail the weir control at the sluice Tatenberger Siel that should reconnect the
anabranch into the tidal Elbe.

The effect of the anabranch reconnection on the tidal asymmetry, tidal range and suspended par-
ticle concentration was evaluated. In the Northern Elbe downstream the mouth of the Dove-Elbe,
an initial morphological response to the locally changed flow behavior was evidenced in corre-
spondence to a positive tendency of FVA (flow velocity asymmetry) which led to an increase in
the suspended particle concentration that might subside in the medium term. A slight tendency to
anegative asymmetry for the FVA and FDA (flow duration asymmetry) was caused by the measure
in different sections at the branch Kéhlbrand by Elbe-km 625. This negative asymmetry had a
positive local impact on the sediment transport, in particular in the river sections with high sus-
pended particle concentration around the branch Kéhlbrand by Elbe-km 625. The positive local
effect on the sediment transport showed in the study BAW (2021) was confirmed in this work.

The results showed that the measure effectiveness reducing the upstream sediment transport was
local and considering the whole estuary low. It was constrained mainly by the limitation on the
high water level within the Dove Elbe, as shown by BAW (2021), and to minor degree also by the
narrowed cross-section in the weir and riverbed geometry downstream the weir. That evidenced
that uses and potential measure impacts in the concerned area of implementation play a crucial
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role in the measure design and effectiveness; here, the high water limitation within the recon-
nected area was integrated in the measure layout to lower the measure impact for the local stake-
holders. This constrained the additional tidal volume created through the reconnection. The ad-
ditional tidal volume exchanged was reduced 54%, from approx. 5 million m3 possible tidal prism
to 2.7 million m3 (BAW 2021), hence the measure effectiveness was reduced.

The case of study reflects that the effectiveness of a measure should be evaluated for every differ-
ent measure layout or place of implementation because of differences on the morphology and hy-
drodynamic, and the non-linearity of the tidal dynamics. Consequently, a measure being success-
ful at one estuary cannot directly be transferred as a solution for other estuaries, and a measure
that is less effective or not feasible at one place of implementation might have high potential at
another place. Site- specific characteristics must always be considered. Additionally, a long(er)
lasting stakeholder process should be conducted in order to achieve a common understanding
and potentially a compromise between the different interests.

The case of study evidenced also that one measure alone cannot bring the Elbe estuary back into
balance as the current hydromorphological condition of the tidal Elbe is the result of 150 years of
hydraulic engineering measures, port constructions, fairway adjustments and coastal protection.
Further, pressures such as climate change will have also a negative impact on the salinity, sedi-
ment transport regime and particle-bound pollution. The combination of several measures that
create additional flood space at different locations in the estuary could have in total a major effect
reducing the tidal range and the net transport of sediments upstream. Also, a more adaptive man-
agement on the practices for maintenance dredging, and relocation is necessary to improve not
only the dynamics and sedimentation patters in the estuary but also the sustainability of the use
and management of the estuary services.
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