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 INTRODUCTION 
 
The Task 5.1 “Forewarning coastal risks under wave/storm surge events (flooding and search/rescue 
applications)” deals with the applicability of forecasting oceanographic variables (ocean waves and sea 
levels) into specific applications: coastal flooding and erosion. Wave and sea level forecasting is based on 
the improvements proposed from WP2 to WP4.  
 

1. PILOT AREAS 

1.1. NW Mediterranean Sea 
 
The NW Mediterranean Sea is a micro-tidal and fetch limited environment. The astronomical tidal range is 
less than 0.4 m although during storms the associated surge can reach values near to 1 m (Sánchez-Arcilla et 
al. 2008). The mean offshore significant wave height for the area is 0.7m with an associated wave period of 7 
s. The directional distribution of waves at the Northern and Southern parts of the coast show a predominance 
of NW and N components, whereas at the central part the East and South directions are dominant. 
 

 
Figure 1. Wave climate in the Catalan Sea. In (a) Blanes Buoy wave climate; (b) Llobregat buoy; (c) Cap 
Tortosa buoy. 
 
However, wave heights that six-fold the annual mean value can be reached under storm conditions. There are 
two main meteorological patterns for wave storminess (Bolaños et al., 2009): (i) an intense high-pressure 
centre on the British islands which induces strong North-Eastern and Eastern winds and (ii) a Mediterranean 
cyclogenesis in front of the Catalan coast that generates Eastern winds. The maximum recorded Hs is about 6 
m (with H max up to 10 m) and peak periods of about 14 s. Fig. 1 shows the wave directional diagrams at 
different locations along the coast obtained from the existing wave buoys for the period 1984 to 2007. As it 
can be seen north-eastern and Eastern components feature the highest waves whereas the southern 
component, although present, has typically lower values. 
 
 
Natural and artificial barriers modulate sediment dynamics and divide the coast into 22 littoral cells (CIIRC 
(2010)). The average beach has a width of about 37 m, with a mean sand size from 0.2 to 1.8 mm (median 
value of about 0.7 mm) and a foreshore slope steeper than 1/10. The spatial distribution of sediment along 
the coast reflects the differences in river basins, which have historically provided solid discharges to the 
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coast, later reworked by wave action. Beaches located close to the mouth of the main rivers present sediment 
finer than for beaches fed by ephemeral stream flows (usually very short). This general pattern has been 
modified in the last decades by the supply of allocthonus sediments (of marine and terrestrial origin) in a 
considerable number of beach nourishment operations that have created an artificial morphodynamic 
signature in most of the beaches. As an example of this alteration, only in the central part of the Catalan 
coast more than 10 millions of sand has been supplied in different beach nourishment operations during the 
last 20 years (Gràcia et al. (2013b)). 
 
Urban sandy beaches are typically bounded in their backside by a seafront promenade and infrastructures 
like streets, roads, railways and houses. In the last years, the maintenance and development of promenades 
has been one of the major investments undertaken by the Spanish government, with more than 50 M euros 
only in Catalonia during the last two decades (CEDEX, 2013; Hamm et al., 2002). 
 
In this module, the calibration dataset comprises 54 beaches from the Northern and Central part of the coast. 
Another 25 beaches, from the same area, have been selected for the validation dataset. Figures 2 to 4 show 
the calibration beaches as green dots, whereas purple dots are the validation ones. This sample summarises 
the main coastal archetypes that can be found in the area: (i) urban beaches with coastal protection 
infrastructure, (ii) open beaches and (iii) pocket beaches. 
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Figure 2. Subplot [1-2/5] of the study area, showing the position of the beaches that will be analysed. The 
contour areas show the bathymetry. In green dots, the position of the calibration beaches. 
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Figure 3. Subplot [3-4/5] of the study area, showing the position of the beaches that will be analysed. The 
contour areas show the bathymetry. In green dots, the position of the calibration beaches, whereas the 
purple ones denote the validation beaches.  
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Figure 4. Subplot [5/5] of the study area, showing the position of the beaches that will be analysed. The 
contour areas show the bathymetry. In green dots, the position of the calibration beaches, whereas the 
purple ones denote the validation beaches. 
 

1.2.  Northern Adriatic Sea 
 
The Adriatic Sea is a semi-enclosed basin, elongated along the northwest-southeast direction and located in 
the northernmost part of the Western Mediterranean Sea (Figure 5). The meteo-marine climate is controlled 
by two winds blowing along the main axes of the basin and giving rise to different sea states and 
oceanographic processes. The north-easterly wind (locally known as Bora) blows in jets along the shorter 
axis from the orographic gaps along the eastern Adriatic coast, and it gives mostly rise to rapidly growing 
and decaying storms, with strong gustiness and fetch-limited sea states with short and steep waves. In turn, 
sea states generated by the south-easterly wind (known as Sirocco) blowing along a nearly 800-km fetch, 
impacts the northern Adriatic coast with swells characterised by longer and more regular waves, often 
associated with surges capable of partially flooding the historical centres of coastal cities such as Venice or 
Piran. 
The northern Adriatic Sea, particularly along its western coast, is characterised by sandy beaches delimiting 
extensive low-lying alluvial plains. Due to the long-lasting sediment starving conditions, to the strong 
anthropic pressure acting on the coast and to the effects of relative sea level rise, these regions are prone to 
severe coastal erosion and flooding risk. With reference to the latter factor, in particular, it is worth pointing 
out that the northern Adriatic Sea is one of the few spots in the Mediterranean basin where the astronomical 
tidal range can span several tens of centimetres (one metre in Venice), thus being a significant element in 
determining the sea level modulation and the potential coastal flooding hazard. In these conditions, it is clear 
that the prediction of the impacts of a forecasted storm event on a coastal tract cannot disregard a precise 
identification of the timing of the event with respect to the phase of the astronomical tide. Section 3.1 tackles 
this topic in the framework of the availability and limitations of altimeter data in coastal regions. 
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Figure 4: Adriatic Sea geographical framework, bathymetry, and position within the Mediterranean basin. 
 

2.3 German Bight 
 
The German Bight is a relatively shallow part of North Sea located in the South East (Figure 6). The near shore 
area consists of an extensive tidal flat zone, which is partially shielded by two chains of barriers islands (The 
Frisian and North Frisian Islands), and part of the UNSECO world heritage Wadden Sea. The coastal zone is 
a meso to macro tidal environment, dominated by the semi-diurnal M2 tide, which can reach a tidal range of 
up to 4 m in its south eastern most part and along the tidal estuaries. The latter make the coastal German 
Bight a significantly freshwater influenced region. The predominant wind directions are from West to South 
West, with larger fetches for winds from between 270 and 360 degree.  Due to the large tidal energy which 
interacts with the waves in the surf zone the region is also morphodynamically highly active, especially in 
the proximity of the various tidal channels. 
 

 
Figure 6. Model domain of the Germain Bight. 
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2. METHODOLOGY 

2.1.  COPAS 
 
COPAS (García-León, 2018) is a non-stationary multivariate statistical model that can estimate the flooding 
and erosion costs at microtidal beaches. This model can act as a quick-scan risk forecasting module for 
episodic coastal flooding and erosion at a wide range of beaches and hydrodynamic scenarios. 
 
The model consists of the following 4 steps (Figure 7):  

1. Generation of the sample: A database (see Sec. 3.1.1) that addresses flooding and episodic erosion 
has been built for specific coastal stretches (beaches). The data set considers a range of wave storm 
conditions jointly with different MWL scenarios feasible for the analyzed area.  

2. GAMLSS model building for each beach: Once built the database, each beach has been fitted with 
a non-stationary multivariate GAMLSS model (Rigby and Stasinopoulos (2005)). The resulting 
GAMLSS modelshave the the flooding and erosion cost as response variables whilst the co-variates 
have been the hydrodynamic forcing (storm-waves and MWL).  

3. Integration of the individual models into a risk formula: The 54 beaches from the calibration 
dataset have been fitted with an individual GAMLSS model. Each GAMLSS covariates have 
associated a set of coefficients. The coefficients of each individual model are related with its 
morphodynamic features (beach width, beach slope, berm height, etc.). Thus, the formula will allow 
building non-stationary multivariate probability distribution functions from the inputs described in 
Fig. 7.  

4. Application (Sec. 4.1.3.) of the risk formula at both the calibration and validation beaches. The main 
outputs are (i) stress-curves, (ii) correlation-curves and (iii) forecast maps.  

 

 
Figure 7. General overview of the proposed risk module. Legend: (number) refers to the step to be followed 
whereas S1 and S2 corresponds to sub-tasks. 
 
The Principle of Parsimony has been adopted for developing this module. An increase of the number of the 
parameters could have led to overfitting and/or overparametrization. Quantitative criteria have been used in 
the fitting of the GAMLSS for each beach (Step 2 in Figure 7), and the GLMs between the coefficients and 
the morphodynamic features (Step 3 in figure 7). Specifically, two common information criterions have 
served for testing the goodness-of-fit of the sample with the risk model: (i) Akaike Information Criterion 
(AIC, Akaike (1973)) and Bayesian Information Criterion (BIC, Schwarz (1978)). For both cases, the lower 
the metric gets, the higher the information from the sample describes the fitted model. The cornerstones for 
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building the module have been (i) a physical reasoning of the suitability of each covariate, (ii) the principle 
of parsimony and (iii) minimisation of AIC/BIC. 
 
The hypothesis that the flooding and erosion are correlated is valid at a wide range of scenarios. However, 
due to the non-stationary nature of the copula, the dependence parameter can range from almost 0 (no 
correlation) to near 0.9. Despite being a probabilistic model, the computational cost is affordable: several 
minutes with a conventional desktop computer for the 79 beaches. 
 

2.1.1. Generation of the sample 
 
The flooding and erosion database was generated with synthetic scenarios that were simulated at 54 
calibration beaches from the NW Mediterranean Sea. The calibration dataset comprises 2300 simulations. 
The computational time for building this dataset is of the order of several months with parallel computing. 
Episodic erosion and flooding costs have been derived from the XBEACH model (Roelvink et al. 2009) 
outputs (i.e. erosion and flooding maps). The necessary hydrodynamic conditions to feed XBEACH 
comprise a wide range of feasible scenarios at the analyzed area. These synthetic storm conditions have 
followed a set of constraints.  
 

- The initial and final wave height is set to Hs=2 m which corresponds to the storm threshold defined 
for the area (ROM, 0.3-91). 

- The wave storm duration has been set-up at 24 hours, with equal growth and decay phases. These 
hypotheses are plausible and common at the study area, as stated in Lin-Ye et al. (2016). 

- The database for building the risk module spans, as a minimum, wave return periods of 10, 50 and 
100 years. Sea level scenarios that range from 0 to 60 cm have been tested. The covered joint cases 
are typically used for coastal managers and planning. 

 

2.1.2. Validation scenarios 
 
The performance of COPAS has been tested with hindcasted recent events. The selected cases are considered 
to be representative of the extreme wave climate in the area and within the interval 2014 – onwards. The 
latter assumption is due to the availability of SENTINEL measurements. The SWAN model (Booij et al. 
1999), with the added knowledge from WP2 outcomes, has been used for downscaling waves at the offshore 
boundaries for the morphodynamic model. Modeled hourly 2D wave spectra and mean sea level from in-situ 
data (i.e. tidal gauges) have been used as input for the non-stationary statistical model. The following storms 
were selected: 
 

- October 2015 [O-15] (29/09/2015 - 01/10/2015) was an Eastern storm with a return period (Tr,waves ) 
of about  2 yrs, at the Central and Northern part of Catalonia. At the Southern part, the event can be 
considered as the storm of the year (Tr,waves  1 yr). The associated storm surge was around 14 cm for 
the whole episode (measures taken from a tidal gauge  at Barcelona harbor). 

- November 2015 [N-15] (01/11/2015 - 04/11/2015) was a South-Eastern storm with a Tr,waves =1-2 
yrs, at the Northern and Central part. The storm surge at the storm-peak was particularly important: 
25 cm at Tarragona. 

- January 2016 [J-16] (10/01/2016 - 12/01/2016) was a SSW event with a Tr,waves =1 yrs at the 
Northern part. At the Barcelona buoy, the return period was around Tr,waves < 1 yr, due to the wave 
sheltering due to the shoreline orientation. The storm surge was 17 cm at the storm peak. 

- February 2016 [F-16] (27/02/2016 - 28/02/2016) was the mildest tested event. It consisted of an 
Eastern storm with a Tr,waves < 1 yr at the Northern part, and Tr,waves =1-2 yrs at the Central part. The 
storm surge was 20 cm at Barcelona and 25 cm in Tarragona. Note that this high storm value was 
reached sharply: (15 cm in just 12 hours in 27/02/16). 
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- December 2016 [D-16] (17/12/2016 - 23/12/2016) was a Eastern storm with a Tr,waves = 8-10 yrs at 
the Central part; Tr,waves = 5-7 yrs at the North. At the Southern part Tr,waves = 2-4 yrs. The surge at the 
storm-peak was 15 cm. 

- January 2017 [J-17] (16/01/2017 - 24/01/2017) was the strongest event in this analysis. The wave 
direction was Eastern. Tr,waves = 10-12 yrs at the Central part; Tr,waves = 5-7 yrs at the North. At the 
Southern area, the Tr,waves was 15-25 years. The surge at the storm-peak was higher at Tarragona (25 
cm) than at Barcelona (10 cm). 

 

2.1.3. Representation of the outputs 
 
Once Steps 1 to 3 has been completed, the non-stationary statistical model is applied to a set of beaches, 
Figure 8 shows a detailed description of the performed analysis in step 4. The inputs consist of 
Morphodynamic features and Marine forcings that can come directly from (i) the validation scenarios 
described above or (ii) an extreme wave climate analysis.  
 

 
Figure 8. Definition of the main inputs for the risk formula. (a) Planview of the littoral cell; (b) Cross-shore 
beach profile. 
 
The morphodynamic inputs of the formula are (see Fig. 9): (i) the type of the beach (open or pocket), (ii) 
Dean parameter (Adean), (iii) beach length (Lbch), (iv) beach width (Wbch), (v) emerged beach slope (slpem), (vi) 
directional coefficient from the ROM 3.91 method (Kα,(⋅)), (vii) berm height (Brmbch), (viii) building 
percentage (buil%). The marine forcings are (i) Hs,peak, (ii) θw,peak and (iii) MWL. The formula has been 
applied to the Calibration (54 beaches) and Validation (25 additional beaches) datasets.  
 
A multivariate probability distribution function is obtained. The dependence coefficient τK is estimated from 
θcp. Samples are simulated from this distribution and the erosion and flood costs are derived from each 
element of the sample (i.e. it has been assumed that the restoration cost of each m3 of eroded sand is 6 euros). 
The forecasts are post-processed for enhancing clarity and to include them in DSS, coastal planning, etc.  
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Figure 9. Applicability (Step 4) of the Risk Module. The exogenous inputs (dark blue discontinuous box) are 
the forecasts from the hydrodynamic module (wave height and sea level). The output actions (green 
discontinuous box) embed the post-processing of the risk formula towards the communication phase. 
Nomenclature: Action or dataset (coloured box).  
 

Category  Cost (thousand of euros)  
1  <10  
2  10 - 30  
3  30 - 60  
4  60 - 100  
5  100 - 300  
6  > 300  

Table 1. Categorization of the sum of the costs of episodic erosion and flooding. 
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The main outcomes that will be presented in this Deliverable are stress-curves (i.e. erosion and and flooding 
trends given intervals of marine scenarios) and risk forecasting. The forecasted total costs (erosion and 
flooding) have been discretized with the categories presented in Tab. 1.  
 

2.2.  GCOAST System 
 
The coupling of models is a commonly used approach when addressing the complex interactions between 
different components of earth system. Here we present the development of a new, high -resolution, coupled 
atmosphere, ocean and wave model system for the North Sea and the Baltic Sea, which is part of the 
Geestacht COAstal model SysTem GCOAST. We focus on the nonlinear feedback between strong tidal 
currents and wind -waves, which can no longer be ignored, in particular in the coastal zone where its role 
seems to be dominant. The proposed coupling parameterizations account for the feedback between of the 
upper ocean on the atmospheric circulation by accounting for the effects of sea surface temperature and the 
sea surface roughness. The individual and collective effects of different coupling components are analysed 
and the performance of the coupled modelling system is illustrated for the cases of several extreme events. 
For example, the inclusion of wave coupling leads to decreases strong winds through wave dependent 
surface roughness or changes sea surface temperature, the mixing and ocean circulation; leading to better 
agreement with in -situ and satellite measurements. The satellite altimeter observations can be used to 
support further the regional and coastal oceanography. The model comparisons with data from satellite 
altimeter and in-situ observations showed that the implementation of wave model component into the 
coupled systems reduces the errors in the coastal areas, especially under severe storm conditions.  
 
Accurate coastal ocean simulations remain a challenging topic (e.g. for a coastal flooding) research, not least 
along the European shelf which is characterized by vast shallow tidal flats and a large coastal population. 
The increased demand for improved climate simulations and predictions requires further development and 
refinement of the physical processes represented by the hydrodynamical models to properly account for 
wave generated currents and the corresponding changes to the water level. The effect of coupling on model 
simulations becomes more important with increasing the grid resolution, which therefore emphasizes the 
need for coupling on the regional scales. Spatial and temporal changes in the wave and wave energy 
propagation are not yet sufficiently addressed in high-resolution regional models. The shallow water terms in 
the wave equations (depth and current refraction, bottom friction and wave breaking) play a dominant role 
near coastal areas, especially during storm events, where the wave breaking term prevents unrealistically 
high waves near the coast. The spray caused by breaking waves modulates the atmosphere boundary layer. 
Air-sea interaction is also of great importance in regional climate modelling. Understanding the wave-current 
interaction processes is important for the coupling between the ocean, atmosphere and waves in numerical 
models. Storm surges are meteorologically driven, typically by wind and atmospheric pressure. Waves 
combined with higher water levels may break dykes, cause flooding, destroy construction and erode coasts. 
Coastal flooding can be caused by the combined effects of wind waves, high tides and storm surges in 
response to fluctuations in local and remote winds and atmospheric pressure. The role of these processes can 
be assessed using high-resolution coupled models. However, in the frame of forecasting and climate 
modelling studies, the processes of wave and current interactions are not sufficiently exploited.  
The circulation model NEMO (Nucleus for European Modelling of the Ocean), the LIM-3 sea-ice dynamics 
and thermodynamics package (Madec et al, 2008, Staneva et al., 2017). The wave model WAM (The 
WAMDI group, 1988; ECMWF, 2014) is a third-generation wave model, which solves the action balance 
equation without any a priori restriction on the evolution of spectrum (Staneva et al., 2015, 2017). The 
atmospheric model used in this study is the non-hydrostatic regional climate model COSMO-CLM (CCLM) 
version 4.8 (Rockel et al., 2008, Wahle et al., 2017,). Exchanged fields between the atmospheric CCLM and 
the wave model WAM are wind and sea surface roughness length and the models are coupled using the 
coupler OASIS3-MCT. Ocean waves influence the circulation through number of processes: turbulence due 
to breaking and non-breaking waves, momentum transfer from breaking waves to currents in deep and 
shallow water, wave interaction with planetary and local vorticity, Langmuir turbulence. The NEMO ocean 
model has been modified to take into account the following wave effects as described by Staneva et al. 
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(2017): (1) The Stokes-Coriolis forcing; (2) Sea state dependent momentum flux; and (3) Sea state dependent 
energy flux. A schematic overview of these processes is shown on Figure 10.  
 
We found improved skills in the seasonal mean simulations as well as during the storm conditions when 
using a coupled wave-circulation model. In the periods of storm events, the ocean stress was significantly 
enhanced by the wind-wave interaction leading to an increase in the estimated storm surge (compared to the 
ocean-only integration Section 2.5) to values closer to the observed water level. The model comparisons with 
data from satellite altimeter and in-situ observations showed that the use of the fully coupled system reduces 
the errors, especially under severe storm conditions. This proves the further implementation of the coupled 
model systems for both, operational and climate research and development activities. 
 

                
Figure 10. Left: Model area; right: wave induced processes into NEMO. 
 

2.2.1. The unstructured grid coastal model setup 

 
Using the SCHISM modeling framework a hydrodynamic model setup of the German Bight was created with 
the goal to resolve the relevant hydrodynamic and sedimentological processes in the coastal zone and along 
the estuaries. The model  is  connected in its open boundaries  with the  regional model NEMO   The 
hydrodynamic core of the Semi-implicit Cross-scale Hydroscience Integrated System Model (SCHISM, 
Zhang et al 2016) is a derivative product of the Semi-Implicit Eulerian-Lagrangian Finite-Element (SELFE) 
model (Zhang and Baptista 2008) and  solves the Reynolds averaged Navier-Stokes Equtions on an 
unstructured grid. Implicit numerical solvers and an Eulerian-Langrangian Method (ELM) to solve the 
momentum advections make the model efficient and robust.  The equations are formulated with the 
hydrostatic and Boussinesq approximation. As a turbulence model, the Generic Length-Scale model (GLS; 
Umlauf and Burchard, 2003) is used.  For the sedimentological analyses an integrated 3D sediment model 
was used, which is an unstructured grid adaption of the Community Sediment Transport Model (Warner et 
al., 2008), implemented and documented by Pinto et al. (2012). In the German Bight case the erosion, 
deposition and the bedload transport is computed for 8 sediment classes from 0.06 to 2.0 mm. The model is 
discretized with about 475K/ 940K  nodes/elements using a mixture of triangles and quad-literal elements; 
the resolution varies, increasing from about 1.4 km at the open boundary to about 50 m cross sectional 
direction in the estuaries.  A time step of 120s an 21 S-levels in the vertical are used to discretize the domain, 
which has a maximum depth of about 40m.   
 

2.2.2. Validation of the model setup 

 
The validation of the model showed an overall good agreement with sea surface height observations from 
tide gauge stations along the coast and within the estuaries (colors, Fig. 11, left). Thereby the model well 
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reproduced the phasing, as well as  the tidal amplification along the different estuaries. There was a trend 
towards a slight underestimation of the tidal amplitude by about 10%, indicated by the on average slightly lower 
variability in the Taylor diagram; the correlation with the data was usually above 0.9  (Fig. 11, right). 
Comparisons between the model and a buoy of the Hamburg Port Authority in the Elbe and FerryBox data 
from ferries traveling the Elbe towards Helgoland and Immingham (not shown), proofed that the model also 
reasonably reproduced the  along estuary salinity dynamics, which are dominated by the along-estuary 
salinity gradient and the tidal variability. Observations of minimum and maximum surface sediment 
concentrations for earlier years (Jonge eta. Al 2014, Kappenberg and Grabemann), were in the same order as 
those simulated by the model for the estuaries of Ems, Elbe and Weser (Fig. 12). 
 

 
Figure 11. Validation of simulated ssh against data from tide gauge stations. The map on the left shows the 
location of tide gauge stations color coded for different regions, and the Taylor diagram on the right 
illustrates the agreement betwenn data and model. 
 
 

 
Figure 12. Time averaged from 01/01/2012-15/03/2012 surface SPM concentration integrated 
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over all sediment sizes: Ems (top), Weser (middle) and Elbe (bottom). The solid and dashed curve show 
results from baroclinic and barotropic simulations, respectively. Red and blue dots corresponds to a 
different period of observational data by Jonge et al. for the Ems (top), whereas they decode the maxima and 
minima within observations by Kappenberg and Grabemann in the Weser (middle) and Elbe (bottom). 
 

2.2.3. Studies based on the Setup 
 
Based on the model setup different studies were initiated: 

1. A comparative study and an investigation on the role of baroclinicity for hydro and sediment 
dynamics along the three major estuaries of the region. 

2. An analysis concerning the hydrodynamic response to the  bathymetric changes frequently occurring 
in the coastal German Bight 

For  1. a three month simulation was performed running the model for the period 2012\01\09 to 2012\03\09 
without waves and active morphodynamics, which are steps aimed to be undertaken in the near future. 
The results were validated against observational data for the hydrodynamic and sedimentological variables. 
and an additional barotropic run was performed to study the effects of baroclinicity in the estuarine regions. 
The results are published in  Stanev et. al 2019.  

 

2.2.4. Results from the case studies 
 
Effects of Baroclinicity 
 
As expected baroclinicity shows to be an important driver in the estuarine region of the German Bight area 
influenced by the rivers Weser and Elbe (Fig. 13, right), whereas the Ems due to the low river run off widely 
behaves  almost barotropic. Comparing baroclinic and barotropic simulations, the tidal variability in the 
frontal areas showed to significantly increase starting from the frontal zone (salinity gradient Fig. 13, left) 
continuing in upriver direction by up to 10% (I.e. > 12 cm in the Elbe) for the baroclinic case with respect to 
the barotropic one, as the effects of bottom friction are reduced due to the estuarine stratification. Also The 
sediment dynamics are strongly affected by baroclinicity, resulting in an upstream shift of estuarine turbidity 
maxima and the along estuary distribution of sediment concentrations with respect to the barotropic case 
(Fig. 13). The sediment sorting appeared different for different grain size and dependent on whether 
simulations were in barotropic or baroclinic mode. 

Figure 13. Average salinity from 01/01/2012-15/03/2012 (left) and difference in M2 amplitude for the 
baroclnic minus the barotropic case (right) 
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Effects of Morphodynamic variability 
 
The Bathymetry data shows high morphodynamic variability especially along channels, which 
occurs in complex patterns of migrating thalwegs and a relatively homogenous  deepening trend in  
the tidal flat regions (Fig. 15). Overall the data shows  a tendency for the bathymetry to become 
deeper (Fig. 14, right). Those changes in the bathymetry created a response in the hydrodynamics 
which are most pronounced in the deep tidal channels –which are subject to  continuous migration  
(Fig. 16): The M2 tidal amplitude with respect to the different scenarios shows the largest 
variability in the channels of Jade, Weser and Elbe (a standard deviation of about 4cm in Fig. 16 b), 
where a successive deepening of the main channel in the mouth area leads to an increased tidal 
amplitude, which is further amplified in upriver direction, reaching an maximum difference of 20 
cm in M2 amplitude between individual years. This is the case in the Weser, as well as in the Elbe 
(Fig. 16, c),d)). 
Deepening trends in the channels were usually associated with an increase in the tidal velocity at the 
M2 tidal forcing periodicity, while simultaneous velocities at the M4 tidal period tended to 
decrease. This translates to a decrease in tidal asymmetry (amplitude asymmetry is given by the 
ration of M4/M2 amplitude), which often is created by the interplay of deep tidal channels and 
shallow tidal flat areas, for the latter of which the data shows also a deepening trend. This would be 
in line with the asymptotic relaxation towards the end of the curve describing the development of 
average depth (Fig. 4), as current induced stresses as important morphological driver would also 
become more symmetric between ebb and flood.  

 

 
 
Figure 14. Left: Schematic of temporal and spatial extend of the AufMod Bathymetry date set. Source: Heyer 
H, Schrottke K (2013) Aufbau von integrierten Modellsystemen zur Analyse der langfristigen 
Morphodynamik in der Deutschen Bucht –aufmod. Right:  Development of the average depth for the German 
Bight domain (Fig. 4) under incorparion of the AufMod data for the different years. 
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Figure 15: Representation of dominant patterns in bathymetric devlopement within the AufMod data by 
means of the first EOF. Adjecent line segments of opposite sign  in the EOF and the sigmoidal shape in the 
corresponding  PC, which desribes the temporal evolution, decode the migration of tidal channels. 
 

Figure 16. Bathymetry induced response of  M2 tidal variability. (a) Average M2 tide over the scenarios 
based on different AufMod bathymetries. (b) Standard deviation of M2 amplitude over the bathymetric 
scenarios. (c),(d) M2 amplitude for the scenarios based on the bathymetry data for the different years 
(colorcoded) in Weser and Elbe, respectively. 
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2.2.5. The impact of coupling between waves and circulation model on the sea 

level  of the coastal regions 

 
Staneva et al. (2017) showed validation of the simulated sea level against observational data and is 
presented. Including wave-current interaction processes improved the RMSE and the correlation 
coefficient between the tide gauge data and the simulated sea level. For almost all stations the 
correlation coefficient for the whole integration period is above 0.9. For the three-month period, the 
bias between observations and model data lies in the range of 0.2 - 0.3 m, except for the near coastal 
station Cuxhaven, which may again be the result of the relatively coarse resolution of the model. At 
the time of the storm Xaver, for the German Bight area, the surge height reached values of about 2.5 
m. These two storm surge maxima are reproduced by both the NEMO model only (CTRL run) and 
by the wave-forced NEMO model (ALL run, see Fig. 17). The two maxima for the Helgoland 
stations are underestimated by the stand-alone circulation model, especially over the extremes, 
where the surge difference between observations and model simulations is about 30 cm for the first 
peak and more than 40 cm for the second peak. The sea-state dependent integration (ALL) leads to 
a persistent increase of the surge after the occurrence of the first maximum (with slight 
overestimation after the second peak) and remains substantial in the following two days . 

 
Figure 17: Observed (black squares) against computed storm surges  for the circulation model only (CTRL 
run- red line) and the coupled wave-circulation model (ALL run- green line) during storm Xaver at station 
Helgoland. The X-axis corresponds to the time in days from 01. December 2013 
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Figure 18: 10 m wind (m/s) and mean sea level pressure (hPa) on (top) 02 January, (middle) 30 January 
and (bottom) 06 and February, 2016. 
 
Below we analyse thee time series of simulated and observed surface elevations during interesting 
atmospheric conditions in January and February, 2017 (Fig.19).   
The left panels on Figure 18 correspond to conditions of south-easterly wind and long swell event from 2-4 
January, 2016. This causes very low maximal sea level conditions over the entire German Bight coastal area. 
The sea level amplitude was with about one meter below the normal over this area. During this event, the 
NEMO only simulations (red line) overestimated the measurements for all tide gauges stations. It is clearly 
seen that through the newly introducing parameterizations of the wave induced forcing the simulated water 
level increased leading to better agreement with the observations. The left panels demonstrate the sea level 
variability during the storm on 30 January, 2016.  In this case the north-westerly wind over the German 
Bight caused a higher water level that was underestimated by the NEMO stand-alone model. Again, a closer 
fit to the observations is simulated by the wave experiments that include the new parameterization of transfer 
of momentum fluxes as vector   components. Therefore, the added value of the newly implemented wave-
induced forcing during the storm events, but also during lower water level is clearly noticeable.  
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Figure 20 (top) Comparison of simulated and observed surface elevations at the near-coastal tide gauge 
data for the German Bight coastal area during  strong swell event (left panel) and local surge conditions 
(right panel). The legend is given on the top of the figure.(Bottom)  SLE difference between the wave-
induced experiments and the CTRL (NEMO-stand-alone) model runs during the atmospheric events in 
Fig.19. 
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3. APLICABILITY 
 
The outcomes of the risk module can be summarized as synthetic scenarios or (ii) forecast maps. 
 

3.1. RELEVANCE OF SENTINEL 3 INFORMATION FOR COASTAL FLOODING AND 

RISK ASSESSMENT 
 
 
We discuss here the potential relevance of a costal accurate sea level information for short- and medium-
term flooding forecast. We focus for this purpose on the recent (29 October 2018) flooding of Venice, 
showing how critical the situation was, what happened and, most of all, what could have happened, and how 
the availability of an almost real time information would have been useful to better picture the situation and 
issue a solid information to the town. 
The storm that hit the northern part of Italy on the second half of 29 October was highly peculiar in its 
development. Everything started from the classical, for the Fall, situation of low pressure on the Western 
Mediterranean coupled with high pressure (Azores high) on North-Eastern Atlantic, and in the present case 
also on the Balkans. This is the situation that leads to sirocco on the Adriatic Sea and flooding on its northern 
part , and particularly in Venice. Around 12am of the 29 an explosive cyclogenesis erupted west of Sardinia. 
The low pressure centre, deepening rapidly, moved quickly northwards, exacerbating the zonal gradients on 
its eastern side, hence leading to stronger winds on the Adriatic Sea. This increased the intensity of the flood 
in Venice till when the cold westerly wind pulled in by the now on land explosive minimum changed 
completely the situation. Incidentally, it was this combination of facts that led to the disastrous strong winds 
on the Dolomites and Eastern Alps area (>200 km/h recorded, before the instruments were destroyed by 
wind). We focus here on the oceanographic aspect of the flood, and in particular on the area in front of 
Venice.  

 
Figure 11: Adriatic Sea, East of Italy. Model results at 18 UTC 29 October 2018. The three panels show in 
order: a) the wind field, b) the wave field, c) the meteorological surge. Scales are on the side of each panel. 
Note how the surge is strongly enhanced in front of the Venice coast. 
 
 
Figure 11 provides a general picture of the situation on the Adriatic Sea at the peak of the storm. The three 
panels show in order a) the wind field over the Adriatic Sea, b) the corresponding wave field, c) the 
meteorological surge. The point we want to stress for the present purpose is that, while the wind and wave 
fields are intense on the whole Adriatic Sea, the surge is concentrated on the coastal area in front of Venice. 
The physical reason is the inverse dependence (1/h) of the surface sea slope (in the wind direction) on the 
local sea depth h. In practice, for the same wind speed, more precisely surface wind stress, the shallower the 
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sea, the stronger the consequent slope of the sea surface. Given that the depth decreases progressively 
(bottom slope 1/1000) towards the Venice coast, the sea surface, also under a spatially uniform wind, 
increases faster and faster (gets steeper and steeper) towards the coast, leading to the surge distribution seen 
in Figure 11.  
Given this physics of the meteorological flood and that as a rule sea surface levels are usually only measured, 
hence objectively known, at some single points, some important principles on the use of the Sentinel 3 
altimeter follow at once. First, it would be very useful to have the actual profile in the last 20 km or so before 
the coast. This would allow a more accurate assessment of the physics at play and of the accuracy of the 
related numerical simulations. The second, even more important, point concerns the exact determination of 
the time of the meteorological contribution to the overall sea level. The key point is that the actual flood 
level (in Venice, but the fact is true for any coast) is the superposition of the astronomical tide (the one due 
to the moon and the sun) and the meteorological one associated to the atmospheric pressure and wind 
distribution on the basin. While the former (the astronomical component) is perfectly known in advance, the 
latter (the meteorological one) is the real uncertainty in the situation, not only for its extent, but ad maiora for 
its timing. This is the point we want to stress.  
 

 
Figure 22: Left panel: Area of the Adriatic Sea in front of the Venice lagoon. Lido, Malamocco and 
Chioggia are the three inlets connecting the lagoon to the Adriatic Sea. The dot shows the location, about 15 
km offshore, of the ISMAR oceanographic tower in the right panel. The local depth at the tower is 16 m. 
 
Consider what happened in Venice on 29 October 2018. Figure 22 shows (left panel) the sea area in front of 
the town and its lagoon, this one about 50 km long and 10 km wide. The dot, about 15 km offshore, identifies 
the position of the ISMAR oceanographic tower seen in the right panel. The tower hosts a variety of 
instruments including in particular an accurate wave gauge (actually more than one). Tidal data are available 
also on the coast, in practice at the jetty ends of the three inlets (so at a variable distance, between 1 and 2 
km, from the actual coast) and of course in the lagoon. The key message is provided by Figure 23. 
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Figure 23: Single components and overall sea level at the oceanographic tower shown in Figure 2. Time 
(hours) starts from 00 UTC 29 October 2018. The figure shows the astronomical tide, the total sea level, the 
(surge mod) modelled meteorological contribution, and (surge obs) the corresponding derived one from the 
actual measurements. Note how the peak of the meteorological contribution took place at the trough of the 
astronomical one. 
 
Here we show 1) the astronomical tidal level, i.e. the one expected in absence of meteorological forcing, 2) 
the meteorological contribution derived from the operational surge model, 3) the resulting estimated overall 
sea level and 4) the corresponding measured values. The key point we want to stress, and yet not sufficiently 
appreciated by the population, is how lucky, we the Venetians, have been on 29 October 2018. It is obvious 
from Figure 22 that the meteorological tide, its maximum, took place during the trough of the astronomical 
one. This limited drastically the overall sea level, hence its maximum that indeed did not happen at the peak 
of the meteorological contribution. Had the storm happened six hours earlier, Venice would have 
experienced what would have turned out to be its worst flood in history, much worse, by almost 30 extra cm, 
than the historical flood of 4 November 1966. The relevance of the satellite information stems from the 
possibility of having real time information on the actual overall sea level profile from offshore till the coast. 
Opposite to the nevertheless valuable data at the tower and at the coast (see Figure 21), the profile available 
from the altimeter would provide the full picture of the situation, allowing to pin-point better in time the 
meteorological contribution, hence the overall flooding level in the town. Indeed, although the extent of the 
meteorological contribution was well guessed (actually, estimated) in advance, most of the uncertainty 
resided in “when?”, which was reflected in the uncertainty of the overall sea level pushed up by the storm. 
While on 29 October the town tidal forecast issued by the local forecasting office was very good pin-pointing 
with an error of only 1 cm the expected overall sea level, these forecasts (and performance) are extremely 
critical because a simple shift (only in time, not in extent) of one hour in the peak of the storm can drastically 
change the overall maximum sea level. It is therefore obvious how important it would be to have in real time 
the actual profile of the sea surface from offshore to the coast. Satellites, in particular altimeters as the one on 
Sentinel 3, are the only solution capable to provide this information. 
 

3.2. Synthetic scenarios 
 
This subsection presents the results for a subset of beaches representatives of the NW Mediterranean Sea. 
The stress tests have been carried out in calibration and validation beaches.  
 
The Figures 24 to 26 synthesize (i) a set of curves with the averaged total cost (erosion and flooding) in a 
beach for specific combinations of waves and sea level; (ii) a set of curves with dependence between unitary 
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flooding cost (φr) and erosion (εr) for the same conditions. Waves are classified by their univariate return 
period of Hs (see the numbers that labels the curves). The wave Tr ranges from 1 to 100 years, whilst MWL 
ranges from 0 to 60 cm. The upper limits of both return periods and MWL have been assumed due to the 
sampling.  
 
These curves give a fast assessment of the beach risk behaviour. Waves will drive costs at reflective beaches, 
while dissipative ones will be MWL driven. Two calibration beaches (Badalona and Estartit) would be 
shown below, as representatives of the 54 that constitutes the whole dataset. Malgrat de Mar (Maresme 
strait) would represent the validation dataset. 
 
Badalona beach (Fig.24) is an example of an intermediate morphodynamic state (Wright and Short,1984) 
with a berm height Brmbch = 2.34 m and a steep foreshore slope slpem=0.20. The episodic losses are mainly 
due to flooding. When the sea level is low, high ESE storm return periods triggers alarm (i.e. around Tr = 50 
yr for MWL below 40 cm).  
 
Note that once  the MWL reaches a value of 60 cm, significant economic losses can be reached with Tr,waves 
over 20 years. The dependence structure shows the common pattern: if Hs increase, correlation increases; 
when MWL increases, correlation decreases. Note also that the τK reaches 0.87 (i.e. important correlation) 
with low sea levels (MWL = 0 cm) and Tr=100 yrs. That means that with low sea levels and high wave return 
periods, the values of the flooding (φr) and the erosion cost (εr) share similar magnitude.  
 
Estartit beach stress curves for Eastern waves can be found in Fig.25. Note that the D-16 and J-17 show a 
wave return period of about 7 years. The losses are estimated about 100⋅103 euros. O-15 has a return period 
of around 1 year and no relevant loses were reported.  
 
When the sea level is high (60 cm), the costs rise from 400⋅103 to 800⋅103 euros. With a low sea level (0 cm), 
the minimum wave return period is 10 years. The losses range from 100⋅103 to 400⋅103 euros. In all cases, as 
MWL increases, τK decreases.  
 
Finally, Malgrat de Mar (Fig. 26) experiences important losses, once reached ESE wave storms with Tr = 10 
yrs (Hs = 6 m), even with low sea levels (MWL = 0 cm). These costs tend to be established within a range 
of 10⋅103 − 200⋅103 euros. Until MWL = 50 cm, the sea level is not a decisive factor. 
 
However, with sea levels up to 60 cm, the flooding costs become the main hazard. At these scenarios, MWL 
is the main driver. Hence, there are no significant losses until MWL = 50 cm of sea level. Regarding storms 
from the ESE sector, the formula predicts a similar behavior than E, but with lower wave heights: Tr = 5 
years may trigger important damages.  
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Figure 24. Results from the Risk module at Badalona. ESE wave direction. The colours represent different 
scenarios of extreme water level. (Up) Total Economic losses (erosion + flood) at the beach under different 
wave and sea level scenarios. The green error bars represent the predicted costs of the storms analysed in this 
analysis (Sec 2.1.2). (Down) Dependence coefficient (τK) between erosion and flooding. The numbers above 
the dots are the marginal Hs return period.  
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Figure 25. Results from the Risk module at Estartit beach. East wave direction. The colours represent 
different scenarios of extreme water level. (Up) Total Economic losses (erosion + flood) at the beach under 
different wave and sea level scenarios. The green error bars represent the predicted costs of the storms 
analysed in this analysis (Sec 2.1.2). (Down) Dependence coefficient (τK) between erosion and flooding. The 
numbers above the dots are the marginal Hs return period.  
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Figure 26. Results from the Risk module at Malgrat de Mar. ESE wave direction. The colours represent 
different scenarios of extreme water level. (Up) Total Economic losses (erosion + flood) at the beach under 
different wave and sea level scenarios. The green error bars represent the predicted costs of the storms 
analysed in this analysis (Sec 2.1.2). (Down) Dependence coefficient (τK) between erosion and flooding. The 
numbers above the dots are the marginal Hs return period.  
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3.3. Forecasting maps 
 

 
Figure 27. Risk estimation for the October 2015 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  

 
O-15 (Fig. 27) waves reached a Tr=1 year plus a positive surge (almost 20 cm). Though waves are not as 
extreme as D-16 or J-17, the storm surge enhances the risk category at dissipative and intermediate beaches. 
Moderate risk is predicted at Creus Cape, except at Sant Pere Pescador that present Category 6 (red colour).  
Important risks (categories 4 and 5) are highlighted at Barcelona city and moderate risks at Maresme 
(Categories 2 and 3). The overall expected cost is near 2M euros (Tab. 2). Then, the joint action of common 
moderate surges and waves can unleash relevant costs.  

 

 
Figure 28. Risk estimation for the November 2015 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  

 
N-15 (Fig. 28) storm shows an important global cost (2.5M euros), despite an important part of the coast 
shows no risk. This event is the one with the higher sea level in the analysed period. Then, dissipative 
beaches show higher losses (Gavà, Empuriabrava, Rubina). Note that the Southern Maresme is in moderate 
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risk, mainly due to the lack of beach width. In this sense, important losses (category 5) are predicted in 
Premià de Mar and Barcelona city beaches. No apparent risk is modelled in the Northern Maresme.  

 
Figure 29. Risk estimation for the January 2016 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  

 
J-16 (Fig. 29) had moderate SSW waves and a low sea level. Despite the magnitude was slightly superior to 
F-16, the shoreline orientation of the most part of the calibration and validation beaches are sheltered against 
this directional sector.  Then, the predicted risk is low (Category 1) at almost the whole Study Area, except 
from Llobregat Delta, Malgrat de Mar (both shoreline orientations are not sheltered against SSW waves) and 
Barcelona city (whose assets have the highest value). The total cost of this event was the lowest (690K 
euros), mainly based on the abovementioned sites.  

 
Figure 30. Risk estimation for the February 2016 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  
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F-16 (Fig. 30) is a moderate storm (Hs,peak hardly exceeds 3 meters at Creus Cape) that shows no-risk at 
almost the whole study area. Moderate risk (yellow) can be found at Barcelona city, Gavà and Blanes, where 
valuable assets can be found at the backshore. The expected cost slightly surpasses 1M euros. These 
outcomes show that the risk module has input sensitivity, without overpredicting high costs when the drivers 
are moderate.  

 
Figure 31. Risk estimation for the December 2016 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  

 
D-16 had Hs,peak slightly inferior (Fig. 31) than the J-17 event at the Southern beaches (Maresme, Barcelona 
and Llobregat Delta). However, Hs,peak at the Northern part (Costa Brava) was significantly higher at D-16 
than in J-17. Hence, the risk trend is similar, but with a lower total cost (2.9M euros vs. 3.2M euros), because 
more valuable assets are at the Southern part. Important costs are predicted in Barcelona city, while moderate 
ones at the Maresme. 

 

 
Figure 32. Risk estimation for the December 2016 storm at the NW Mediterranean Sea. The dots are the 
calibration beaches and the rhomboids are the validation points. The colour scale belongs to the categories 
from Tab. 1.  
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J-17 (Fig. 32) had the higher wave return period of the analysed period. Hence, the highest costs were 
predicted (3.2M euros). Except for wave sheltered areas such as pocket beaches or St. Margerida beach 
(Creus Cape), the remaining beaches exhibit moderate to high risk. The ones with higher costs are Sant Pere 
Pescador and Empuriabrava, because of the joint action of: (i) extreme waves (Hs,peak  > 6m) almost 
perpendicular to their shorelines and (ii) fine sediment size and low-lying elevation. Barcelona city presents 
important losses; while Maresme and Gavà present moderate risk, because Hs,peak is lower (Hs,peak < 5m).  
 
 

Storm  Predicted total cost from 
Risk module (K euros)  

Post-storm repairing costs 
(K euros)  

O-15  1970   
1448 N-15  2510  

J-16  690  
F-16  1070  
D-16  2915  2764  
J-17  3200  

 

Table 2. Sum of the predicted costs from the Risk module and the investment for post-storm repairing costs 
made by Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente (Spain). Cost in thousands of 
euros.  
 
The total cost that has been estimated with the Risk Module can be found in Tab. 2. J-17 and D-16 show the 
higher cost, whereas J-16 determined losses around 690⋅103 euros. The other column show the invested cost 
for each storm-season. The invested cost only considers the investment made from Ministerio de Agricultura 
y Pesca, Alimentación y Medio Ambiente (Spanish Government). Damages paid by the Regional Government 
(Generalitat de Catalunya) and municipalities are not included. Note that the detailed costs for each storm 
cannot be quantified as well, due to the lack of data.  
 

3.4. Quality of model results during extreme event 
  

3.4.1. Ensemble with different wind forcing data 
 
For risk management in coastal areas the magnitude of the peak in significant wave height is of interest 
(Weisse et al., 2018). Therefore, time series extracted from the ensemble members are compared to the time 
series of the GTS measurements (Fig.33). For this analysis, the mean of the GTS measurements in the 
northern part of the North Sea (55∘ N, 2∘ W to 60∘ N, 5∘ E) at each time step is taken, and the standard 
deviation is calculated to estimate the variation of the measurements within the considered area. The same is 
done for the significant wave height of each ensemble member at the locations of the GTS measurements.  
Figure 33a depicts the spread of the simulated significant wave heights between the experiments with 
different wind forcings. During the extreme event, the maximum significant wave height varies between 
4.7 m for the simulation with the 6 h ERA5 wind forcing and 6.9 m for the simulation with the coastDat-3 
wind forcing. The observed significant wave height from the GTS measurements lies in between the two 
extremes at 5.3 m. Therefore, coastDat-3 overestimates the significant wave height by approximately 1.6 m. 
During this extreme event, the overestimation is mainly due to coastDat-3 overestimating the wind speed at 
that time (Fig. 33b). Also, in coastDat-3, the wind direction is shifted in the clockwise direction by 
approximately 12° for the majority of time during this extreme event (Fig. 33c). This impact is likely to be 
small compared to the overestimation of the wind speed, as the fetch is rather limited with respect to the 
wind directions between south and west–northwest. The wind direction in other areas may affect the 
significant wave height in this area, though, due to swells travelling into the analysed area. For coastDat-3, 
the area affected by high wind speeds and therefore also by high significant wave heights is larger than that 
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for the other wind forcings. This might also contribute to the high significant wave height shown in Fig. 33a, 
as the values averaged in this analysis cover the northern part of the North Sea. 
The model experiment with the 6 h ERA5 wind forcing yields the lowest significant wave heights for 
29 September 2016 (Fig. 33a) shows that  the peak is underestimated by approximately 0.6 m. This 
underestimation of the significant wave height is also due to the underestimation of the wind speed (Fig. 
33b). Since WAM receives the wind data only every 6 h, the wind speed peak is missed in the wind forcing; 
therefore, the peak in terms of the significant wave height is omitted. This problem can also be seen for the 
model simulations with the ERA-Interim and 6 h ECMWF operational analysis wind forcing. Although the 
wind speed of the hourly DWD forecast and ECMWF operational analysis/forecast matches the observed 
wind speed very well (Fig.33b), WAM overestimates the peak in the significant wave height (Fig. 33a).  
The peak in the observed significant wave height is best illustrated by the model simulation with the hourly 
ERA5 wind forcing (Fig. 33a). The maximum significant wave height differs by only approximately 0.01 m. 
However, in this run, similar to the simulations with the coastDat-3 data, hourly DWD forecast and hourly 
ECMWF operational analysis, the simulated peak in the significant wave height occurs 2 h earlier than the 
observed peak. The model simulation with the 6 h DWD forecast wind forcing slightly overestimates the 
observed peak (Fig.33a), although the maximum wind speed is below the maximum observed wind speed 
(Fig. 33b). The duration of the peak for all model simulations with the 6 h wind forcing in terms of the 
significant wave height is longer than that for the model simulations with hourly wind forcing. Here, 
duration of the peak is estimated based on the time at which the significant wave height exceeds 99 % of the 
peak value. For this significant wave height peak, the duration of the peak for the model simulations with 
hourly wind forcing is 1 h, whereas for the model simulations with 6 h wind forcing, the duration of the peak 
is 3–4 h. 
A few days earlier, two smaller wave height peaks occur. The first one on 27 September 2016 is 
overestimated by all of the model experiments, although the corresponding peak in the wind speed is 
captured well by the model simulations with the hourly ERA5 and ECMWF operational analysis/forecast 
wind forcings. The 6 h wind forcings capture this peak very well, but due to the wind speed being high 3 h 
prior to and after the peak, the simulated significant wave height is too high. The model simulation with the 
hourly DWD forecast wind forcing is the most successful at reproducing the significant wave height peak, 
although the estimated wind speed is lower than the observed wind speed. The second peak, which occurred 
on 28 September 2016, is best matched by both model simulations with the ECMWF operational 
analysis/forecast wind forcing. Both simulations with ERA5 wind forcings slightly underestimate the 
significant wave height peak. All other simulations overestimate the significant wave height. 
During normal conditions both before and after the peaks, however, the results of all model simulations are 
very similar. During extreme events, though, it is very important to have an hourly wind forcing for the wave 
model in order to be able to reproduce the peak in significant wave height correctly. In this study WAM 
showed the best capability to simulate the observed peaks in significant wave height with wind forcing from 
the hourly ERA5 data.  
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(a) (b)

(c)

 
Figure 33: Time series of significant wave height (m) as modelled by WAM with different wind forcings and 
GTS measurements within the northern part of the North Sea (55∘ N, 2∘ W to 60∘ N, 5∘ E). 

3.4.2. Coupled vs. uncoupled model simulation 
 
Another method to improve the quality of the wave model is two-way coupling with an atmospheric model. 
In this case WAM is coupled to COSMO-CLM (Weisse et al., 2019), where in the reference simulation the 
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atmospheric model provides the wind input data for the wave model and in the coupled simulation the wave 
model additionally give back information about the roughness length of the ocean surface due to waves. The 
largest differences between the reference and coupled model simulation, both in wind speed and significant 
wave height, occur during extreme events with large wind speeds and significant wave height. These 
differences become larger, the higher the wind speed and significant wave height are. Therefore, the model 
results are compared to GTS measurements during one extreme events in January 2017 at buoys located off 
the coast of England (53°N 0°E to 54°N 3°E). For the comparison, the measurements of the seven buoys 
within that small area at the same time are averaged. The results of the models collocated with the buoys are 
then averaged as well. The results of the coupled model simulation are closer to the observations than the 
results of the reference model simulation (Figure 33). Especially, during high wind speed with large 
significant wave heights, which are observed on the 13th/14th January 2017, the coupled model performs 
better than the reference model. During calm conditions, after the storm, both model simulations are quite 
close together and close to the measurements. Therefore, by coupling an atmospheric model to the wave 
model, the performance of the both models can be improved. 

(a) (b)  
Figure 34: Time series of (a) wind speed (m/s) and (b) significant wave height (m) at a location off the coast 
of England (53°N 0°E to 54°N 3°E). 
 

3.5. Comparison of Sentinel-3A data with other satellite missions 
 
In this section, the quality of the newly available Sentinel-3A satellite data is assessed and compared to that 
of older satellite data. The focus in this study is on coastal areas, where the quality of both the satellite and 
the model data tends to deteriorate.  
 

3.5.1.  General quality of satellite data 
 
To estimate the overall performance of the different satellite products during the entire study period and over 
the study area, scatter plots of the in situ measurements versus remote sensing measurements are analysed. 
For these comparisons, the satellite data are allowed to have a maximum spatial distance of 20 km and a 
maximum time gap of 30 min with respect to the in situ measurements (Fenoglio-Marc et al., 2015). The 
general performance of all five satellite products is good and very similar. The correlation between all 
products varies by only 3 % with values ranging from 94 % to 97 %. The SI is the largest for the CryoSat-2 
RDSAR product, being approximately 0.22. For the SAR products of Sentinel-3A and CryoSat-2 as well as 
for Jason-2, the SI is approximately 0.17. However, the satellites tend to overestimate the significant wave 
height of in situ measurements, especially Sentinel-3A SAR and both CryoSat-2 products, with biases of up 
to 26 cm. The smallest bias (only 6 cm) is found for the Jason-2 measurements. 
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3.5.2.  Scatter Index along the satellite track 
 
To analyse the spatial distribution of the quality of the satellite data, the SI between the modelled and 
measured significant wave heights along the satellite tracks within each grid box is calculated for Jason-2 
and Sentinel-3A SAR (Fig. 35). Since very few data exist within each grid box during the study period, for 
this analysis, the study period is extended to the end of August 2017 to achieve a more robust SI result. For 
both satellites, the SI is small over the open ocean and becomes larger closer to the coast. Notably, in coastal 
areas, the SI for Sentinel-3A SAR is smaller than that for Jason-2. Especially in the northern part of the 
Baltic Sea, the Danish Straits and along the coastal areas of the southern North Sea, the SI is reduced for 
Sentinel-3A SAR compared to that for Jason-2. This clearly indicates that Sentinel-3A SAR performs better 
over coastal areas than Jason-2. 

(a) (b)  
Figure 35: Scatter index between satellite and modelled significant wave heights along the satellite tracks 
for (a) Jason-2 and (b) Sentinel-3A SAR. 
 
To quantify this, the statistical values within the first 10 km off the coast are calculated for all three different 
satellites (Table 3). In some earlier studies, this area was neglected due to the deteriorating quality of the 
satellite data (Fenoglio-Marc et al., 2015). For Sentinel-3A, the RMSE is reduced by approximately 0.1 m 
and the SI is reduced by 0.17 compared to the values for the other two satellites. The bias is reduced by 
0.08 m compared to that for Jason-2 and 0.16 m compared to that for CryoSat-2. The correlation for Sentinel-
3A is increased by 10 % compared to that for Jason-2 and 5 % compared to that for CryoSat-2. Furthermore, 
the statistics of Sentinel-3A within the first 10 km are closer to those over the whole study area, which is not 
the case for the other two satellites (Table 3; see Fig.35. This indicates that the quality of the data of 
Sentinel-3A over coastal areas is closer to that over the open ocean compared to the data quality of CryoSat-
2 and Jason-2. 
Table 3: Comparison of the data quality within the first 10 km off the coast for all three satellites. 
 Entries RMSE (m) SI Bias (m) Correlation 
Jason-2 1076 0.5219 0.4977 0.2461 0.8075 
CryoSat-2 1360 0.4860 0.4957 0.3334 0.8548 
Sentinel-3A 4192 0.3985 0.3324 0.1682 0.9138 
 
In order to compare the quality of the data of Sentinel-3A with more recent satellite missions, the statistical 
values within the first 10 km off the coast are compared with the data from Jason-3, Saral/AltiKa and also 
CryoSat-2 for January till June 2018 (Table 4). Here the quality of the data of Sentinel-3A is approximately 
the same as for the time period in 2016. The data quality of CroSat-2, however, has increased compared to 
the older data, with an increase in correlation of nearly 5%. Therefore, the data quality of Sentinel-3A and 
CryoSat-2 is very similar during the time period in 2018. The data of Jason-3 is still of lower quality 
compared to Sentinel-3A and CryoSat-2, but has improved compared to Jason-2. The data quality of 
Saral/Altika, however, is the best during this time period, having the lowest RMSE and SI and the highest 
correlation. Only the bias is smaller for CryoSat-2.  
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Table 4: Comparison of the data quality within the first 10 km off the coast for January till June 2018. 
 Entries RMSE (m) SI Bias (m) Correlation 
Jason-3 853 0.4932 0.4191 0.1884 0.8815 
CryoSat-2 1028 0.3824 0.4297 0.0361 0.9020 
Sentinel-3A 1387 0.3811 0.3585 0.1321 0.9126 
Saral/AltiKa 1208 0.3661 0.3106 0.1478 0.9492 
 
 

3.6. Best practice criteria for applying Sentinel and high resolution Search and 

rescue coastal products in coastal waters  
 
The benefit of new measurements in a data assimilation scheme depends to a large extend on the type of 
model errors that can potentially be corrected in the analysis. In the SAR related study we concentrated on 
the German Bight where the circulation dynamics is complicated by different factors like  
 

• The shallow water with significant uncertainties in the bathymetry 
• The strong impact of bottom friction with large uncertainties of the bottom roughness 
• The strong impact of the boundary forcing because of the dominant tidal signal  
• Atmospheric forcing plays an important role both for the general circulation and the aerodynamic 

drag on floating objects 
 
The added value of new satellite observation data also depends on the insitu observations that are already 
available in the area. For the German Bight this is  
 

• HF radar system with three stations at Wangerooge, Sylt and Büsum 
• Two ADCPs at FINO-1 and FINO-2 
• Various tide gauges along the coast 

 
There are also two fundamentally different applications of satellite data for the improvement of drift 
forecasts  
 

• Use of satellite data in an operational forecast system including data assimilation  
• Use of satellite data to optimize uncertain parameters in the model 

 
For the first application the sparse temporal sampling of SENTINEL data is certainly a problem. For 
example, it is hardly possible to estimate phase errors in the temporal surface current dynamics based on 
single snapshot measurements with gaps of several days. On the other hand, these relatively sparse satellite 
measurements can be very valuable for the optimization of uncertain parameters like the bottom roughness, 
in particular because of their large coverage, high spatial resolution and all weather capability. 
 
The parameter estimation aspects were investigated using a 4DVAR approach where the available 
measurements are collected over a certain period and then model parameters are optimized in such a way that 
the model trajectory is in closer agreement with the observations. This optimization problem is quite 
challenging because the circulation dynamics is affected by the following nonlinear mechanism 
 

• Nonlinear bottom friction  
• Nonlinear coupling between water levels and currents 
• Momentum Advection  
• Turbulence including nonlinear dependence on current fields  
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To illustrate the sensitivity of the system with respect to internal friction parameters, which are related to the 
turbulence parameterization, 34 shows simulations over a period of 5 days for 8 simulated drifters released at 
different locations in the German Bight. The release points are indicated by yellow dots and isobaths for 10 
m, 20 m, and 30 m are superimposed as grey lines. In the left plot the surface drifter trajectories derived from 
the analysis (in blue) are compared with a first guess run with 10 times rougher bottom surface (in blue). One 
can see that the bottom roughness does not seem to have a very strong effect except for the drifter on the 
lower right, which happens to be released at a location with quite strong bathymetry gradient. The two 
drifters in the upper right released in water depth below 20 m show a slightly stronger sensitivity with 
respect to bottom roughness, but the effect is still small. Figure 36 (right) shows again a comparison of the 
analysis with a first guess run, but this time the first run differs by a smaller momentum diffusion in the top 
layer (10 times smaller). One can see that this has a quite substantial impact on the surface drifter 
trajectories. The reason for this observations is the role that the momentum diffusion plays for the connection 
of the top layer to the underlying water mass. If the turbulence in the top layer is small the upper water layer 
experiences less friction and can be more easily moved around by both pressure gradients and the wind 
forcing. As can be seen on the map, it is not easy to predict in which areas this mechanism has the strongest 
impact on the trajectories. 

 

The identified best practice criteria in the context of search and rescue can be summarised as follows: 

• The satellite data should be integrated with existing insitu data using data assimilation techniques 

• Apart from current measurements, wáter level observations from tide gauges provide valuable 
information on the overall transports 

• It seems that satellite data are very valuable for parameter optimisation, but are of limited value for 
operational data assimilation, at least with the temporal sampling available today 

 

 
Fig. 36 : Comparisons of surface drift trajectories derived from analysed model runs (blue trajectories) in comparison to first 
guess runs (red curves) over a period of five days. The yellow dots indicate the release locations. The red trajectories in the left 
plot are based on a higher estimate for the bottom roughness. The red trajectories on the right are related to a reduction of the 
momentum diffusion in the surface layer. In addition the 10m,20m and 30 m isobaths are superimposed as grey lines. 
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It should also be emphasized that data assimilation and parameter estimation procedured are strongly 
dependent ton reliable estimates of measurement accuracies. Cross validations and application of the triple 
collocation method, which can separate the errors in different data sets, are helpful in this context.  

 
 
 

4. DISCUSSION AND CONCLUSIONS  

4.1. Hypothesis behind the module building 
 
A multivariate non-stationary statistical model that forecasts the cost of episodic coastal hazards (erosion and 
flooding) has been proposed. The calibration dataset, derived from process-based modelling, exhibits the 
following features:  

1. Erosion is a bounded cost (i.e. both maximum and minimum can be estimated). Sand is a limited 
resource and it is present in the exposed part of the beach. Sand dynamics tends to be present at all 
the calibration beaches, regardless of their morphodynamic features.  

2. Flooding (specially at dense urban areas) shows higher upside costs than erosion. Despite that 
moderate forcings leads to almost nil costs; once waves and MWL surpass site-dependent thresholds, 
the trend shifts.  

3. The mean value of the flooding cost tends to be lower than the erosion cost, because the flooding 
depends on impulsive action (i.e. overtopping discharges grows non-linearly when forcings 
increases).  

One of the strong points of the statistical model is its non-stationary dependence structure. High values of τK 
show that the erosion and flooding costs share the same proportionality in the total cost. When there exist a 
mismatch between these individual costs, τK tend to be lower. Low sea levels and high wave return period 
lead to higher values of τK, because this combination of forcing drives erosion and overtopping. On the 
contrary, high water levels but low waves lead to prominent flooding but low erosion rates.  
 
From an operational point of view, wave direction is almost as important as the significant wave height, both 
for dissipative and reflective beaches. At dissipative beaches, local flooding can be enhanced within specific 
directional sectors due to local emerged constraints. At reflective beaches, though, refraction processes are 
not fully developed and certain directional sectors may lead to combined cross-shore and long-shore 
gradients that exacerbate erosion.  
 

4.2. Results of the COPAS formula 
 
The proposed multivariate model handles the main features of the dataset. The method relates commonalities 
among beaches and helps to extrapolate coastal risk in un-sampled zones. The non-stationary parametrization 
implies that shifts in hydrodynamic forcing leads to different levels of damage.  
 
Dissipative beaches tend to exhibit higher costs than reflective beaches under high MWL. That is because 
most of the dissipative beaches in the calibration database have low berm height. In these cases, erosion is 
the main coastal hazard under low sea levels; but once reached a site-specific MWL threshold, this trend 
shifts to flooding.  
 
Reflective beaches have coarse sand and the erosion costs tend to be lower than at dissipative ones. At low 
sea levels, flooding costs tend to be significantly lower than in dissipative beaches, as well. Once surpassed a 
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site-specific MWL threshold, flooding cost proportion increases. This upper threshold tends to be higher than 
in dissipative coasts, partly because the berm height tends to be higher.  
 
The evolution of the dependence (τK) may be understood as well as an indicator of the beach health. Note 
that dependence is a consequence of the flood-erosion rate interaction.  
 
The forecasts tend to be more accurate with open, free from obstacles beaches. That is because the 
morphodynamic model performs better at homogeneous domains (Gràcia et al. 2013a). Fine sand beaches 
tend to have high values of erosion, which is somewhat hard to predict with the present sample. Increased 
performance at dissipative beaches would be expected with more beach samples from the Southern part of 
the Catalan coast. The present database hinders to extrapolate to all the Catalan coast particularities, but 
shows considerably good skill for the Northern part.  
 
Moderate events (i.e. moderate wave return periods (Tr = 1−5 yr) joint with moderate storm-surges) can 
lead to significant total costs for the whole Northern coastal fringe. At the moderate N-15 event there were 
estimated losses of 2510⋅103 euros that do not differ excessively from the extremal J-17 (3200⋅103 euros). 
Although they differ relevantly in wave magnitude, J-17 has a lower sea level; whilst the joint action of 
waves and MWL leads to hazardous rates in N-15. In these cases, prone to flooding beaches would be 
affected by the sea level and erosive sites will be aggravated due to waves. The cumulative costs at a wide 
coastal fringe such as the Northern Catalan Coast can be significant. This justifies the need for accurate 
hydrodynamic forcings not only for extreme episodes, but also for moderate conditions.  
 

4.3. Integration road map for our high resolution combined fields into CMEMS 
 
The high resolution SENTINEL ocean current products are seen as an interesting extension of the limited set 
of measurements available to support SAR operations today. As pointed out in the previous section, the 
largest potential is seen in the use for parameter estimation and bias correction to optimise the models which 
are currently used for drift forecast. In order to be useful, the following steps are necessary: 

• Cross validation with existing in-situ measurements 

• Ensuring consistent provision of accuracy information for all sensors 

• Optimal blending of information from satellite, in-situ and models for the satellite  
 acquisition times 

The surface current measurements are also of high value because they provide information on momentum 
fluxes at the air/sea interface. This information is of high relevance for the coupling of the ocean circulation, 
ocean surface waves and the atmosphere, which is currently analysed and implemented by different 
institutions like HZG. In this context the additional satellite SAR measurements of surface wind are very 
complementary and should be integrated as well.  
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