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ABSTRACT
Millions of inhabitants are living in coastal areas and directly at the
hinterland. Here, reliable water level and storm surge predictions are
important for local authorities in these areas to adopt relevant measures
especially in cases of extreme events or even failure of protection
infrastructures. Therefore, predictions of water level and real-time
modelling are often applied. This paper describes an operational 2Dhydrodynamic-numerical model of the Elbe estuary based on predicted
water levels of single stations along estuary. This operational model
achieved to transform local water level prediction data to a
comprehensive real-time forecast for the next 18 hours. Water level
results along the entire Elbe estuary of each forecast are visualized and
are freely available online.
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INTRODUCTION
Today several million of inhabitants are living directly in the hinterland
along the Elbe estuary. For centuries, people protect the hinterland
against storm surges and flooding with hundred kilometers of flood
protection infrastructure like dikes or flood protection walls (Fickert et
al., 2007). Considering climate change impacts, it is expected that
coastal regions will be exposed to higher probability and duration of
storm surges (IPCC, 2013). Consequently, flood protection
infrastructure can be exposed to higher hydrodynamic loads, which
increases the probability of infrastructure failure. Therefore, it is of
crucial importance for the responsible authorities to have reliable
prediction of water levels along the Elbe estuary, especially in case of
storm surges to adopt possible protection measures. Here, early
warning systems with real-time simulations are helpful. For this
purpose, the responsible authority, German Maritime and Hydrographic
Agency (BSH) provides locally predicted water level up to six days
based on MOS-Forecasts (Model-Output-Statistics) for several gauges
along the Elbe estuary (Müller-Navarra et. al, 2012).
This paper describes a development of an interface for real-time water
level data-assimilation of the BSH-MOS-Forecasts into an operational
2D-hydrodynamic-numerical model of the Elbe estuary (OEEM). The
OEEM is set up for a water level forecast of 18 hours with a simulation
time of approx. 30 minutes. The results of the OEEM are evaluated and

subsequently presented on a project-based web portal. Aim of the
OEEM is a free accessible (web-based) real-time early warning system
for extreme events like storm-surges along the Elbe estuary.

METHODS
Hydrodynamic-numerical model
The operational model of the Elbe estuary is based on the 2Dhydrodynamic-numerical model (2D-HDN) of the Elbe estuary
(Shaikh et.al, 2013). This 2D-HDN model has been built up with the
Kalypso model suite (https://sourceforge.net/projects/kalypso/). The
simulation of the water levels are carried out with TELEMAC-2D.
The model domain of the 2D-HDN model of the Elbe estuary has a
length of approx. 144 kilometers and ranges from the weir in
Geesthacht at Elbe kilometer 586 (upstream) to the mouth of the
estuary into the North Sea near Cuxhaven at Elbe kilometer 730 (Fig.
1). The irregular triangulated mesh of the 2D model has about 100.000
elements and the mesh resolution varies between 3 m² and 400.000 m².
Fig. 2 gives an impression of the mesh. Structures like groynes and
proper branches are considered in the 2D-HDN model.

Fig. 1 Overview of the model domain of the Elbe estuary from the weir
in Geesthacht to Cuxhaven
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Fig. 2 Exemplary impression of the mesh from the 2D-HDN model

Fig. 4 Overview of the calibration stations for water level and
velocities along the Elbe estuary

The hydrodynamic boundary conditions of the Elbe estuary are
characterized by the upstream discharge over the weir in Geesthacht
(measured discharge from gauge Neu Darchau) and the incoming tidal
wave from the North Sea (measured water level at Cuxhaven). Fig. 3
shows the boundary conditions used for the calibration, a spring-neap
cycle in October 2006.
A calibration compares measured data with the model calculations.
Adjustments of the model configuration are necessary during a
calibration until satisfactory agreement between the measured and the
modeled values is ensured by the model. The 2D-HDN model has been
calibrated with focus on the hydrodynamical characteristics (water level
and velocities). Fig. 4 gives an overview of the calibration points along
the Elbe estuary. Exemplary results of the calibration are shown in Fig.
5 for water levels and velocities.
Water levels as well as velocities present a good agreement between
measurement and simulation. Differences are in the range of few
decimeters for water levels respectively centimeters per seconds for
velocities and therefor in an acceptable range for hydrodynamic
simulations. Hence, the 2D-HDN model of the Elbe estuary gives
plausible results for hydrodynamic purposes and the model has the
quality needed to be used as a basis for the further purpose of the
operational model.

Fig. 5 Measured and simulated water levels (above) and velocities
(below)

Data integration and assimilation of the OEEM
The BSH provides water level forecasts for the next 6 days at nine
stations along the Elbe estuary. The forecasts are updated approx. every
15 minutes. These water level predictions, knowns as MOS-data
(Model Output Statistic), are based on numerical and statistical analysis
(e.g.: Müller-Navarra et. al, 2012).
Focus of this research work is the extension of the local water level
predictions into an area-wide and comprehensive real-time water level
forecast model with assimilation of boundary conditions along the river
and not only the outer boundaries. Division of the whole 2D-HDN
model of the Elbe estuary in three sub-models has achieved this
purpose (Fig. 6). Each sub-model has two boundaries (up- and
downstream) located at a MOS-station to assimilate and integrate the
water level prediction into the sub-model. That is a mandatory
requirement to run each sub-model independently in serial for a MOS
water level forecast period.

Fig. 3 Hydrodynamic boundary conditions of the Elbe estuary for the
calibration period

Furthermore, a required condition for the division of the model is that
each sub-model has at least one MOS-station in the middle of the submodel to verify the prediction by comparing the prediction of the OEEM
with the MOS prediction and the actually measured water level.
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Additionally, sub-model 1 gets its upstream boundary condition at
Geesthacht, measured discharge from the gauge Neu Darchau. After a
successful forecast-run of sub-model 1, the calculated discharge at the
downstream boundary will be assimilated together with the predicted
water level (MOS) to the upstream boundary of sub-model 2 for
simulation of the water levels carried out with this sub-model for the
same forecast period. The same procedure is applied to sub-model 3.
After a forecast-run of sub-model 2, the calculated discharge will be
assimilated together with the predicted water level at the upstream
boundary of sub-model 3 for the following run for the same forecast
period.

downstream boundary has to be transferred as an additional boundary at
the upstream boundary of sub-model 2 and 3 respectively. Finally, after
the simulation of each sub-model is finished the results of the submodels are transferred to a geodatabase. The final processing of results
will be done in the Result-geodatabase. Here, the FE-elements as well
as the mesh nodes from the HDN-Model are converted for every time
step to geo-features and merged into layers for the entire Elbe estuary.
Water level of each time step for the whole Elbe estuary are visualized
on a webpage. Additionally, the water level of the forecast period are
shown as a hydrograph by clicking on the map. Visualization is
refreshed after each successful simulation of the OEEM.

After finishing the forecast runs of each sub-model, the results of the
calculated water levels will be analyzed in a separated process. The
results of all three runs will be summarized and committed to the
results data base. Finally, summarized results are stored and processed
in the geodatabase for visualization and providing them as map service
for the entire model domain of the Elbe estuary with the actual
simulation (forecast) period.

Furthermore, the height of water level is analyzed (Fig. 7, yellow
strand). In case that the calculated water level reach a defined critical
height, it is categorized as threat in three categories. In the current state
of work, the height of water level is visualized with a signal color. Here,
the definition and coloring of critical water level is according to the
definition of storm surges along the Elbe estuary: storm surge (yellow
colored), heavy storm surge (orange colored) and very heavy storm
surge (red colored). In Further steps, a potential failure of the protection
infrastructure will be analyzed. Finally, in case of a failure a restart of
specific areas e.g. hinterland flooding due to a dike breach can be added
to the operational model.

Fig. 6 Sub-models of the operational Elbe estuary model (OEEM) and
the MOS-stations.

Structure of the processes and handling the data of the
OEEM
The developed operational model of the Elbe estuary assimilates
external data from BSH. Finally, the calculated and analyzed water
level are visualized on a web portal at the end of each forecast run. For
this, an internal scheduler organizes three different independent
processes (Fig. 7).
Approximately every 15 minutes predicted water level for the next six
days is updated for all MOS stations along the Elbe estuary. Therefore,
MOS data are imported continuously from the external BSH-Server to
the internal TUHH server. Within this process, data conversion and
preparation takes place and the predicted water level data is stored as
continuous time series in the local database (Fig. 7, blue strand).
The following independent process organized by the scheduler is the
data pre-processing and the simulation of the operational model (Fig. 7,
green strand). The operational model runs as described above in serial
with three sub-models and calculates water level for the next 18 hours.
Successively, pre-processed water level data is transferred from local
database as liquid boundary to the numerical sub-models. Further, after
each simulation of sub-model 1 and 2, the calculated discharge at their

Fig. 7 Flowchart of the different independent processes of the OEEM.
In addition to the flowchart of the different processes for the
operational model (Fig. 7), Fig. 8 shows, referring to the processes, the
continuous handling of the MOS water level data. In a first step, the
water level data (MOS) is supplied from the external server and stored
into the local database. Afterwards, predicted water level data is preprocessed for the simulation of the operational numerical model. Then,
results of the calculated water level by the OEEM will be committed to
the geodatabase. Last step of handling the data is the analysis of the
water level results. Here, a categorization of threat occurred and will be
transferred to the alert database.

Fig. 8 Flowchart of the data handling referring to the processes
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RESULTS

Web based visualization of calculated water level by the OEEM

This chapter presents the current results of the OEEM. First,
verification of the operation model is presented followed by the webbased visualization of the operational model.

Main goal of this research work is, to provide a free-available webbased access of the results of the OEEM. Water level results of each
forecast run are visualized on a webpage. Fig. 10 shows an exemplary
view, based on a post operational run of a storm surge. Each forecast
run represents water level for the next 18 hours. The forecast period
and the current time are displayed in the header of the webpage and is
updated after each forecast run. Water level heights are differentiated
by a blue color scale. If the water level reach a critical level according
to the storm surge definition of the Elbe estuary, water level will be
colored in yellow (storm surge), orange (heavy storm surge) or red
(very heavy storm surge). Additionally, the water level hydrographs of
the gauges Cuxhaven, Hamburg-St. Pauli and Geesthacht are
permanent displayed on the webpage as reference hydrographs.

Verification of the operational model of the Elbe estuary
After each run of the OEEM, water level results of the next 18 hours
are presented. Each run of the OEEM starts without an initial condition.
Therefore, after approx. 6 hours the model reaches a plausible initial
condition and the following 18 hours will be analyzed and visualized.
Fig. 9 shows for one forecast-run exemplary a comparison of water
levels calculated by the OEEM with the predicted water level and
measured water level. In General, the course of water level calculated
by the operational model is plausible and represents the realistic
situation very well. Furthermore, the high tide values (Tab. 1, marked
with black arrows in Fig. 9) shows that, the comparison of the results of
the operational model with the predicted and measured water level are
not uniform but qualitative satisfactory. The deviations of the different
water levels are in the range of few centimeters. Nevertheless, a longterm and statistically analyzed verification of the OEEM at each
verification station (Fig. 6, blue cross) is essential and necessary to give
a reliable statement of the quality and uncertainty of the results of the
OEEM in comparison with predicted (MOS) and measured data.

Fig. 10 Online-Visualization of the water level results of the
operational model of the Elbe estuary
Furthermore, by selecting a specific point in the Elbe estuary, water
level popes up for the selected point at selected time. Additionally, the
portal provides the functionality of visualizing of the water level of the
selected point as a hydrograph or in a table as well as the download of
the predicted water level (Fig. 11).

Fig. 9 Comparison of water level based on the OEEM (blue), predicted
by MOS (red) and measured (black) at the gauges Brunsbüttel (A),
Hamburg (B) and Zollenspieker (C)
Table 1 High tide water level values at the three stations calculated by
the OEEM, predicted (MOS) and measured
High Tide [NHN + m]
Gauge

Fig. 11 Visualization of a water level hydrograph for a selected point

OEEM
(predicted)
1,18

measured

Brunsbüttel (A.)

MOS
(predicted)
1,18

HH- St.Pauli (B.)

1,84

1,70

1,88

Zollenspieker (C.)

1,85

2,08

2,11

CONCLUSIONS

1,20
In time of climate change and the associated increase of hydrodynamic
loads e.g. higher water levels or storm surges, reliable predictions of
water level are very important for local authorities in coastal areas.
Here, early warning system and real-time simulations are applied.
The German Maritime and Hydrographic Agency (BSH) provides
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predicted water level (MOS-data) at several locations which are
downloaded from the external BSH-server to the local database and
pre-processed continuously and automatically.
Based on a calibrated 2D-HDN model of the Elbe estuary, the
pointwise available predicted water level has been extended to the
entire area of the Elbe estuary. This type of data assimilation has been
achieved by dividing the model in sub-models. Each sub-model
assimilates predicted water level and runs in serial by transferring
results from the previous sub-model to the next sub-model. The
developed operational model of the Elbe estuary (OEEM) simulate
approximately every 20 minutes an updated forecast for the next 18
hours. Water level results, calculated by the operational model, are
visualized on a website for the entire forecast area. In cases of stormsurges, water levels are colored in yellow (storm surge), orange (heavy
storm surge) or red (very heavy storm surge).
First analysis and verification of the water level results of the OEEM in
comparison with the predicted water level MOS data and measured
water level are in general plausible and represent the course of water
level and tide satisfactory.
Next steps are long-term analyses and verifications to give statistical
reliable statements of the quality and uncertainties of the operational
model. Continual amendments and changes of the model domain will
be done, for example the update of the current bathymetry.
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