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1 Introduction 
 
This document was created in the framework of workpackage WP 4 “Skill assessment and 
verification” of the CEASELESS (Copernicus Evolution and Applications with Sentinel 
Enhancements and Land Effluents for Shores and Seas) project. The work in WP4, which is led by 
HZG, aims to define skill and uncertainty bounds for evaluating combined satellite/model 
performance in coastal areas. It builds on existing/improved (assimilation in WP2 and 
parameterizations in WP3) modelling plus the new wealth of Sentinel information, assessing 
capabilities for a) sub-mesoscale/shallow water processes, b) applications to scientific/commercial 
uses and c) integration into operational oceanography (CMEMS). This serves to demonstrate the 
added value of CEASELESS derived products and to provide documented evidence that the coastal 
component in Copernicus can be successful. 

In the first part of the document (Section 2) basic considerations about a verification framework for 
Copernicus Marine Environment Monitoring Service offshore and coastal products are presented. The 
main concepts, which are regarded as very important are: 

• simplicity 
• reproducibility 
• extensibility 

 
A particular focus of the discussion is on the coastal specific requirements of product verification, like 
the sensitivity to averaging procedures in areas with strong gradients and inhomogeneities. 

The various issues with coastal product verification are then demonstrated and discussed in four 
geographical regions and applications areas: Risk assessment in the Adriatic Sea, high resolution 
coastal wind fields at the Danish Coast, High resolution coastal ocean wave fields with focus on the 
German Bight, and fresh water dynamics at the Catalan Coast. In this document the focus is on the 
methodology description and assessment of the basic geophysical coastal information available from 
different sources. There will be an extended document D4.3, which provides additional information on 
the verification of different derived products concerned with 

• Risk assessment (Adriatic Sea) 
• Offshore Windfarming (Danish Coast) 
• Search and Rescue (German Bight)  
• Water quality (Catalan Coast) 

 
The assessment of products has various aspects, which will be dicussed in the following. The value of 
a product obiously depends on the specific application and the complementary information already 
available. For example, if a user already has access to numerical model data the products are useful if: 

• The measurement errors are smaller than the model errors 
• The observations provide information on smaller spatial and/or temporal scales than the model 
• The observations provide information on important processes, which are not yet included or 

poorly represented in the model 
 

The combined use of model and observation data will be discussed using altimeter wave height 
measurements, Synthetic Aperture Radar (SAR) wind measurements as well as various insitu data. As 
will be shown, high resolution satellite data, like SAR derived wind maps, are of high value in 
heterogenous coastal areas with strong gradients. A positive impact of satellite data (e.g., altimeter 
wave height measurements) is also observed for extreme events, where relatively small spatial and 
temporal scales have to be considered. 

The quantification of observation errors is of course itself  a challenge, because the “truth” is not 
known. One approach to separate different error sources in data sets is the so called triple colocation 
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method. This technique is based on  assumptions about the independence of errors in three different 
data sets and will be discussed using satellite wave height measurements as an example. Comparing 
different observation instruments there are a couple general issues to considered: 

• Are the instruments and models refering to exactly the same quantity or do we have to take 
into acount representation errors ? 

• How well are the measurements and models colocated in time and space and how much 
decorrelation do we have to expect ? 

• Do the measurements differ in resolution and how much would that add to the representation 
error ? 

We will come back to a discussion of the above points in the context of different information products 
in the following. 

The presentation of the different case studies is done in two stages. The used model data and 
observations are introduced in section 3. An analysis of the variability of the system is presented in 
scetion 4 followed by a discussion of the different model and observation error sources in section 0. 

2 Verification framework for Copernicus Marine Environment 
Monitoring Service offshore and coastal products 

2.1 Need for a common verification framework 
 
The examples of coastal products in this report highlight the complexity of coastal zone processes and 
illustrate the need for a detailed understanding of both model performance and observation methods in 
order to properly evaluate product quality. In theory, the strong gradients in fields of ocean parameters 
near the coast may make such evaluations more challenging than might be expected further offshore 
since, in the latter case, shallow water effects are reduced and forcing fields (e.g. surface winds and 
pressures) are correlated over larger length and time scales. 

However, the increased use of high resolution ocean and atmospheric models in the offshore zone has 
demonstrated that for certain fields’ complexity is also introduced at small spatial scales and high 
temporal frequencies. For example, Figure 2.1, demonstrates a significant increase in the level of 
structure for surface current speeds forecast by a 1.5km NEMO ocean model (Graham et al., 2018) 
occurring both on the continental shelf, but also in deep waters to the west of the shelf break. These 
extra levels of structure present a new challenge for verification of ocean systems, since whilst such 
models (subjectively) generate more realistic fields, it is often the case that statistics based on direct 
point match-up between model and observations do not improve (e.g. the so-called double penalty 
effect, e.g. Rossa et al., 2008). 

Similar issues have been encountered where atmospheric forecasting has moved toward convection-
permitting and -resolving models. This has led to a significant body of research into verification 
methods that better discriminate between forecasting systems with differing feature resolutions and 
which also enable direct comparisons between deterministic and ensemble forecasts (Gilleland, 2009). 
The application of such methods has just begun to be extended to ocean forecast models including 
research aimed at transferring a subset of these methods to the Copernicus Marine Environment 
Monitoring Service (CMEMS, http://marine.copernicus.eu/ ). In this review these methods are 
discussed in the context of verifying the next generation of coastal forecast products for CMEMS 
users, with a focus on whether such methods enable a unified approach to both offshore and coastal 
verification. 

 

http://marine.copernicus.eu/
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Figure 2.1: Surface current speeds from Northwest Shelf NEMO ocean models. (Left) AMM7, 7km resolution 
fields; (Right) AMM15 1.5km fields. Significant extra structure is added to the current fields both on and off the 
continental shelf as a result of increasing model resolution. 

2.2 CMEMS user requirements for verification 
 
For CMEMS the focus of verification efforts are to provide users with information that gives them an 
overview of confidence levels for the data provided by the service and, in principle, the necessary 
building blocks to enable more focused evaluations of product quality. Three mechanisms are 
available for this: 

1. Generation of a product Quality Information Document (QuID) that details methodology and a 
long term verification of product behaviour. This can be considered as baseline information 
for the product. 

2. Generation of near real time (NRT) statistics for product forecast fields (e.g. at 
http://marine.copernicus.eu/services-portfolio/scientific-quality/ ). These allow an ongoing 
review of product behaviour. 

3. Availability of model and observation data via the CMEMS data portal 
(http://marine.copernicus.eu/ ). These allow users to run their own product quality analyses by 
virtue of being able to access both predictive (model) data and the verifying truth 
(observations). 

Within CMEMS service evolution, the focus is on improving and unifying techniques to deliver 1 and 
2 to a generic set of users. Knowledge transfer activities (e.g. workshops, publications and code 
sharing) aim to provide users wishing to run their own verification with access to the tools and 
techniques being employed. 

As part of the EU FP7 MyWave project, Saulter (2014) reviewed user requirements for wave 
verification within the CMEMS service. The findings from this report are used as background for a set 
of principles for product verification. The first principle is simplicity. The users surveyed fell into two 
broad categories: either a) basic users of the information for whom a high level review of the data and 
an accompanying expert opinion on its usefulness was deemed sufficient; or b) sophisticated users that 
welcomed production of high level data to enable simple monitoring of product changes, but who 
preferred to be able to access the verification data and perform their own detailed use-specific 
analyses. In both cases the required information is the same in that simple, intuitive, statistics that 
could be quickly reviewed by non-experts and experts alike were identified as the key requirement 
from CMEMS QuID and NRT verification systems. 

The second principle is reproducibility. This is a clear requirement of all scientific experimentation, 
but defined explicitly here as a need for CMEMS to enable its users to access model and observations, 
plus methods to match and verify the data, in such a way that an individual could reproduce and 

http://marine.copernicus.eu/services-portfolio/scientific-quality/
http://marine.copernicus.eu/
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confirm statistics generated in the QuID and NRT verification. Adopting this principle means that 
further user focused verification of products can be made consistent with the upstream high level 
verification processes and enables a dialogue regarding verification procedures between the data 
producers and downstream users. 

The final principle, which is introduced specifically in this proposal and acknowledges the challenges 
associated with verifying products in the coastal zone is extensibility. This is an important 
consideration when publishing results for coastal systems where the verifying truth comprises a sparse 
set of measurements. The extensibility principle asks the question as to whether verification results 
given for a location in one part of a model domain mean that we can infer product quality elsewhere. 
For offshore systems, splitting the evaluation of models into sub-domains based on an overview of 
physical regimes and availability of observations generally serves this purpose. However, in very 
shallow waters with high levels of bathymetric variation, the near coastal zone and in the vicinity of 
large estuaries, a lack of observational coverage may mean that a different approach needs to be taken. 

2.3 Issues for verification of coastal products 
 
The key issues for verification of coastal products relate to the potential variability of processes and 
strong gradients in ocean fields within a domain versus observation coverage (affecting extensibility), 
and the ability of both models and observations to sample spatial and temporal variability of the 
parameters being verified. These representivity questions lead to specific choices being made when 
preparing datasets for the verification process, and may affect reproducibility if not properly 
communicated. 
The extensibility problem is already acknowledged within existing QuIDs; for example the European 
North-West Shelf Seas Ocean Wave Analysis and Forecast QuID 
(http://marine.copernicus.eu/documents/QUID/CMEMS-NWS-QUID-004-012.pdf) states that “It 
should be noted that the 7 km resolution of this model restricts the applicability of information 
provided in this document to open waters approximately 20 km or more from the coastline and where 
bathymetric variability is on the scale of a few kilometres or greater”. Arguably, this type of statement 
is too broad, since there is significant geographic variation in the North-West Shelf wave fields, even 
for a 7km resolved product. The degree of geographic variation in ocean parameters is further 
illustrated by the coastal products within this report. Measured and modelled wind speed data analysed 
by DTU (Larsen et al. 2018, Figure 5.8) show organised atmospheric featured with scales of order 1s-
10s kms, when assessing the approaches to the Danish coast. However, remote sensed measurements 
show significantly finer scale variations in the resulting sea surface roughness, due to highly localised 
interactions between wind and surface wave behaviours in the near coastal zone (Figure 4.10). 
Development of wave fields in the North Sea-German Bight and Danish Coast areas, respectively  
assessed by HZG and DTU/DHI  demonstrates that significant variation in detail can be introduced 
offshore through varying the forcing wind field (Figure 4.1 and Figure 4.2) whilst strong coastal to 
offshore gradients exist in the shallow waters of the German Bight (Section 5.1, Figure 5.6). Capturing 
these strong gradients presents a challenge for both model and remote sensed observations, as per the 
example in Figure 5.7. The challenge for acquiring and interpreting remote sensed observations is 
further illustrated by CNR’s analysis of satellite altimeter data in the Northern Adriatic (Section 5.4), 
which implies differences in the behaviours of altimeter instruments in a shallow semi-enclosed sea 
basin. The example provided by UPC, of hydrodynamic modelling around the Catalan coast, provides 
an extreme case where the physical connection between the Ebro Delta bays and open waters, varies in 
time due to bar breaching under storms or mouth narrowing due bar growth (Section 4.3). 
The main concern for extensibility is the identification of potential for ‘blind spots’ in a product 
quality evaluation; i.e. areas where there are no observations (or where there are significant concerns 
regarding observation quality/consistency) and where it might be suspected that the verification from 
other locations within the domain is not applicable. To make this information accessible to the user 
whilst at the necessary level of detail, some form of mapped analysis, e.g. a geographically varying 
Red-Amber-Green (RAG) traffic light, might be envisaged. The basis for building such mapped 
products is available using some of the data typically generated when building data assimilation 
systems. For example, the left and middle panels of Figure 2.2 show (hourly) model error standard 

http://marine.copernicus.eu/documents/QUID/CMEMS-NWS-QUID-004-012.pdf
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deviations and correlation lengthscales based on analyses of significant wave height in the North-West 
Shelf region, generated by applying the Canadian Quick Covariance method (Polavarapu et al., 2005) 
to a 2-year sample of wave model data. In this case, the lengthscales are based on an isotropic 
assumption which, whilst not realistic due to spatial variability in processes dominating wave 
evolution close to the coastline, does give a useful first guess at areas which are distinct in terms of 
their error correlation. Areas with distinct error standard deviations and small correlation lengthscales 
could become blind spots if not adequately sampled by observations. 

The right hand panel of Figure 2.2 illustrates a more targeted RAG traffic light analysis. This was 
generated by testing whether each location the model could be sufficiently correlated with at least one 
in-situ observation site (at a correlation level of 0.5 based on the lengthscales shown in the middle 
panel) and by applying a no-data zone for satellite altimetry around the coastline. Where model grid 
cells and in-situ observations (marked with crosses) could be correlated the RAG traffic light is given 
green status, indicating that verification from a model versus in-situ data verification is extensible to 
these points. Conversely, coastal locations where there are no correlated in-situ observations and 
altimeter data might be rejected by quality control procedures are given a red status. The remaining 
model grid cells are given an amber status, indicating a requirement to include altimeter or other data 
in order to confidently express product quality for these areas. In this case it is clear that, when using 
in-situ observations only, ‘blind spots’ can be found in the eastern portion of the central North Sea and 
Skageraak, Irish Sea and much of the Atlantic west of the North-West continental shelf. Of these, the 
central North Sea and Atlantic regions can be properly verified through supplementing with altimeter 
data. To achieve a similar level of extensibility in the Irish Sea, the improvements in coastal altimeter 
quality targeted through the CEASELESS would need to be pulled through into operational use. It is 
worth noting that Figure 2.2 is simply an illustrative example and uses a Met Office internal 
observation database rather than the existing CMEMS in-situ dataset for the traffic light analysis. 
Nonetheless, it is envisaged that analyses of this type could be developed and carried out within the 
CMEMS model QuID process, since datasets that can be applied to the Canadian Quick Covariance 
method are necessarily generated as part of the model verification process. 

 
Figure 2.2. Illustrative example of using error covariance information for identifying model-observation ‘blind 
spots’. Left: (hourly) Error standard deviation statistic for AMM7 wave model; Middle: Correlation lengthscales 
using a Gaussian function and isotropic assumption; Right: Application of lengthscale and altimeter masking 
data to generate verification confidence information. 

 

In order to ensure reproducibility it is necessary to clearly define the spatial/temporal/process scales 
that are represented by models and observations, plus any post-processing of data that is conducted 
prior to the verification being carried out. In the coastal zone, significant temporal variability may be 
introduced by tidal variations, constraining the maximum sample period over which a variable might 
be considered ‘stationary’ to approximately 15-30 minutes. Spatially, the track of satellite-borne 
remote sensing instruments mean that ‘super-observations’ used to smooth data and increase the 
representative lengthscale could become aliased as the instrument observes variations in spatial 
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processes over adjacent views of the ocean surface. Saulter (2014) recommended that, for waves in 
open waters, the clearest method for user focused verification was to take a ‘standard’ in-situ sampling 
period as the representative scale, super-observe satellite data to be consistent with this and then apply 
the model data in an unprocessed form in order to represent the simplest possible method for product 
generation. For coastal verification the underpinning idea of adopting in-situ sampling as a standard 
that users will intuitively trust is likely to still hold. However, the evolution of verification methods 
described in the next sub-section allows some review of the treatment of both satellite observations 
and model data that may be more appropriate to coastal zone applications. In addition, there is an 
opportunity to better incorporate errors that may be introduced in both satellite and in-situ data 
sampling into the verification scheme. 

2.4 Verification systems for Copernicus service evolution 
 

The discussion in this report is provided against a background where verification systems are being 
both reviewed and re-engineered within CMEMS operating frameworks, whilst longer term 
enhancements are actively investigated via Copernicus Tier 2 and 3 research activities 
(http://marine.copernicus.eu/science-learning/service-evolution/rd-projects-funded-cmems) 

 

 

 

Figure 2.3. Data available from the CMEMS in-situ TAC over a 30 day period for (top left) waves, (top right) 
sea-level, (bottom left) temperature, (bottom right) currents. Images are taken from the in-situ TAC observations 
portal at: http://www.marineinsitu.eu/dashboard/  

 

From an operational perspective, the main improvements to verification systems relate to the 
availability of observations and their use by Monitoring Forecasting Centres (MFCs) in upstream 

http://marine.copernicus.eu/science-learning/service-evolution/rd-projects-funded-cmems
http://www.marineinsitu.eu/dashboard/
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verification processes. Figure 2.3 illustrates the present (last 30 days data) North-West Shelf coverage 
of measurements for a subset of parameters available from the in-situ Thematic Assembly Centre 
(TAC, http://marine.copernicus.eu/situ-thematic-centre-ins-tac). For waves, sea-level and temperature 
a significant number of data are available from coastal or near-coastal areas, albeit clustered within 
certain parts of the domain. TACs providing remote sensed data products 
(http://marine.copernicus.eu/about-us/about-producers/) are now beginning to include Sentinel 
observations within the catalogue (e.g. http://marine.copernicus.eu/new-satellite-based-wave-product-
released/) and it is envisaged that reprocessing techniques and other findings from the CEASELESS 
project can be applied to these data in order to improve coastal zone coverage and confidence in data 
from this instrument in future. 

Prior to the start of CMEMS a number of MFCs already had observation processing/verification 
systems in place. The intention, based on outcomes of a recent product quality workshop in Varna 
(CMEMS internal workshop minutes, May 2018), is that these are steadily evolved toward systems 
that will produce verification data based exclusively on match-up between CMEMS model and 
observation products, meaning that full reproducibility based on the CMEMS catalogue will be 
possible for downstream users. Included in the requirements for reproducibility is a need to ensure that 
verification data are based on robust, statistically independent, data samples. Saulter (2014) discusses 
sampling periods necessary to achieve such a dataset for wave observations and concludes that a 
minimum 3 month sample period is required in European waters, for both in-situ and satellite altimeter 
data. The spatial/temporal extents used to achieve such samples are likely vary for different 
parameters and regions, due to availability of observations and spatial-temporal correlations between 
data, so it is important that these are investigated and published. 

In terms of verification techniques, the key research focuses on the potential to adopt ‘neighbourhood 
methods’ to verify ocean models. This is being investigated via the CMEMS Tier 2 research and 
development project HiVE (Maksymczuk and Mittermaier, 2017). Of particular application to coastal 
zone verification, where the majority of observations will take the form of in-situ point measurements, 
supplemented by satellite passes, are single observation – neighbourhood forecast (SO-NF) or 
neighbourhood observation – neighbourhood forecast (NO-NF) methods (Ebert, 2008). These methods 
are used to address two problems. The first relates to inter-comparison of models at different scales, 
particularly the issue of ‘double-penalties’ in spatial-temporal specific match-ups. In such cases a high 
resolution model which produces a (subjectively) more realistic view of environmental conditions 
verifies poorly due to small displacements of high energy features when compared with a coarser scale 
model that may contain less useful information but delivers a smoother forecast (e.g. for precipitation, 
as documented by Mittermaier et al., 2013). The second application of neighbourhood techniques is to 
allow a useful intercomparison of both ensemble prediction systems and deterministic models, since 
the treatment of the data follows a form used in probabilistic verification regardless of the prediction 
method (Mittermaier and Csima, 2017). In principle, such probabilistic verification methods also 
allow for the introduction of observation uncertainty to the verification, either through ‘dressing’ of 
forecasts (e.g. Flowerdew et al., 2010; Pezzutto et al., 2016) or applying Monte-Carlo methods to 
directly vary the observed ‘truth’. 

Within HiVE the SO-NF method will be evaluated as a tool for verification of ocean parameters using 
the Met Office’s High Resolution Assessment (HiRA) framework, which is based on Mittermaier 
(2014) and Mittermaier and Csima (2017). SO-NF methods are noted by Ebert (2008) as representing 
the user-oriented (as opposed to model-oriented) viewpoint for verification, since they measure a 
model’s ability to predict observed values for particular locations of interest. The assessment of 
neighbourhood forecasts is based on an assumption that adjacent grid points are equi-probable 
outcomes at a given point, provided the distance from the point remains physically plausible. This 
latter assumption will be particularly relevant in the coastal zone and is discussed in the next 
subsection. The method also assumes that the observation is a true value and is not only representative 
of the exact location at which it observes, but also has the characteristics of a surrounding area as well. 
This assumption is particularly pertinent for parameters such as significant wave height, since the 
information observed at a given in-situ location will be influenced by the wave field evolution over a 
larger sea area through which the waves have propagated. 

http://marine.copernicus.eu/situ-thematic-centre-ins-tac
http://marine.copernicus.eu/about-us/about-producers/
http://marine.copernicus.eu/new-satellite-based-wave-product-released/
http://marine.copernicus.eu/new-satellite-based-wave-product-released/
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The purpose of using neighbourhoods is to account for the spatial uncertainty. This is achieved by 
effectively generating an ensemble of forecasts for a specific observation using the collection of grid 
points within a specified forecast neighbourhood. The neighbourhood forecasts can thus be treated 
using the same metrics available for verifying probabilistic forecasts. For example, HiRA is able to 
generate a Continuous Ranked Probability Score (CRPS), Ranked Probability Score (RPS) and Brier 
Score (BS). Continuous parameters, for example sea surface temperature, are appropriate for use with 
the CRPS. The Brier Score is appropriate where a threshold is being examined, for example currents 
exceeding 2 m/s. The RPS (which is a multi-category extension of the Brier Score) is suited to 
situations where a whole distribution that can be categorised is sampled (for example, wind speeds 
allocated into Beaufort force thresholds), and is often used for quantities that have a highly skewed 
distribution. The use of neighbourhoods and adoption of metrics that are probabilistic in nature serves 
to mitigate the 'double-penalty' effect, which manifests itself for point and time specific comparisons 
by penalising forecasts that are slightly offset with regards to the observation (in either timing or 
location) as severely as forecasts that are significantly offset. In contrast, an SO-NF method gives 
some credit to forecasts that are ‘close’ to the observed state in a way that is not rewarded using 
traditional verification techniques. 

The NF methodology also allows different sized collections of model grid cells to be compared in 
order to see how the skill of models varies within an area around the observing site. HiRA is presently 
designed to work with regular grids, such that a number of grid sizes appropriate to the assessment 
being made (e.g. 1, 3, 5,…) are selected, where the number represents the length of a square domain 
surrounding the observation point (Figure 2.4). From the forecast, the closest forecast points to the 
observation location are selected for each grid size. No interpolation is performed on the forecast data 
to bring it to the observation point, it is used unaltered. The effect of using larger neighbourhoods is 
that it increases the resolution of the (spatial) probability value, and provides more values to populate 
the bins (in the RPS case). For example, a deterministic model at a 3x3 neighbourhood grid will return 
probability values in multiples of 1/9. The increase population of forecasts within a larger 
neighbourhood can return more precise values, and make more nuanced transitions between 
probability bins. However, if the area becomes too big representivity of processes local to the 
observation is lost, and any skill will be essentially random, so the method does not provide a means to 
artificially generate skill. 

 
Figure 2.4 Illustration of neighbourhood sizes used within the HiRA framework. 

 

2.5 Potential for application of neighbourhood methods in coastal zone 
verification 

 

Useful summaries of the techniques involved are given by refs. In this discussion, and acknowledging 
the principle of simplicity, it is suggested that the focus is on using neighbourhood methods to provide 
baseline information on a model’s ability to predict continuous variables such as significant wave 
height, current speed, sea temperature, etc. This will avoid a requirement for CMEMS to issue a large 
number of statistics based on multiple thresholds for various parameters and use cases. That said, it is 
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noted that Mittermaier (2014) proposes using the RPS and a set of discrete wind speed ranges to 
evaluate wind forecasts, due to the skewed form of the wind speed climatology (which follows a 
Weibull, rather than Gaussian distribution). 

Considering the case of a single observation point, the spatial neighbourhood of associated model 
locations is defined in HiRA using an NxN cell grid located surrounding the observation location. For 
coastal systems, where models may well adopt an unstructured grid approach for efficiency, this may 
have to be extended to use the array of M cells within a given distance. For a continuous variable, the 
metric evaluating ‘closeness’ of the neighbourhood data to the observation then follows the form used 
in probabilistic verification to provide the Continuous Ranked Probability Score (CRPS; Hersbach, 
2000). The CRPS is constructed for an individual case using: 
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For a single deterministic model prediction the CRPS reduces to the form used for Mean Absolute 
Error (MAE), satisfying the requirement for simplicity in the verification metric. Hersbach (2000) 
demonstrates that the score may also be partitioned into terms for reliability, resolution and 
uncertainty, which enables a more focused analysis on how different model characteristics affect the 
score. This is a useful feature when considering intercomparison of new CMEMS products with 
existing operational systems. 

The use of probabilistic metrics would allow further extensions of the neighbourhood forecasts, both 
in terms of temporal neighbourhood (e.g. by using values from +/- X minutes from the observation 
time to allow for high frequency variations introduced by tidal processes) and use of ensemble model 
products. Thus an early adoption of SO-NF methods would futureproof CMEMS verification for a 
number of potential improvements in the upstream modelling systems. A further option is to extend to 
using a neighbourhood of observations (i.e. an NO-NF methodology, using Ebert 2008’s 
classification). For example, in order to account for observational error, O can be expanded to Oi, 
where the ith observation is drawn from a Monte-Carlo simulation of the observation plus observation 
error probability distribution function. Suitable statistics for the observation errors and associated pdf 
can, for example, be generated via the triple colocation process discussed in section 5.1. 

A further potential variation of the NF-NO methodology, which is of particular interest for coastal 
zone verification relates to the use of data from polar orbiting satellites. Presently the approach is to 
treat these data as single observations, which are generated using a super-observation of higher 
frequency soundings in order to be scaled either similarly to in-situ observations (as proposed by 
Saulter 2014) or model representation scales (e.g. Janssen et al. 2007). Where track data are super-
observed within the coastal zone, the successive ‘views’ of the ocean surface contributing to each 
super-observation may sample across strong gradients in the parameter field (for example changes in 
wave energy due to refraction, shoaling and breaking processes in shallow water). The resulting super-
observation fits well with the SO-NF assumption that the observation is not only representative of the 
exact location at which the observation is given, but also has the characteristics of a surrounding area 
as well. However, within an NO-NF methodology it may be possible to exploit such data at higher 
frequencies, for example by choosing that each Oi corresponds to a 1 Hz sounding falling within a 
given forecast spatial-temporal neighbourhood. 
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Contrasting verification results using neighbourhoods of different sizes should provide a generic 
assessment of the optimal scales at which model forecast data should be interrogated in order to create 
useful and skilful forecast products. For a similarly scaled model this may well vary between offshore 
and coastal zones since, in the coastal zone shallow waters, coastal topography and tidal variations are 
likely to affect the way that the ocean evolves, both at small spatial scales and high temporal 
frequencies. Taking the example of a wave field, a change in optimal forecast processing scales might 
be expected since the predominant influence on wave forecast uncertainty offshore comes from the 
forcing wind fields, whereas local variations in shallow water bathymetry will have a significant effect 
(and potentially introduce a different scale in variability) close to shore. In the coastal zone, the role of 
assessing different neighbourhood sizes would most likely be to determination a maximum scale that 
can sensibly be used to provide a coastal product, i.e. at what size neighbourhood does the verification 
start to degrade and any skill become attributable to random chance only? 

A simple illustration is given in Figure 2.5, where gridded wave heights from a 1.5km resolved wave 
model are compared with an observation at a single instant in time. The observation location is marked 
with the cross in the left hand panel of Figure 2.5. This is the location of the Dowsing wave buoy, in 
the southern North Sea, for which shallow water to the southwest of the buoy introduces a wave height 
gradient. The right hand panel shows the cumulative distribution functions associated with increasing 
the number of grid points in the neighbourhood surrounding the observation (which is marked using 
the black dashed line). In this example, the model under-predicts the observed state and expanding the 
neighbourhood up to 13x13 grid cells (approximately 20km square), improves the CRPS. Additional 
increases in the neighbourhood do not achieve further benefits, partly because the neighbourhood is 
expanded to significantly shallower and deeper waters to (respectively) the southwest and northwest of 
the observation; i.e. a limiting scale for the forecasts is reached. In this example, the optimal scale is 
likely aliased by the model’s under-prediction of the wave heights and, assuming that such a bias is 
not systematic, repeated instances of these calculations would probably yield a smaller optimal 
neighbourhood. 

 

Figure 2.5 Illustrative example of varying neighbourhood impact on CRPS for a single instance. Data are taken 
from a comparison between the Met Office AMM15 wave model and Dowsing wave buoy. Left: Model grid 
outputs in neighbourhood surrounding the wave buoy location (cross). Right: Wave height cumulative frequency 
distributions compared to the observed value (black dashed line). CRPS initially improves with increasing 
neighbourhood size, with the improvement saturating at a neighbourhood value of 13x13, which for this model 
equates to a spatial scale of approximately 20km. 
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2.6 Recommendations for a generic offshore-coastal verification 
framework 

 

The main purpose of this discussion has been to review the present status of CMEMS verification 
systems and to recommend how they might need to be extended in order to meet requirements for a 
new generation of coastal forecast products, as exemplified in the CEASELESS project. The following 
recommendations are based around principles of simplicity, reproducibility and extensibility that need 
to be applied to all CMEMS verification, both presently and in future. 

Based on a review of products and knowledge of the complexity of coastal zones and their processes, 
it is clear that some modification of existing methods for model-observation match-up and metric 
generation will be needed in order to deal with process scaling-sampling issues in the coastal zone. In 
addition these methods should be considerate of how future models may develop in order to 
adequately resolve offshore to coastal scale systems and simulate high spatial-temporal frequency 
features. For example, the use of unstructured grids and ensemble forecast systems in future CMEMS 
evolutions. Neighbourhood verification methods, presently being investigated as a candidate method 
for CMEMS evaluation in offshore zones as part of the HiVE project, would fulfil these needs and we 
recommend that neighbourhood verification is viewed as a method that could provide a unified 
framework for verification in both offshore and coastal zones.  

Adopting such an approach does increase complexity in background data processing, e.g. creating 
neighbourhood match ups and using a probabilistic approach to metric generation. However, the 
Continuous Ranked Probability Score (CRPS) offers a straightforward high level metric that measures 
the closeness of forecasts to observations and reduces in deterministic space to the well recognised 
Mean Absolute Error (MAE). To meet the generic user requirement for simplicity in CMEMS 
verification we recommend that Mean Absolute Error and the Continuous Ranked Probability 
Score be focused on as key metrics for generic measures of forecast skill and long term model 
evolution. 

Significant further investigation is required in terms of how model-observation match-up and pre-
processing is best conducted. Questions to be addressed include: What subset of neighbourhoods are 
best used for coastal zone verification? Is there a benefit to using high frequency data, such as satellite 
altimetry, in its raw form rather than super-observed? What is the best and most consistent method of 
applying known observation errors within a neighbourhood verification framework? As questions that 
have only arisen from this review, it may not be possible to address any or all of these within 
CEASELESS, so it is recommended that (these) questions regarding best approach to data 
processing for neighbourhood verification are communicated to the HiVE project and are part 
of considerations in CMEMS service evolution activities to include coastal products and their 
evaluation. Once established, in order to enable reproducibility, we recommend that details of 
model-observation processing and, where possible, code to generate CMEMS verification 
statistics are made available for exchange with the downstream user base. 

One of the key issues for coastal verification is the need to define the extensibility of any verification 
results across the spatial extent of a given product domain. Some information regarding applicable 
spatial scales may be derived using neighbourhood methods, through reviewing scales at which the 
verification scores start to significantly deteriorate. However, it is also anticipated that these statistics 
will benefit from being supplemented by other spatial analyses, for example reviewing correlation 
lengthscales associated with given observation locations, or across the product grid. The best point to 
undertake such studies is within the production of a QuID, so we recommend that QuID reports 
include generation of spatial variability information, including a discussion or maps of ‘blind 
spots’ where the verification information being provided may not be applicable. 
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3 Data and Models 
 
In this section the basic numerical model and observation data used in the four different pilot areas a) 
German Bight b) Danish Coast c) Adriatic Sea d) Catalan Coast are introduced. Furthermore, the 
characteristic features of the dynamical processes in the considered areas are described. 

3.1 Pilot case- German Bight 
 
The general objective of the presented work for the German Bight is to develop a hydrodynamic 
model coupled to an ocean wave model as an innovative forecasting system to be applied for drift 
calculations. The German Bight is an intensely used and ecological sensitive area. Of particular 
concern is the dense ship traffic with increased risks of pollution events and man overboard accidents. 
Pollution is a potential threat to the coast with busy touristic areas and to the Wadden Sea National 
Parks of Schleswig-Holstein, Hamburg, and Lower Saxonia. The model system will provide drifter 
trajectories released at a certain point and time with specific properties like the aerodynamic drag 
coefficient. The area is of high complexity concerning drift estimates, because of the strong impact of 
bottom friction and ocean surface waves. For this reason, accurate wave information and the 
respective verification is a key component for this application. 

Here, the GCOAST Model (Geestchacht Coupled cOASTtal Ocean Model System) is forced with 
different meteorological input data in order to evaluate the sensitivity of the model towards different 
spatial and temporal resolutions of the wind input. Therefore, the numerical model used, as well as the 
wind input data are introduced in this section. Also information about the in-situ measurements used 
is given. Furthermore, the satellites data, especially of the new Sentinel-3A, are presented. 

3.1.1 Satellite Altimeter Data 
 

We use wave height data derived from the Jason-2, Cryosat-2, Sentinel-3A altimeter missions. Jason-2 
is a classical pulse- limited altimeter operating in low-resolution mode (LRM) which operated with a 
revisiting time of 10 days from June 2008 to October 2016. The CryoSat-2 satellite, launched in April 
2010, is the first space borne instrument with Synthetic Aperture Radar (SAR) ca- pabilities. It can 
operate in one of three modes: SAR, interferometric SAR (SARIn) and Low Rate Mode (LRM) mode 
following a geographical mask which is regularly updated. Compared to conventional pulse-limited 
(or Conventional) Altimetry (CA), SAR altimetry provides a better along-track resolution and a higher 
Signal-to-Noise ratio (SNR). On the North Eastern Atlantic CryoSat-2 operates in SAR mode. Data 
collected in SAR mode and processed similarly to LRM mode data are called Reduced SAR 
(RDSAR). We use CryoSat-2 RDSAR data (C2-RDSARRADS-1Hz) from RADS 
(http://rads.tudelft.nl/rads/rads.shtm) database and SAR products from the grid processing on demand 
(GPOD) service at ESRIN (C2-SARGPOD-1Hz) (https://gpod.eo.esa.int). Sentinel-3A, launched in 
February 2016, is the first satellite entirely in SAR mode. RDSAR products are also 
available.Essentially the altimeter data are 1D-profiles along the ground track of the satellite with a 
footprint size of 1.5 km to up to 10 km depending on the sea state across the track. The resolution 
along the track of the satellite is 7 km for 1 Hz measurements. Each track is repeated every 27 days 
with a deviation of ± 1 km in longitudinal direction. ’Ascending’ passes are from South- south-east to 
North-north-west whereas ’descending’ passes are from North-north-east to South-south-west In the 
present study the official Sentinel-3 SAR (S3A-SARNTC-1Hz) and RDSAR products (S3A-
RDSARNTC-1Hz) are used, which are made available directly via Copernicus 
(https://sentinels.copernicus.eu/). The same data are available from RADS. 
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Table 3.1. Type and availability of the satellite data 

Satellite S Mode Period Product Name 

Jason-2 J2 LRM 16.04.2016 - 25.11.2016 J2-LRMAVISO-1Hz 

Cryosat-2 C2 SAR 01.01.2016 - 31.12.2016 C2-SARGOPD-1Hz 

Cryosat-2 C2 RDSAR 31.12.2014 - 20.08.2017 C2-RDSARRADS-1Hz 

Sentinel-3A S3A RDSAR 15.06.2016 - 15.11.2016 S3A-RDSARNTC-1Hz 

Sentinel-3A S3A SAR 06.04.2016 - 20.08.2017 S3A-SARRADS-1Hz 

3.1.2 In Situ Measurements 

3.1.2.1 GTS data 
In-situ observations have great accuracy, but their geographical distribution is highly inhomogeneous, 
mainly along coastal regions of industrialized countries. Gaps in measurements and other types of 
inhomogeneities also occur frequently in in-situ observational records (Bidlot et al., 2002). While 
remote sensing measurements can be seen as a viable alternative to buoy observations, the shortness 
of the existing time series and the poor temporal resolution pose limitations to its use for wave 
climate studies (Stopa, 2018). The results are evaluated by comparison with 165 in situ observations. 
Most of the data are from the Global Telecommunca- tion System (GTS) as obtained and archived at 
ECMWF (Bidlot and Holt, 2006), other were gathered by ECMWF as part of the JCOMM Wave 
Forecast Verification project (Bidlot 2017). This dataset was augemented with in-situ wave buoy data 
provided by the Federal Maritime and Hydrographic Agency (Bundesamt für Seeschifffahrt und 
Hydrographie, BSH). Figure 1 shows the locations of these in-situ data. Moored wave data are 
anchored at fixed locations and regularly collect observations from different atmospheric and 
oceanographic sensors. Moored buoys are usually deployed to serve national forecasting needs, 
maritime safety needs or to observe regional climate patterns 
(http://www.jcommops.org/dbcp/platforms/types.html). Data are usually collected through one of 
Argos, Iridium, ORBCOMM, GOES or METEOSAT, transmitted in real-time and shared on the GTS 
of WMO. They are generally upgraded or serviced yearly. Over the North Sea and the Norwegian Sea, 
the bulk of the data comes from the oil and gas industry, kindly supplied to the meteorological 
community via the GTS. Generally, the data are from instruments mounted on a platform or a rig. Note 
however, that due a lack of metadata in the GTS record, it is impossible exactly what sensor was used. 
Wave height measurements are available every hour. Following a basic visual inspection of the data, 
the wave height measurements are collocated with the wave model simulations, using the closest grid 
point to the location 

 
Figure 3.1: The Bathymetry of the model area as well as the locations of the GTS measurements. 

http://www.jcommops.org/dbcp/platforms/types.html)
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of the in-situ measurements. The same is true for the wind speed and wind direction measurements. 
The wind measurements, though, have to be adjusted to a height of 10 m above the surface, in order to 
compare the measurements with the model data. For the wind speed the method used by Bidlot et al. 
(2002) is applied. With the steady-state neutrally stable logarithmic vertical wind profile relation  the 
friction velocity (u*) is calculated from the wind speed at the measurement height (U(z)) using the 
assumption that the surface roughness (z0) can be specified by the Charnock relationwith a constant 
parameter (α) of 0.018 and g as the acceleration of gravity. κ in EQ 1 is the von Kármán constant and 
has a value of 0.41.  

3.1.2.2 High Frequency Radar 
As part of the COSYNA (www.cosyna.de) system three HF radars have been installed on the island of 
Wangerooge, at Büsum, and on the island of Sylt to monitor ocean currents and waves in the German 
Bight. (Schulz-Stellenfleth 2016, Stanev et al., 2015b; Baschek et al., 2016). These systems cover the 
eastern part of the German Bight and are Wellen Radar (WERA)-type radars operated in the 10.8-
MHz (Büsum and Sylt) and 12.1-MHz (Wangerooge) frequency range. Spatial resolution is 1.5km in 
range and 38 in azimuth. Because of the working frequency, the radar couples to 12.5-m-long 
(12.1MHz) and 13.9-m-long (10.8MHz) ocean waves by Bragg scattering and the radar echoes 
provide information on ocean currents within a surface layer of about 1m. The working range of the 
WERAs mainly depends on salinity, sea state, working frequency, and electromagnetic noise [radio 
frequency interference (RFI), background noise, and ionospheric reflections. The COSYNA WERAs 
use electromagnetic ground wave propagation and reach out to 120km off the coast. 

3.1.2.3 Tide gauge data 
The tide gauge observations from the eSurge project (www.esurge.org) are used. An overview of the 
existing operational tide gauges in the North Sea and Baltic Sea regions are available at the webpages 
of the EuroGOOS regions NOOS (North West Shelf Operational Oceanographic System) and BOOS 
(Baltic Operational Oceanographic System), respectively, www.noos.cc and www.boos.org. The water 
level data are acquired through the NOOS ftp server. Sea surface elevation data are also obtained from 
the Sea Level Thematic Center (SL TAC). 

3.1.2.4  ADCP Data 
Acoustic Doppler Current Profilers (ADCPs) at the FINO-1 and FINO-3 research platforms (see 
Figure 3.1 for their location) measure the current direction and velocity profiles at 15 depth levels. All 
data are collected continuously on the platform and are transferred hourly to shore for further 
processing and presentation on the FINO website. The research platform FINO-1 was erected in the 
German Bight in 2003 as a basis for the construction and operation of an offshore wind farm. The 
main goal of the FINO-1 measurement project is the determination of the prevailing marine conditions 
(physical, hydrological, chemical and biological) in this offshore region. The type of ADCP used 
(Nortek Acoustic Wave and Current Meter, AWAC) is designed to measure current profiles and wave 
parameters. 

3.1.3 COPERNICUS SAR Products 
 
The CryoSat-2, launched in April 2010 carries the Synthetic Aperture Radar (SAR) Interferometric 
radar Altimeter (SIRAL) and is the first space borne altimeter instrument with SAR capabilities. 
Compared to conventional pulse-limited (or Conventional) Altimetry (CA), SAR altimetry, is pulse-
limited along-track and beam-limited across-track and has therefore the potential to provide a better 
along-track resolution and a higher Signal-to-Noise ratio (SNR). The SIRAL instrument operates in 
one of three modes: SAR mode, interferometric (SARIn) mode and Low Rate Mode (LRM) following 
a geographical mask which is regularly updated. On the North Eastern Atlantic CryoSat-2 operates in 
SAR, SARIn and LRM mode depending on the mask. Data collected in SAR and SARin mode can be 

http://www.cosyna.de/
http://www.esurge.org/
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processed in a similar way as data collected in low resolution model, in this case they are called 
Reduced SAR (RDSAR). We use CryoSat-2 RDSAR data (C2-RDSARRADS-1Hz) from RADS 
database and SAR products available from the grid processing on demand (GPOD) service at ESRIN 
(C2-SARGPOD-1Hz) (https://gpod.eo.esa.int). Data are also available as RDSAR products (see Table 
3.1). For out studies we use the official Sentinel-3 SAR (S3a-SARNTC-1Hz) and RDSAR products 
(S3a-RDSARNTC-1Hz), which are made available directly via Copernicus 
(https://sentinels.copernicus.eu/). The same data are available from RADS. Significant wave height 
data from S3a and JASON-3 will be also available by the Sea Level Thematic Center (SL TAC). 

3.1.4 Numerical Models 
 
For this study, the spectral wave model WAM Cycle4.6.2 is used (WAMDI Group, 1988; Komen et 
al., 1994) Staneva2017. The model runs as shallow water version taking into account depth refraction 
and wave breaking and is therefore suitable for coastal applications. The 2d-wave spectra are 
calculated on a polar grid with 30 directional 15◦ sectors and 30 frequencies logarithmically spaced 
from 0.042 to 0.66Hz. A spherical grid is used for the space dimensions with ∼0.06◦ resolution in 
x-direction (east-west) and ∼0.03◦ resolution in y-direction (north-south). The bathymetry used and 
the study area are shown in Figure 3.1. 

The forcing values at the open boundaries of the model domain are calculated by a coarser model 
simulation for the whole North Atlantic driven by ERA-Interim winds. In order to estimate the 
sensitivity of the wave model towards the temporal and spatial resolution of the meteorological 
input, different wind input data are used (Table 3.2). In this study, the reanalyses ERA-Interim, ERA5 
and coastDat-3, as well as the ECMWF operational analysis/forecast and the DWD forecast are used 
as meteorological input data to force the wave model. ERA-Interim is a global reanalysis produced by 
the European Centre for Medium-Range Weather Forecast (ECMWF) (Dee et al., 2011). The 
temporal resolution of the output is six hourly and the spatial resolution is approximately 79 km 
(Berrisford et al., 2009). The data is interpolated to a spatial resolution of 0.125◦ for the downloaded 
data. The successor of ERA-Interim is ERA5 (Hersbach and Dee, 2016). The spatial resolution of 
the model is increased to 31 km, 0.28125◦. The output is downloaded interpolated to 0.25◦. 
Furthermore, very important for wave model simulations is that the temporal resolution of ERA-5 is 
increased to hourly (ECMWF, 2017b). In addition, the ECMWF 6 hourly operational analysis is used 
to force the wave model. When hourly temporal resolution is needed, the first twelve hours of the 
forecast wind fields from 0 and 12 UTC are taken instead, where the operational analysis at 0 and 12 
UTC is used to initialize the forecast. The horizontal resolution is 9̃ km (ECMWF, 2017a) and is also 
interpolated to a spatial resolution of 0.125◦ for the downloaded data. Aside from the wind input 
provided by the ECMWF, the hindcast coastDat-3 produced by the Helmholtz-Zentrum Geesthacht 
(HZG) with the model COSMO-CLM (Rockel et al., 2008; Geyer, 2014) is used to force the wave 
model. CoastDat-3 has a temporal resolution of one hour and uses a rotated grid with a spatial 
resolution of 0.11◦ (HZG, 2017). Vertically 40 levels up to an altitude of 22.7 km are used. As 
boundary conditions for the model domain ERA-Interim is used. Another data set used to force the 
wave model is the German Weather Service (Deutscher Wetterdienst, DWD) forecast. The DWD 
forecast is produced with the numerical model ICON_EU with a spatial resolution of 6.5 km and the 
output available every hour (Reinert et al., 2018). In our study, the impact of the temporal resolution 
of the wind forcing on wave simulations is evaluated. Therefore, a model experiment with six hourly 
wind forcing from ERA5 and the DWD forecast is done, where the wind data is updated every six 
hours taken from the hourly output. 
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Table 3.2. Horizontal and temporal resolution of the meteorological input data 
 

Meteo Data Set Resolution  
 Horizontal Time 
ERA-Interim 
coastDat-3 

79 km x 79 km 
0.11◦ x 0.11◦ 

6h 
1h 

ECMWF operational analysis/forecast 0.125◦ x 0.125◦ 6h/1h 
ERA5 
DWD forecast 

31 km x 31 km 
6.5 km x 6.5 km 

1h/6h 
1h/6h 

 

3.2 Pilot case Danish coast (DTU) 
 

3.2.1 Satellite data 

3.2.1.1. Wind speed maps from Synthetic Aperture Radar (SAR) 
DTU operates a processing system for SAR wind retrieval built around the SAR Ocean Products 
System (SAROPS) by NOAA Center for Satellite Applications and Research (STAR), US National 
Ice Center and Johns Hopkins University, Applied Physics Laboratory (Monaldo et al., 2015). 

SAR scenes processed to level 1 (L1) are downloaded daily from the European Space Agency through 
Copernicus Open Access Hub (https://scihub.copernicus.eu/). The scenes are calibrated to give the 
Normalized Radar Cross Section (NRCS) and the GMF CMOD5.n (Hersbach, 2010) is then used for 
estimation of the Equivalent Neutral Wind speed (ENW) at 10 m above sea level. 

Whereas scatterometers can deliver simultaneous wind speed and direction retrievals, wind speed 
retrievals from SAR rely on a priori information about the wind direction. Wind directions are here 
obtained from global models. Envisat scenes from 2002-10 are processed using wind directions from 
the Climate Forecast System Reanalysis data set (CFSR, available at 
http://nomads.ncdc.noaa.gov/data.php?name=access#cfs-reanal-data). Envisat scenes from 2011-12 
are processed using wind directions from the Global Forecast System (GFS) at 0.50° resolution 
(available at http://nomads.ncdc.noaa.gov/data/gfsanl). Sentinel-1 scenes from 2014 are also processed 
using wind directions from GFS but at 0.25° resolution (available at 
ftp://ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/prod/). 

Land and ice covered surfaces are eliminated through masking with data from the IMS Daily Northern 
Hemisphere Snow and Ice Analysis at 4-km Resolution by the U.S. National Ice Center 
(http://nsidc.org/data/docs/noaa/g02156_ims_snow_ice_analysis/). 

For each SAR wind field, two types of outputs are made available for download via the web interface 
https://satwinds.windenergy.dtu.dk. An image file in .png format shows a display of the wind field 
with a standard color scaling. A NetCDF (.nc) file holds the wind speed data together with various 
ancillary data used for the wind processing and metadata describing the product Figure 3.2 shows the 
web interface for DTU’s SAR wind archive. Users can view all data and obtain free access to 
download upon registration. 

 

https://scihub.copernicus.eu/
http://nomads.ncdc.noaa.gov/data.php?name=access#cfs-reanal-data
http://nomads.ncdc.noaa.gov/data/gfsanl
ftp://ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/prod/
http://nsidc.org/data/docs/noaa/g02156_ims_snow_ice_analysis/
https://satwinds.windenergy.dtu.dk/


 
23 

 

 
Figure 3.2 The web interface for DTU’s SAR wind archive at https://satwinds.windenergy.dtu.dk.  

3.2.1.2 Scatterometer wind speed and direction 
The ASCAT product used, is the re-processed 2007-2016 12.5 km, stress-equivalent coastal winds 
available from the Copernicus Marine Environmental Monitoring Service (CMEMS, 
http://marine.copernicus.eu/). For the period 2007-2012, the 
WIND_GLO_WIND_L3_REP_OBSERVATIONS_012_005 product was used, while from 2013 the 
WIND_GLO_WIND_L3_NRT_OBSERVATIONS_012_002 product is available. 

 

3.2.2 Sentinel-3A SAR Altimetry Data 
 
The altimeter derived wind speeds from the SRAL instrument onboard Sentinel-3A has been used. It is 
a SAR (Synthetic Aperture Radar) altimeter emitting in the ku-band. The high resolution 20 hz 
producthas an along track footprint of approximately 300 metres and the cross track footprint is 
approximately 1.6 km, but natural sources up to 13 km away are known be able to interfere with a 
SAR altimeter [Abulaitijiang et al., 2015] and the cross track footprint size grows with rougher sea 
states. The data is provided by EUMETSAT (https://coda.eumetsat.int) from the period 2nd of Jan 
2017 to 19th of May 2018. The sun-synchronous orbit has a height of 815 km and an inclination of the 
orbit is 98.65 [deg], which makes it a retrograde orbit i.e. ascending tracks go from east to west and 
vice versa. Furthermore the repeat cycle is 27 days. The enhanced measurements product used is 
None-Time Critical (NTC ) and contains both 1Hz and 20Hz resolution. The currently available wind 
product is in 1Hz resolution, which is undermining the advantages gained by the SAR altimetry. This 
has been circumvented by linearly interpolating the 1Hz wind product, seen in Figure 3.3 to 20Hz 
using the corrected ocean backscatter coefficient. The bathymetry can be expressed by the distance to 
the coast since the larger the distance the deeper waters. Here it is seen that the bathymetry does not 
appear to have an influence on the retracker algorithm used to derive the wind speeds. Due to 
anomalities in the interpolation backscatter values > 20dB has been excluded, this translates to calm 
waters i.e. low wind speeds < 2 m/s. It is worth noting that the physical SAMOSA3-retracker will be 
added to the DTU SPACE in-house retracker LARS (the Lars Advanced Retracker System), through 
the SIMOS project (Satellite Integrated MetOcean Service), which is funded by Innovationsfonden 
(https://innovationsfonden.dk/). The SAMOSA3-retracker will add a 20Hz wind product to the 
Sentinel-3 data, which is crucial to optimise the use of the high resolution mode. The area covered by 
the Sentinel-3 SAR-altimeter is visualised in Figure 3.4. The product used is a water product which 
means that there are no data coverage for larger landmasses. 

https://satwinds.windenergy.dtu.dk/
http://marine.copernicus.eu/
https://coda.eumetsat.int/
https://innovationsfonden.dk/
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Figure 3.3: Altimeter derived wind speed plotted against corrected ocean backscatter coefficient. The colours 
indicates the distance to the nearest coastline. The data is used as a look-up table for interpolation to the 20Hz 
product. 

 
Figure 3.4:Overview of pilot case Danish coast bounded by Longitude: 7-12 deg and latitude 53-59 deg. The 
ground tracks of Sentinel-3A cycle 15 is seen in black. From 27th of February to 25th of March 2017. 

3.2.3 In situ measurements 

3.2.3.1 Ocean buoys 
Ocean buoys are are useful long term refernce data. In connection with CEASELESS, data is extracted 
focussing on moored buoys that measure wind speed and direction in the North Sea and the North 
Atlantic. Data has been downloaded via CMEMS service at ftp://myocean.bsh.de/Core. After initial 
exploration, the data at that service was found unsuitable as reference measurements because: i) meta 
data like measurement heights are not reported, ii) quality control flags are present but data is not 
quality controlled, iii) units reported in the meta data are inconsistent with the data itself, iv) the data 
base is not regularly updated. Bouy data was instead accessed directly from the data providers: Met 
Office in the UK, Met Eirinn in Ireland, and BSH in Germany. Meta data is not provided with this data 
unless explicitely asked for, highlighting that a working dissemination service of high quality in situ 
data is desirable. Measurements from 13 buoys cover extensive periods from 2002 to today and can 
serve as a reference for i.e. satellite wind products. The locations of the stations are shown in Figure 
3.5. 

ftp://myocean.bsh.de/Core
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Figure 3.5. Map showing the locations of buoys used for validation of satellite SAR winds. 

3.2.3.2 Høvsøre meteorological mast 
The test station Høvsøre on the Danish North Sea coast has a meterological mast, which provides 
measurements of wind speeds and directions at different levels from 10 m to 116.5 m (Peña et al., 
2016). The mast is also equipped with temperature sensors and this allows for correction of the 
vertical wind profile for thermally induced stability effects. Data from Høvsøre is available at  

http://rodeo.dtu.dk/rodeo/ProjectOverview.aspx?&Project=157&Rnd=823142.  

The mast at Høvsøre is located 2 km from the North Sea coastline. Since the terrain surrounding the 
mast is flat and mostly covered with grass, the wind conditions measured by the mast can be 
considered almost similar to those over the sea whenever the wind is coming from westerly directions. 
This is especially true for the highest measurement levels, which are typically located within the 
marine boundary layer at this short distance from the coastline (Floors et al., 2011). Previous work by 
Badger et al. (2010) showed a lower 10-m mean wind speed from the land based wind observations at 
Høvsøre compared with offshore winds retrieved from SAR. 

 

 
2.2.2.3 Wind lidars on the North Sea coast 
Figure 3.6. Left: The meteorological mast at Høvsøre on the Danish North Sea coast. Right: Example time series 
measurements of wind speed and direction at Høvsøre. 

http://rodeo.dtu.dk/rodeo/ProjectOverview.aspx?&Project=157&Rnd=823142
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3.2.3.3 Scanning lidars 
An experiment called RUNE (Reducing Uncertainty of Near-shore wind resource Estimates using 
onshore scanning lidar technology combined with ocean and satellite information) was condicted on 
the Danish North Sea coast from November 2015 to February 2016 (Floors et al., 2016). The RUNE 
experiment used lidars with a fixed and steerable scanner head. All scanning lidars are part of the 
Windscanner infrastructure from the Technical University of Denmark, Department of Wind Energy 
(DTU Wind Energy) (Vasiljevic, 2014). They are based on the commercial WindCube WLS200S 
from ´ Leosphere operating with a laser with a wavelength of 1.54 µm. 

The lidars called Sterenn and Koshava were used in a time-synchronized manner and detailed 
technical information about a similar coordinated system of long-range WindScanners is given in Berg 
et al. (2015). The vertically profiling lidars were mostly Doppler systems ’WindCube WLS7’ from 
Leosphere. Alize is a Leosphere WindCube WLS70, i.e. a long-range Doppler system. These wind 
lidars have been extensively evaluated against mast measurements (Floors et al., 2013). In summary, 
the following lidars were deployed during the RUNE campaign: 

• WindScanners on the coast (three) 

• Profiling lidars inland (four) 

• Floating lidar on buoy 

 
 

Figure 3.7. Left: Position of the RUNE experiment at approximately 56.50_N, 8.12_E in the North Sea on the 
West Coast of Denmark. Coordinates of the map are in UTM32 WGS84. The transect for the reconstructed 
LiDAR wind speeds is shown as a dotted line. Positions of the measurement devices are: H: Tall meteorological 
mast at Høvsøre, DD1 and DD2: scanning LiDARs performing dual Doppler scans (example of coordinated 
measurements on the transect in dashed lines), SC: scanning LiDAR performing sector scans and profiling 
LiDAR P. Right: Picture of the deployed scanning LiDAR (SC) and profiling LiDAR (P) for the RUNE 
experiment. Photo by Mike Courtney. From Ahsbahs et al. (2017). 
 

3.2.4 Models 
 
Several modeling systems have been developed by DTU and DHI and examined for various purposes, 
including: 
 

(1) WRF – SWAN within the COAWST framework, where the interface of the wind and wave 
coupling is through the parameterization of the roughness length and in this study, new 
roughness length parameterization schemes, e.g. Fan et al. (2012) and Liu et al. (2011), are 
implemented and applied. 

(2) WRF – SWAN within the COAWST framework, where the interface of the wind and wave 
coupling is the wave boundary layer model (WBLM). In this study, WBLM is implemented in 



 
27 

 

SWAN where the use of momentum and kinetic energy conservation links the atmospheric 
and wave model (Du et al. 2017). 

(3) WRF (or Meteorological Reanalysis data) – MIKE. The scientific interest is to see how wave 
modelling can be improved with wind input. 

 
For (1) and (2), Two-way online coupling has been used. For (3), One-way offline coupling has been 
used. 
 

3.2.5 Products 
 
From the modeling, more than 1000 storms were simulated, providing database for the estimation of 
extreme wind and extreme wave atlas over the Danish waters. 
 
 

3.3 Pilot Case Catalan coast (UPC) 
 
The Catalan Coast pilot site is centered on the coastal lagoons of the Ebro Delta ( 
 
 
Figure 3.8). These are highly productive areas subject to multiple anthropogenic pressures that can 
strongly limit their use and exploitation. In the particular case of aquaculture (oyster and mussel 
farms), the production can be affected by a wide variety of issues related to water quality (HABS, 
anoxia/hypoxia events, long residence times or high water temperatures - i.e. Smith 2003, Cloern, 
2001), promoted by the specific characteristics of these environments -small dimensions, calm inner 
waters, constrained communication with open sea, or heavy load of nutrients in freshwater discharges 
from nearby rice fields. Herein, we develop a 3D hydrodynamic tool with enough resolution to solve 
the inner dynamics of this kind of environment to provide objective information to address water 
quality problems and to allow a more sustainable management of the waterbody taking into account 
the errors and uncertainties associated to such complex domains. 
 

 

 

 

 

Figure 3.8 Location of the Ebro Delta, and its coastal lagoons. Fangar, in the northern hemidelta, and Alfacs in 
the southern hemidelta. 
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3.3.1 In Situ Measurements 

3.3.1.1 Fangar Bay 
Two campaigns were undertaken in the bay during 2017 covering summer (July – August) and autumn 
conditions (October-November). During the summer campaign, vertical current profiles, wave 
parameters and bottom water temperature were measured close to the bay’s entrance and at an inner 
position ( 
 
 
Figure 3.8) using two bottom-mounted Aquadopp profilers, and two optical OBS sensors were used to 
determine water turbidity. Sediment samples were also taken at selected positions. Meteorological data 
was acquired from a nearby meteorological station. On July 26th 5 lagrangian buoys were deployed at 
different times in order to obtain a Lagrangian description of the surface currents. Measured currents 
inside the bay have been used to validate the implementation of the numerical model. 
 
 

Figure 3.9 Measuring stations during the Fangar field campaigns in 2017. Also shown are the position of the 
freshwater discharge channels, and the bar breaching considered in the simulations. 

 

A similar configuration was repeated for the autumn campaign, with the addition of a meteorological 
station atop a mussel raft inside the bay measuring wind parameters at 3.5 m above the water, 
atmospheric pressure, air temperature and humidity. During this campaign, lagrangian buoys were 
again released on October 19th and November 11th. 

3.3.1.2 Alfacs Bay 
In Alfacs Bay (Fig. 3.10), the data used herein is part of a wide sampling strategy undertaken between 
2012 and 2014, which included two extensive studies from July to mid-September 2013 and February 
to May 2014 measuring currents, sea level and water temperature and salinity, and also atmospheric 
parameters (wind, pressure, solar radiation, air temperature and humidity). Between these years, over 
100 CTD profiles were carried out, and the T/S data obtained are used to validate the numerical 
implementation inside the bay.  
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Figure 3.10: Alfacs bay. Also shown are the position of the freshwater discharge channels, and the bar breaching 
considered in the simulations. 

3.3.1.3 High-Frequency Radar 
In addition to the field campaigns, focused on the in-bay characteristics, information of the surface 
currents at the Ebro Delta region is available from the high-frequency radar system pertaining to 
Puertos del Estado (Spanish National Port Authority) and in operation since the end of 2013, deployed 
within the RIADE project (ref). This system is composed of three CODAR SeaSonde radars installed 
at Salou (north of the Delta), Alfacada beach on the Delta itself, and Vinaròs (south), operating at 13.5 
Mhz, and providing hourly currents that are representative of the upper meter of the watercolumn, 
with a 3 x 3 km resolution,a maximum range of 80 km and an angular resolution of 5º (Lorente et al., 
2016). These data are used to validate the regional implementation (larger domain) of the numerical 
hydrodynamic models. 

3.3.2 The model 

3.3.2.1 Model implementation 
Two implementations of the community 3D hydrodynamic model ROMS (Regional Ocean Modelling 
System) have been used in this study. Full numerical aspects of the code are given in detail in 
Shchepetkin and McWilliams (2005), and a complete description of the model, with documentation 
and code is available at the ROMS website: http://www.myroms.org.  

Both implementations follow a nesting scheme (Figure 3.11), with a finer bay grid (resolution of 
about 70 m) embedded within a coarser coastal grid of about 350 m resolution. The nesting ratio (~7) 
between both domains is defined to get enough resolution to reproduce the circulation in the inner bay 
allowing the transference of large-scale dynamics into the nested domain while maintain numerical 
stability. The chosen vertical discretization consists in 20 sigma levels for the coastal domain, and 15 
and 10 sigma levels for the Alfacs and the Fangar bay domains, respectively. Bathymetries for all 
domains are built by combining bathymetric data from GEBCO (www.gebco.net) and from specific 
local high-resolution sources. 
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Figure 3.11: Nested computational domains for the ROMS implementation in Alfacs bay (left) and Fangar bay 
(right). 
 

For these implementations, the bottom boundary layer is parameterized with a logarithmic profile 
using a characteristic bottom roughness height of 0.002 m. The turbulence closure scheme for the 
vertical mixing is the generic length scale (GLS) tuned to behave as k-epsilon (Warner et al. 2005). 
Horizontal harmonic mixing of momentum is defined with constant values of 5 m2s-1. 

The initial and boundary conditions for the coastal domains are obtained from the CMEMS-IBI 
(Sotillo et al. 2015) daily forecasts. Thus, hourly barotropic water currents and sea level are 
consistently accommodated to the open boundaries with Chapman and Flather algorithms (Carter and 
Merrifield, 2007), whereas the variability of currents along the water column (baroclinic component), 
temperature and salinity are imposed from the CMEMS-IBI daily average values with clamped 
conditions (as used in other applications like: Penven et al. 2006, Costa et al. 2012). The initial state of 
the smaller domains is obtained by interpolation from the larger domain conditions. 

Atmospheric forcing is accounted for through hourly high-resolution (0.05º) wind components, 
atmospheric pressure, humidity, precipitation and solar radiation derived from the Spanish 
Meteorological Agency (AEMET) forecast. The wind stress, sensible and latent heat are computed 
internally by the model using aerodynamic bulk formulas. To avoid land contamination of the 
atmospheric forcing on coastal areas, a prior land mask is applied to the forcing data.Land discharges 
of nutrient-laden freshwater are considered through two (Fangar) and three (Alfacs) different points 
along the inner bays (see Figure 3.8 and Figure 3.9). In the Alfacs bay, the total freshwater flows are 
1 m3·s-1 during January-March (dry season), and 10 m3·s-1 during April-December (wet season); for 
the Fangar Bay, in the absence of reliable data, zero freshwater discharge is assumed for the initial 
reference case. Salinity of the discharges is set to 18, and water temperature is defined from 
climatological observations (2002-2010) in a nearby coastal lagoon (L’Encanyissada, Figure 3.9) by 
the staff of the Delta Ebre Natural Park. Although it plays a significant role in determining the water 
quality within the bays, the freshwater discharges from the rice fields have not yet been quantified or 
characterized adequately. 
Because of the different availability of field data, both in type and time window (see previous section), 
the simulated period in both lagoons is not coincident. For the Alfacs bay, the full simulation spans the 
year 2014, although the focus will be placed on the summer months (June-August?); for the Fangar 
bay, the simulated period comprises August and September, 2017, coinciding with the Fangar I field 
campaign. In both cases, the summer months are chosen because they correspond to the worst water 
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quality conditions in the bay (warmer waters, weaker hydrodynamics, and larger nutrient inputs from 
the discharge channels. 

3.3.2.2 Model validation 
The Alfacs implementation of the model has been validated by comparing modelled surface velocities 
from the coastal domain with HFR data, and sea surface temperature (SST) and salinity (SSS) 
measured and modelled inside the bay.  

The comparison between the HFR and modeled eastward and northward components of the surface 
currents are shown in Figure 3.12 (at point HF, location shown in Figure 3.8). The agreement and 
correlation between modeled and observed currents are very high, both in intensity and phase, and in 
both components. The daily oscillations correspond to the inertial period in the region (~19h) and are 
well reproduced by the model. Some intensifications of the currents -probably related with energetic 
wind events- are also well described by the model (for instance on February 10th and March 16th). 

 

Figure 3.12: Comparison between surface velocities measured by the HFR and modelled in the Alfacs 
implementation (CSTDEL)  

   

   

Figure 3.13: SST (top) and SSS (bottom) at different positions inside the Alfacs bay, measured (blue line) and 
modelled (red line). 
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Inside the bay, the annual SST and SSS compare well to the field measurements (Figure 3.13), 
although there is a small overheating in the modeled results. The errors in modeled SSS are possibly 
related to the uncertainty associated to the freshwater flows into the bay and the exact location of the 
discharge points. 

On the other hand, the Fangar implementation has been validated using the water velocity and bottom 
temperature measured at two positions during the Fangar I campaign. The former shows (Figure 3.14) 
that the general trend of the current evolution is well captured, although there are some discrepancies 
attributable to the several uncertainties existing in the model setup data (e.g., bathymetry, freshwater 
discharge rates, etc.) and to the very weak hydrodynamic fields (mean currents of about 5 cm s-1). 
Regarding the water temperature (Figure 3.15), the agreement is good, with modelled values 
following the observed trend but generally under-predicting somewhat the measured values.  

 
 

Figure 3.14: Current components measured (blue) and modelled (red) near the Fangar entrance channel; along-
channel (left) and across-channel (right). 

 

 
Figure 3.15: Measured (red) and modelled (blue) bottom water temperature at the two measuring stations 

inside the Fangar bay. 
 

3.4 Pilot Case - North Adriatic (CNR) 
 
There is no doubt that satellite radar altimetry has revolutionized oceanography with the continuous 
and abundant flow of data during the last three decades or so. The related surface wind speed and 
significant wave height data have provided both a crucial information for data assimilation in, and 
validation of, model activity and results (see, among others, Abdalla, 2007, 2016) and substantial and 
prolonged information to be used for global statistics over the oceans. 



 
33 

 

Although officially calibrated, a careful intercomparison strongly suggests the data from different 
instruments require specific attention and calibration. See in this respect the keen and prolonged 
analysis by Young et al. (2017). 

The two different principles of interaction with the sea surface for wind and wave information 
retrieval (respectively Bragg scattering and specular reflection) imply different calibrations for the two 
signals, calibrations sensitive to the average conditions where the operation has been done. Being this 
mainly versus buoy data in the oceans, it is correct to wonder if this calibrations hold also in the rather 
different conditions of the inner seas. This is particularly true in view of the use of Sentinel-3 in very 
coastal waters in the attempt to push the use of altimeter data till very close to coast, certainly much 
closer than the 20-30 km distance of the classical altimetry, with strong potential improvements for 
applications in relatively small and elongated basins such as the Adriatic Sea. To this aim, we have 
carried out an extensive detailed intercomparison between the wind and wave data from four different 
altimeters and the results of two high resolution meteorological and wave models, encompassing the 
whole Mediterranean Sea. Satellite data and models for this study are described in Sections Satellite 
Altimeter Data and Modelsrespectively, whereas the results and the conclusions are summarised in 
Section Pilot Case - North Adriatic (CNR). The sections bellow provide a brief overview of other 
experiments that have been carried out in the framework of this project and with the same 
geographical refernce, and potentially representing an additional data set for the verification methods 
proposed in this deliverable. 

3.4.1 Satellite Altimeter Data 
 
In this study we relied on Cryosat, Jason2, Jason3, and Sentinel-3 data (henceforth Cy, J2, J3, S3), for 
a period spanning twelve months from July 2016 till June 2017. The Cy, J2, J3 data have been 
retrieved from the Delft University website http://rads.tudelft.nl/rads/rads.shtml. The S3 data from 
https://coda.eumetsat.int. 

3.4.2 Models 
The considered models are COSMO for meteorology (see www.cosmo.model.org/content 
/model/default.htm) and WAM for waves (see the historical Komen et al., 1994, and the more updated 
Janssen et al., 2005). The related operational system is the combined effort of the Italian 
Meteorological Service and the Institute of Marine Sciences (ISMAR-CNR). COSMO is run at 7 km, 
WAM at 0.05o resolution. The system provides twice daily three-day forecasts at hourly interval. A 
full description of the system and its accuracy is available at Bertotti et al. (2013). For the altimeter-
model inter comparison we have used the first 12 hour forecasts of the twice-a-day operational activity 
(hourly fields). The model data have been, bi-linearly in space and linearly in time, interpolated at the 
position and time of each altimeter datum. It is worth stressing that for the most part, rather than on the 
comparison with the model data, the analysis is based on an, although indirect, intercomparison among 
the different altimeters. 

3.4.3 Additional test cases for upcoming applications 
 
Besides the test case introduced in the previous sections, here we recall some experiments carried out 
in the framework of other Work Packages (particularly 3.1) of this Project. For these experiments the 
verification has not been carried out as in other cases discussed in this document, but their impact may 
nonetheless be enhanced by the application of the methods described in the present Deliverable. The 
proposed results describe the meteo-oceanic dynamics in response to intense events impacting the 
Adriatic Sea and its coastal regions, explored by relying on different coupling configurations between 
atmosphere (WRF), ocean (ROMS) and wind wave (SWAN) models within the COAWST coupling 
system (Warner et al., 2010). 

The first case to be considered is the Tropical-Like Cyclone (TLC) occurred in January 2012, 
developed in the Alboran Sea, moved eastward along the Mediterranean basin and eventually hitting 
land on the eastern coast of the Adriatic Sea, after having crossed the Italian peninsula and having 

http://rads.tudelft.nl/rads/rads.shtml
https://coda.eumetsat.int/
http://www.cosmo.model.org/content%20/model/default.htm
http://www.cosmo.model.org/content%20/model/default.htm
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travelled for several hours along the main axis (NW-SE) of the basin. For this event, described by 
Cioni et al. (2016), a large numerical modelling dataset has been made available in the Project as a 
result of a sensitivity analysis on the key parameters of this process. The numerical runs explore the 
response of the modelled TLC to different atmospheric microphysics parameterisations and planetary 
boundary layer schemes, as well as to different atmosphere-waves-ocean coupling configurations. The 
analysis showed that the timing and trajectory of the cyclone is strongly sensitive to the 
parameterization choices especially when orography interacts with the atmospheric fields, and the 
explicit coupling between ocean and atmosphere provides an improvement in the cyclone trajectory 
and intensity, depending on the coupling interval. Although the availability of in-situ measurements 
along the cyclone track is limited in the southern Adriatic (where the spreading among the runs results 
is larger), a sound error metrics analysis should be feasible at the scale of the Mediterranean basin, 
considering wind speed, sea surface elevation and significant wave height. Satellite and in-situ data 
could be obtained from Jason-1, Jason-2, Envisat and Cryosat-2 missions and from the buoys 
registered within the Emodnet network. 

A further case of special relevance for the northern Adriatic Sea is represented by a severe convection 
event that hit the Venetian coast on September 26, 2007, giving rise to a flash flood that submerged 
part of the urban mainland of Venice causing relevant damage to public infrastructures and private 
properties. Similarly to the approach described in the analysis of the TLC previously mentioned, in the 
framework of WP3 activities we tested different coupling configurations within the COAWST system, 
focusing on the response sensitivity to the description of the atmosphere-ocean interactions, and on the 
role of waves in modulating the interface processes. It was found that, in the face of the failure of the 
uncoupled approaches in capturing the precipitation timing and intensity (as documented in previous 
works carried out with different modelling tools), the explicit coupling of ocean and atmosphere led to 
an impressive precision in the identification of the precipitation position, intensity, and timing. This 
has been explained in terms of an improved capability of the coupled ocean-atmosphere modelling 
system to describe the heat and humidity fluxes: in particular, the more realistic description of the 
thermodynamic properties of the lowermost levels of the atmosphere was crucial in triggering the 
convection process originating the flash flood. Possible investigations on the variability of model 
fields, in-situ data, and remote sensing observations, as well as triple co-location applications can be 
carried out by comparing wind speed, significant wave height and sea surface temperature at the 
Acqua Alta oceanographic platform, located approximately 15 km off the Venetian coast at 16 m 
depth. 

The most recent experiment, both in terms of occurrence of the meteo-oceanic event and of modelling 
representation, carried out in WP3 with reference to the northern Adriatic Sea describes an intense 
outbreak of wind jets from orographic gaps (the well-known Bora wind), that led intense snowfall in 
the Italian mainland. In this case, once again carried out by testing and comparing different model 
coupling approaches, the assessment of the performance and error distribution for models and 
observations can benefit from the data collected by the Sentinel constellation, allowing also a 
comparison against data retrieved by other satellite missions. 

4 Analyses of Variability and compatibility 
 
In this section the variability of the dynamics as derived from numerical models and observations is 
dicussed for the four pilot areas. The aim is to identify the critical processes, which require particular 
focus in the verification. The presentation is also supposed to demonstrate that verification procedures 
need to be adapted depending on the considered processes as well as the spatial and temporal scales. 

4.1 Pilot Case: German Bight 
 

As described in Wiese et al. (2018), the modeled significant wave height tends to spread out during 
extreme events for the different model experiments. Here, more detailed analysis of data variability 
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during an extreme event are provided. During the study period from June till November 2016 an 
extreme event occurred on 29th September 2016. The center of the low pressure system was located 
along the coast of Norway. Thus, the highest wind speeds occurred in the northern part of the North 
Sea and the corresponding highest significant wave heights can be found in the northern part of the 
North Sea. At 11 UTC, the area with maximum significant wave height coincides with the locations of 
the GTS measurements. Hence, this time step is chosen for further analyses. 

 

4.1.1 Significant wave height of each ensemble member 
 
In Figure 4.1 the wave height estimates of each ensemble member for 29 September 2016 11 UTC 
are shown together with the locations of the GTS measurements. The horizontal patterns of the eight 
model runs for this extreme event are quite different. The largest significant wave height is found in 
the model simulation with the coastDat-3 wind forcing with more than 9 m (Figure 4.1b). The 
smallest maximum in significant wave height is found for the model simulation with the six hourly 
ECMWF operational analysis wind forcing (Figure 4.1d). It is noticeable, that the maximum in the 
model simulation with six hourly wind forcing (Figure 4.1a,d and f) is shifted further to the east, than 
in the model simulations with hourly wind input ( Figure 4.1. b,c,e and g) Furthermore, in the model 
simulations with the six hourly wind input the maximum of the significant wave height is smaller than 
with the hourly update of the wind. This justifies once more the importance of using higher time 
frequency wind data for wave simulations over the study area. When comparing the modeled 
significant wave height with the GTS measurements in the northern part of the North Sea (55◦ N 2◦ 

W to 62.5◦ N 5◦ E), none of the simulations is perfectly in line with the measurements, but the 
model simulation with the hourly ERA5 wind forcing has a bias of only -0.02 m and a SI of 0.144 
(Figure 2e). For the model simulation with the ERA5 wind forcing the RMSE is 0.56 m and is 
smallest compared to other model experiments. The only simulation with a smaller SI is the run with 
the hourly ECMWF operational analysis wind forcing with 0.139 Figure 4.1c). The bias, though, is 
0.1843 m and is clearly larger than the bias for the model simulation with the hourly ERA5 wind 
forcing. The model experiment simulation with the six hourly ERA5 wind forcing has the largest SI of 
0.193 as well as the largest RMSE . In comparison to GTS measurements the simulations with ERA-
Interim, the six hourly ECMWF operational analysis and both ERA5 wind forcings underestimate the 
significant wave height with the largest underestimation of the model simulation with the six hourly 
ERA5 wind forcing with 0.57 m (Figure 4.1). The model simulations with the coastDat- 3, hourly 
ECMWF operational analysis/forecast and both DWD forecasts all overestimate the significant wave 
height in the northern part of the North Sea by up to 1.28 m for the case of the coastDat-3 wind forcing 
(Figure 4.1b). 
 

4.1.2  Empirical Orthogonal Functions 
 
In order to study the variance of the significant wave height of the eight ensemble members during the 
extreme event, an Empirical Orthogonal Function (EOF) analyses for the extreme event on 29th 
September 2016 11:00 UTC is performed. The EOF analysis is carried out as described by Björnsson 
and Venegas (1997). The associated standard deviation with respect to the mean is given in Figure 
4.2b. It clearly shows that the largest difference between the ensemble members is located in the 
northern part of the North Sea. The ensemble members also differ substantially with respect to the 
local wave height maximum off the coast of Iceland. The first EOF of the significant wave height 
represents 56.16 % of the total variance of the ensemble. The maximum of the variance is found in the 
area of the maximum of the significant wave height in the northern part of the North Sea (Figure 4.2 a 
and c). This demonstrates that the largest difference between the different model simulations is in the 
magnitude of the significant wave height peak. In this case, the model simulation with the coastDat-3 
wind forcing has the highest simulated significant wave height maximum with 9.5 m and the model 
simulation with the six hourly ECMWF operational analysis wind forcing the lowest simulated 
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Figure 4.1: The significant wave height (m) of the ensemble for 29 September 2016 11 UTC as well as the 
GTS measurements for the model simulations with the (a) ERA-Interim, (b) coastDat-3, (c) hourly and (d) 
six hourly. ). ECMWF operational analysis, (e) hourly and (f) six hourly ERA5 as well as (g) hourly and (h) 
six hourly DWD forecast wind forcing. 
 

significant wave height maximum with 6.6 m. The maximum of the second EOF of the significant 
wave height, which represents 19.31 % of the total variance, is located in the northern part of the 
model domain near the coast of Iceland (Figure 4.2d) which overlaps to the area of the second 
maximum in significant wave height (Figure 4.2a) This shows that the model simulations also differ 
in the magnitude of the maximum of significant wave height in the northern part of the model domain. 
In this area the significant wave height in the model simulations with the ERA-Interim and coastDat-3 
forcing is clearly larger than in the model simulations with the other wind forcings. These two 
differences are also found regarding the standard deviation of the ensemble. Combining the first two 
EOFs explain 75.47 % of the total variance of the ensemble. However, with the EOF more differences 
in the model simulations can be found. The third EOF pattern shows a dipole in the northern part of 
the North Sea (Figure 4.2e) This means that in the model simulations the exact positions of the 
significant wave height maximum differ. The orientation of the dipole is in east-west direction and 
therefore representing the variation of the peak location in the different model simulation in zonal 
direction. In this context larger differences are especially found between the model simulations with 
the hourly and six hourly wind forcings with a shift of the peak of around 290 km. The third EOF 
represents 9.98 % of the total variance. The fourth EOF explains 7.71 % of the total variance. This 
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EOF shows the larger scale differences in the synoptic situation and, therefore, also in the wind fields, 
which are also reflected in the wave field. In the wind forcing data the exact location of the center of 
the low pressure system and therefore, the area of light wind differs, which leads to different wave 
heights off the coast of the northern part of Norway as well. Also due to different strengths of the wind 
fields in the wind forcing, the significant wave height west of Ireland in the Atlantic as well as off the 
coast of Norway is larger and relative to that smaller east of Great Britain due to the fetch conditions. 

 
Figure 4.2: The mean significant wave height (m) of the ensemble for 29 September 2016 11 UTC as well as (b) 
the standard deviation and the EOFs representing (c) 56.16%, (d) 19.31%, (e) 9.98% and (f) 7.71% of the total 
variance 

 

4.1.3 Timeseries of significant wave height, wind speed and wind direction 
 

Since the largest difference in significant wave height between the ensemble members is the magnitude 
of the respective peak, this needs further investigations. Time series extracted from the ensemble 
members are compared to the time series of the GTS measurements (Figure 3.1) For this analysis the 
mean of the GTS measurements in the area 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 in order to estimate the variation of 
the measurements within the considered area. The same is done for significant wave height of each 
ensemble member at the locations of the GTS measurements. 

Figure 4.3a depicts the spread of the simulated significant wave height between the experiments with 
the different wind forcing. During the extreme event the maximum significant wave height varies 
between 4.7 m for the simulation with the six hourly 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 with 5.3 m. Therefore, coastDat-3 overestimates the 
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significant wave height by about 1.6 m. As previously discussed, during this extreme event the 
overestimation is mainly due to coastDat-3 overestimating the wind speed during this extreme event  
Also in coastDat-3 the wind direction is shifted in clockwise direction by about 12◦ for the majority of 
time during this extreme event.  This impact is likely to be small compared to the overestimation of 
wind speed, since the fetch is rather limited with wind directions between South and Westnorthwest 
anyway. The wind direction in other areas may affect the significant wave height in this area though, due 
to swell traveling into the analysed area. For coastDat-3 also the area affected by the high wind speeds 
and, therefore, also by high significant wave heights is larger than for the other wind forcings (Figure 
4.3b). This might contribute to the high significant wave height as seen in Figure 4.3a as well, since 
values averaged in this analysis spread over the northern part of the North Sea. 

The model experiments with six hourly ERA5 wind forcing show the lowest significant wave heights for 
the 29th September 2016 (Figure 4.3a). In this simulation the peak is underestimated by about 0.6 m. 
This underestimation of the significant wave height is also due to the underestimation of the wind 
speed (Figure 4.3b) Since WAM receives the wind data only every six hours, the peak in the wind 
speed is missed in the wind forcing and, therefore, also the peak in the significant wave height is 
omitted. This problem can also be seen for the model simulations with ERA-Interim and the six 
hourly ECMWF operational analysis wind forcing. Although the wind speed of the hourly DWD 
forecast and ECMWF operational analysis/forecast hit the observed wind speed very well (Figure 4.3b), 
WAM overestimates the peak in the significant wave height (Figure 4.3a). This might indicate that 
WAM needs to be further tuned regarding the significant wave height during extreme events. Another 
possible reason for this overestimation could be the swell traveling into the area. For this extreme 
event WAM simulates the maximum in significant wave height two hours earlier even thought the 
timing of the peak in the wind speed fits well for the two wind forcings. The peak in the observed 
significant wave height is best pictured by the model simulation with the hourly ERA5 wind 
forcing. The maximum significant wave height only differs by about 0.01 m. However, in this run 
similar to the simulations with coastDat-3, the hourly DWD forecast and hourly ECMWF 
operational analysis, the simulated peak in the significant wave height occurs two hours earlier than 
the observed peak. The model simulation with six hourly DWD forecast wind forcing slightly 
overestimates the observed peak (Figure 4.3a) although the maximum wind speed is below the 
maximum of the observed wind speed(Figure 4.3b).The period of the peak for all model simulations 
with six hourly wind forcings in significant wave height is longer than for the model simulations with 
hourly wind forcing. Here the period of the peak is estimated by the time the significant wave height 
exceeds 99 % of the peak value. For this peak in significant wave height the period of the peak for the 
model simulations with hourly wind forcing is one hour, whereas for the model simulations with six 
hourly wind forcing the period of the peak is three to four hours. One and two days earlier two smaller 
wave height peaks occur. The first one on the 27th September is overestimated by all of 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 wind forcing. The six hourly 
wind forcings capture this peak very well, but due to the wind speed being high already three hours 
prior and after the peak, the simulated significant wave height is too high. The model simulation with 
hourly DWD forcast wind forcing reproduce the peak of the significant wave height best, although 
the wind speed underestimates the observed wind speed. The second peak is hit best by both model 
simulations with the ECMWF operational analysis/forecast wind forcing. Both simulations with ERA5 
wind forcings underestimate the peak in significant wave height slightly. All other simulations 
overestimate the significant wave height. During calm conditions before and after the peaks, the results 
of all model simulations are very similar. From the analyses above, it can be concluded that during 
extreme events the wave model results are quite sensitive towards the wind forcing. Hence, high 
quality wind data is needed in order to increase the skills of predicted sea state. It is found, that for 
our area of interest higher temporal resolution of the wind forcing is more important than a higher 
spatial resolution. Although the spatial resolution of the DWD forecast and coastDat-3 is higher than 
for ERA5 and the ECMWF operational analysis, the wave model simulations using the latter two 
increase the model skills. Clearly better results, though, can be found for model simulations with 
hourly wind forcing than six hourly wind forcing. This conclusion differs to the one of the study for 
the Black Sea by Van Vledder and Akpınar (2015). It is notable, that the different spatial resolutions 
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tested are produced by different atmospheric models or model set ups, which can lead to differences 
as well, therefore, the differences cannot be traced back to the different spatial resolutions only. In our 
study, the hourly ECMWF operational analysis/forecast as well as the hourly ERA5 wind forcing 
produce the best results, since they are closer to the observations during the extreme event at the end of 
September 2016. Also the statistical values for the whole study period and over the study area are 
better for the model simulations forced with hourly ERA-5 and ECMWF operational analyses/forecast 
than for the model simulations with the six other wind data set. During calm conditions, the model 
simulations with all eight wind forcings produce fairly similar results. 

 
Figure 4.3: Time series extracted from the ensemble members compared to the time series of the GTS 
measurements 

4.1.4 Synergy of satellite data and model ensemble 
 
In order to enhance the quality of the significant wave height of the mean of the ensemble, the 
satellite measurements and the ensemble of the modeled significant wave height is merged into a best 
guess wave field using the EOFs. A more detailed explanation of the method, which is based on a 
maximum a posteriori approach, can be found in Schulz-Stellenfleth and Stanev (2010). The technique 
is illustrated for the extreme event on the 29th September 2016 11 UTC (Figure 4.4) When comparing 
the ensemble mean of the significant wave height (Figure 4.2a) to the GTS measurements, it is 
found, that they are already in quite  good agreements, with a SI of 0.139, a BIAS of 0.11 m and a 
RMSE of 0.56 m. When using the satellite data with the standard deviation of the satellite 
measurements as an observation error and no bias correction, the statistical values of the best guess 
wave field compared to the GTS measurements get worse compared to the ensemble mean. In order to 
force the analysis to stay close to the already good ensemble mean, a rather high value of 3 m is 
assumed for the observation errors. The reconstructed significant wave height using the EOFs and the 
satellite measurements then has a SI of 0.138, a bias of 0.36 m and a RMSE of 0.65 m with respect to 
the GTS data (not used for the reconstructed significant wave height). As this is still no advantage over 



 
40 

 

the ensemble mean, a bias correction of the satellite measurements is carried out. The reconstructed 
significant wave height (Figure 4.4) then has the same SI as before the bias correction, but the 
standard deviation of the error is reduced from 0.70 m to 0.65 m and the bias is improved to 0.06 m as 
well as the RMSE to 0.54 m. For this extreme event it demonstrates, that a bias correction is 
absolutely necessary before using the satellite data for assimilation into a wave model. The analyses 
shows that the model can be guided into the right direction by the satellite data, but the satellite data is 
still not accurate enough compared to the in-situ observations to strictly force the model towards the 
satellite observations. 

 
Figure 4.4: Wave height reconstructed by combination of model results and altimeter measurments. 

4.2 Pilot case Danish coast (DTU) 

4.2.1 Comparisons of SAR winds against mast observations 
 
For wind resource assessment, it is essential to have a long time series of observations, which is 
representative of the mean wind climate at a given location. In situ observations can deliver such time 
series with frequent sampling e.g. every 10 minutes. The sampling rate for satellite SAR and 
scatterometer data is much lower and a different sampling strategy needs to be applied in order to 
quantify the wind resource. One principle is to collect as many random satellite samples as possible 
over the lifetime of the satellite sensor(s) and combine these to a single time series. 

Barthelmie and Pryor (2003) have shown that 70 samples are sufficient to calculate the mean wind 
speed within +/- 10% whereas it takes around 2000 samples to estimate the wind power density within 
+/- 10%. 

The highest possible number of satellite samples can be acheieved through a combination of data from 
differnt satellite sensors e.g. Envisat and Sentinel-1 SAR winds or QuikSCAT and ASCAT winds. 
Before the data series are combined, it is important to quantify and correct for any biases caused by 
sensor calibration or processing inconsistencies. In the following, we investigate the consistency of 
wind retrievals from Envisat and Sentinel-1 SAR through comparison with in situ observations. 

SAR wind retrievals are compared with wind observations from the coastal mast at Høvsøre. 
Our archive of SAR wind maps holds 257 Envisat scenes and 85 Sentinel-1 scenes over 
Høvsøre, which are temporally collocated with the mast observations and where winds are 
blowing from the sea towards the land. The directional sector ranging from 210° to 330° is 
considered based on the interpolated wind direction from mast observations at 60 m and 100 
m. For each satellite scene, wind speeds are extracted within a 5 km by 6 km rectangular area 
over the sea starting 1 km from the coastline and with corners at 56.41 N, 8.10E. The 10-
minute interval of mast observations, which contains the acquisition time of each satellite 
scene, is used for comparison. 
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Figure 4.5. Comparisons of SAR-derived ENW from (left panel) Envisat and (right panel) Sentinel-1 against 
a),b) observed SDW at 100 m; c),d) observed SDW at 100 m extrapolated to give the ENW at 10 m. The plots 
e),f) are similar to c)d) but the SAR wind is retrieved using wind direction inputs from the mast instead of model 
directions. 
 
The SAR wind speeds are first compared directly to the 100-m mast wind speeds, which are 
expected to represent conditions within the marine boundary layer best. Figure 4.5 (a and b) 
show a high correlation coefficient (R2) for both Envisat (0.96) and Sentinel-1 (0.97). The 
relatively high root mean square errors (RMSE) of 2.57 m s-1 and 2.14 m s-1 can largely be 
attributed to the different measurement heights and to the higher absolute wind speed values 
measured at 100 m. The mean bias is 1.33 m s-1 for Envisat and 0.99 m s-1 for Sentinel-1. A 
positive bias is expected due to the difference in measurement heights but the difference of -
0.3 m s-1 between the mean ENW from Envisat and Sentinel-1 is remarkable. 

The mast observations of wind speed at 100 m are extrapolated to the height 10 m to make a 
direct comparison with the wind speeds from SAR. In order to account for effects of 
atmospheric stability, the wind speed observations from the Høvsøre mast are converted from 
SDW to ENW before they are compared with the ENW retrieved from SAR. Figure 4.5 (c 
and d) show results of the comparisons of ENW at 10 m. The correlation coefficients of 0.97 
are consistent with our comparisons against observations at 100 m. The RMSE is reduced to 
1.74 m s-1 and 1.67 m s-1 respectively due to the lower absolute values of 10-m wind speeds. 
At 10 m, the mean bias is negative for both Envisat (-0.41 m s-1) and Sentinel-1 (-0.70 m s-1). 
The offset between the two SAR wind data sets remains at -0.3 m s-1.  
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Since wind direction observations are also available at Høvsøre, we can reprocess the SAR 
wind fields with a constant wind direction from the mast and determine whether the wind 
direction input has any influence on the SAR wind speed retrievals. Recall that the initial 
wind retrievals were performed with wind directions from the two models CFSR (Envisat) 
and GFS (Sentinel-1) whereas wind directions from the mast have been sampled in a 
consistent manner for the entire period investigated. Figure 4.5 (e and f) show comparisons of 
the reprocessed SAR wind speeds to the extrapolated 10-m ENW at Høvsøre. The results do 
not show any improvement of the bias (-0.44 m s-1 for Envisat and -0.71 m s-1 for Sentinel-1) 
whereas the RMSE is reduced slightly to 1.70 m s-1 for Envisat and more significantly to 1.37 
m s-1 for Sentinel-1. 

The sets of comparisons presented all indicate that there is an average offset of -0.3 m s-1 
between retrievals of ENW from Envisat and Sentinel-1 scenes. Mean wind speeds calculated 
from the mast observations for the two periods covered by Envisat and Sentinel-1 agree 
within 0.01 m s-1 at 10 m and within 0.1 m s-1 at 100 m. Temporal changes of the mean wind 
speed are therefore unlikely to be the cause of the offset found here. It is worth noting that for 
all the comparisons of 10-m ENW from SAR and the mast, there is a remarkably good fit with 
the 1:1 line for wind speeds within the range 5-15 m s-1. SAR wind speeds below and above 
this interval are typically biased high. The number of high-wind samples in the data set is 
very limited as the wind speed is never above 20 m s-1.  

4.2.2 Comparisons of SAR winds against ocean buoy measurements 
 
In order to examine the accuracy of SAR wind retrievals in true offshore conditions, comparisons are 
made against ocean buoy observations in Northern Europe. The buoy wind speeds are typically 
measured at 3-4 m height and extrapolated to 10 m assuming a neutral logarithmic wind profile. A 
mximum time difference of 30 minutes between the SAR and buoy dat aacquisitions is accepted and 
the SAR winds are extracted within an area of 10 km by 10 km. Data pairs where either the SAR or 
the buoy wind speed is below 0.5 m/s are filtered out because they are considered highly uncertain. 
Preliminary results of the comparisons are shown in Figure 4.6 and divided into three parts: The 
Envisat era (2002-2012), early-stage Sentinel-1 observations, which are subject to a calibration issue 
(ref. The European Space Agency), and recalibrated Sentinel-1 observations aquired during 2015 to 
present. 

 
Figure 4.6. Comparisons of buoy and SAR wind speeds at 10 m. Left: Envisat, middle: early-stage Sentinel-1, 
and right: Sentinel-1 from 2015 onwards. 

 
The scatter plots in Figure 4.6 show a good correlation for all three data sets and RMSE errors are 
2.37 m/s, 2.17 m/s and 1.59 m/s respectively. These values are somewhat larger than values calculated 
on the basis of meteorological mast observations (see section 4.2.1). The SAR wind speeds 
overestimate the buoy observations for all three periods but the most radical differences are seen for 
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Envisat wind speed retrievals, which can be up to 46 m/s. Such values are unrealistic for the Northern 
European seas and may either be explained by saturation of the geophysical model functions at very 
high wind speeds or by artifacts in the SAR imagery e.g. reflection from hard targets. 

Uncertainties of the SAR wind speeds arise from i) calibration uncertainties for the SAR sensors; ii) 
uncertainties of the input wind directions, which are taken from global models; iii) uncertainties 
related to extrapolation of buoy observations to the height 10 m. A thorough investigation of all three 
types of uncertainties is ungoing. Here we focus on the effect of the wind direction input that is used to 
drive the SAR wind speed retrieval. We recalculate the SAR wind speed using local wind directions 
from the ocean buoys as input. This results in the plots shown in Figure 4.7. The wind speed accuracy 
does not improve for Envisat but for Sentinel-1, a significant improvement of the mean error and the 
RMSE is seen. For the recalibrated Sentinel-1 scenes the RMSE goes down to 1.31 m/s with a mean 
bias of only 0.16 m/s. 

 

 
Figure 4.7. Comparisons of buoy and SAR wind speeds at 10 m retrieved with the local wind direction as input. 
Left: Envisat, middle: early-stage Sentinel-1, and right: Sentinel-1 from 2015 onwards. 

4.2.3 Wind lidars on the North Sea coast 
 
In addition to the absolute accuracy, it is essential to test the accuracy of the spatial wind speed 
variability given by SAR near the coastline. Geophysical model functions that are used for the SAR 
wind retrieval processing are tuned to open ocean wind conditions and their accuracy closer to the 
coastline has been questioned for decades. The RUNE data set can be used to quantify the wind speed 
gradient from the coatline and further offshore and for comparisons against the SAR wind maps. In the 
following, we summarize the comparisons of wind speeds from SAR and scanning lidar. Full details 
of the analyses and results are given in (Ahsbahs et al., 2017). 

A total of 15 colocated Sentinel-1 scenes were acquired during the RUNE measurement campaign 
using scanning lidars on the Danish North Sea coast. The scanning lidars were operated in two 
configurations: Dual Doppler scans performed with an inclination of the lidar beam and sector scans 
with a uniform scanning height of 50 m. In both cases, extrapolation of the lidar wind speeds had to be 
performed in order to match the 10-m wind speeds from SAR. A neutral atmosperic stability had to be 
assumed since no temperature observations were available for calculation of a stability correction. 
Observations from the coastal mast at Høvsøre were used to classify the cases according to stability.  

Figure 4.8 shows the average of SAR and scanning LiDARs wind speeds taken over transects going 
from 1 km off the coastline to the maximum range available. This results in a single averaged wind 
speed over the transect for both the SAR and LiDAR measurements. The RMSE is 1.31 m/s for the 
dual Doppler and 1.42 m/s for the sector scan. The averaged wind speeds are between 4 m/s and 10 
m/s for most cases and only one case has wind speeds as high as 16 m/s. Cases with neutral 
atmospheric conditions and wind directions from the North Sea towards the land showed the best 
agreement. 
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Figure 4.8. Comparisons of mean wind speeds retrieved from SAR and scanning lidar; a) dual Dopple lidar; b) 
sector scans. 

 
In order to get a qualitative estimate of how SAR and LiDARs measure the horizontal wind speed 
gradient, wind speeds are plotted as a function of distance from the coastline. We consider distances 
up to 3 km offshore because all lidars deliver observations here. Wind speeds are nondimensionalized 
through division of all values with the wind speed at 3 km. The nondimensional dual Doppler wind 
speed in Figure 4.9a shows a lower gradient than the SAR wind. The nondimensional wind speed in 
Figure 4.9b is very close for sector scan and SAR winds, and both systems similarly estimate a 
relative reduction of the wind speed when approaching the coast. 

 

 
Figure 4.9. Relative wind speeds retrieved from SAR and LiDAR and nondimensionalized with the wind speed 
3 km from the coastline; a) dual Doppler lidar; b) sector scans. From Ahsbahs et al. (2017) 
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4.2.4 Modeling coastal winds 
 
It is more challenging to model winds and waves in the coastal zones than over the open sea, since the 
dynamics related to the winds in coastal zones can be much more complicated, including the impact 
from land, shallow water, limited fetch, wave breaking processes. In most atmospheric models, the 
water surface conditions over coastal zones and open sea are treated the same way, based on 
measurements from deep water, open sea conditions (e.g. in WRF).  

Satellite data are used to identify representative cases that can reflect the complexity of coastal issues 
and the related modeling work. Figure 4.10 shows such an example from 2004-02-23 over the Horns 
Rev wind farm site, west of the Danish Jutland coast. With the bathymetry data to the left and the 
radar backscatter data measured by ASAR to the right, one can see correspondence of the effect of the 
bathymetry and shallow water on the backscatter signals.   

The default, non-coupled, WRF simulation, together with five schemes using parameterization of 
roughness length, one with Janssen scheme and one with WBLM, are used and compared with each 
other for this particular case. The 8 schemes are: 

 

1) WRF only, with the default z0 parameterization where z0 is described by Charnock 
formulation. 

2) The Taylor-Yelland scheme (Taylor and Yelland 2001), where z0 is a function of the 
significant wave height Hs and wave length of the peak frequency Lp. 

3) The Oost scheme (Oost et al. 2002), where z0 is a function of Lp and inverse wave age u*/cp, 
where cp is the wave phase velocity of the peak frequency.  

4) The Janssen scheme, which uses momentum conservation at the interface of atmosphere and 
water (Janssen 1991). 

5) The Drennan scheme (Drennan et al. 2007) where z0 is a function of Hs and u*/cp. 
6) The Fan scheme (Fan et al. 2012) where z0 is a function of U10 and cp/u*. 
7) The Liu scheme (Liu et al. 2011) where z0 is a function of cp/u* 
8) The WBLM (Du et al. 2017). 

The spatial distribution of the roughness lengths from the 8 calculations, corresponding to Figure 4.10, 
are shown in Figure 4.11. The differences between these schemes are clearly shown for this case in 
Figure 4.11 with snapshots of z0 at the time of the SAR radar backscatter picture in Figure 4.11b. The 
effect of the bathymetry is absent in Figure 4.11a where the modeling is not coupled, whereas it is 
present in the 7 coupled modelings (b) to (h). To quantify the spatial distribution of z0 shown in Figure 
4.11, positions A to E are selected to represent the different bathymetry conditions and to describe 
their correspondence of z0 to the Envisat ASAR backscatter data. This analysis suggests that Figure 
4.11h gives the best correspondence to Figure 4.11b and therefore the WBLM outperforms the other 
schemes for this case. 

The simulation suggests though, in spite of the diversity of estimates from different schemes, 
difference in their effect on wind speed is most at relatively strong winds when the magnitudes of z0 
differ considerably. This is consistent with our analysis of hundreds of storms. Figure 4.12 shows the 
time series of wind speed at 15 m (measurement level), significant wave height, wave period at the 
spectral peak and drag coefficient. The largest discrepancies in wind speed at this site are found to be 
at wind speed stronger than 10 m/s, with the difference of about 4 m/s. The Oost scheme gives the 
largest difference in drag coefficient compared to the rest of the group. 
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Figure 4.10. (a) Bathymetry around Horns Rev I, where contour lines of water depth of 9 m and 15 m are shown 
in thick and thin lines, respectively. (b) Radar backscatter measured by ASAR at 9:50 on 2004-02-23; letters A 
to E represent areas where the backscatter is larger or smaller than surrounding areas; black arrows show the 10 
m wind vectors from the CFSR data. This is a copy of Fig.8.1 in Du (2017). 

 
Figure 4.11. Roughness length z0 at 9:50 on 2004-02-23, corresponding to the time shown in Fig 4.6.1b. The 
name of the eight schemes are given in the plot label. This is a copy of Fig 8.7 in Du (2017). 
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Figure 4.12. Time series of wind speed, significant wave height Hs, wave period at the peak frequency (Tp) and 
drag coefficients from measurements at Horns Rev mast and buoy, as well as modeling from the 8 schemes. 
(This is a copy from Fig. 8.6 in Du 2017) 

4.2.5 The effect of wind field on the development of extreme Hs 
 

A 20-year return value of significant wave height was observed at FINO 1 during the storm Britta on 
1st Nov 2006 in connection with a not-so-extreme wind speed at the site. This initiated a series of 
research studies, with some arguing that the atmospheric stratification may be the cause and some 
speculated the role of the open cellular structures in the wind field during this storm. In the literature, 
satellite data have been used to show the highly varying wind characteristics over the space while 
point measurements have shown high temporal wind fluctuations. Our study (Larsén et al. 2017) 
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overcame the techinical difficulties in earlier studies by using two-way online coupled atmospheric 
modeling and wave modeling at a high resolution that can resolve the open cell structure, thus 
allowing us to have a look at the role of the open cells in the wind field on the generation and 
propagation of the waves. Figure 4.13 and Figure 4.14 show the satellite data and modeled wind field 
for this case. 

The satellite data from Figure 4.13 are used to validate the modeled wind speed in the spectral 
domain, shown in Figure 4.15b, where the modeling captures, as expected, the wind fluctuation at a 
scale of approximately 7 times the spatial resolution (here 2 km) (Skamarock 2004). At the same time, 
the modeling was shown to resolve satisfactorily the wind variability in the temporal domain when 
compared with point measurements at FINO 1 (Figure 4.15a).  

Both the wind magnitude and significant wave height are well modeled, which gives creditibility to 
look into the modeling system and find out the role of open cell winds and other mechanisms that are 
in the system. We examined each calculation step the effect of the wind field to the wave modeling 
and it was found that in the current algorithms, the turbulence (or gustiness) in the wind field is not 
able to be included in the wave modeling. This study suggests that the necessary conditions for the 
development of the extreme waves in storm Britta are primarily (a) persistent strong mean winds and 
(b) long and undisturbed fetch during a long period that allows the development and propagation of 
strong waves.  

 

 
  
Figure 4.13. a cloud picture, from NOAA 17 satellite, channel 5, on 2006-11-01 10:34 (time of first line: 2006-
11-01 10:27:39.359; time of last line: 2006-11-01 10:42:26.097). b ENVISAT SAR 10 m wind speed on 2006-
11-01 10:26:41(This is a copy from Larsén et al. 2017) 
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Figure 4.14. 10-m wind speed from the coupled modeling on 2006-11-01, showing the open cell structures in 
the wind field at (a) 4:00, (b) 10:00, (c) 13:00 and (d) 22:00. This is a copy from Larsén et al. (2017) 

 
Figure 4.15.(a) At FINO 1, power spectra as a function of frequency f from time series between 2006-10-31 
16:00 to 2006-11-02 00:00. The blue curve is from measurements of wind speed at 100 m and the black curve is 
from modeled time series of wind speed at 100 m. The red curve is the spectral model from Larsén et al. (2013). 
(b) spectra as a function of wave number k from snapshots of the 10 m wind speed, the blue curve is from the 
SAR 10 m wind speed as in Fig. 1 and the black curve is from the modeled 10 m wind from domain III as in Fig. 
7b the left half part. The red curve is the k-spectrum from Nastrom and Gage (1985). (This is a copy from Larsén 
et al. 2017) 

4.2.6 Comparability between Sentinel-1 and Sentinel-3A 
 

For the analysis of the comparability between the satellites different filters have been applied to the 
Sentinel-3A data. As stated earlier backscatter coefficients greater than 20 dB has been eliminated. 
The handbook of Sentinel-3 specifies that the wind product is in the 0-20 m/s range, which is why 
wind speeds > 20 m/s has been eliminated, wind speeds lower than 1 m/s has been omitted as well. 
The data points on land and where the distance to the coast is zero have been filtered away too. The 
purpose of this investigation is to get an estimate of the potential differences of the wind product from 
the Sentinel-1 and the interpolated Sentinel-3A wind product. Which demands that the satellites 
measure the same location at the same time. The nature of the two different orbits and the pilot area 
means that there are no simultaneous measurements which is why a soft temporal threshold of 3 hours 
has been implemented the pilot case then has 294 quasi simultaneous measurements with a time 
difference ranging from 2 hours and 35 minutes to 3 hours and 6 minutes. The products compared 
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across the instruments are the wind product developed by DTU wind for the C-SAR instrument 
onboard the Sentinel-1 missions and the interpolated 20 Hz wind product from the SAR-altimeter 
onboard Sentinel-3A. A sample of a quasi simultaneous measurement is presented in Figure 4.16. 

 
Figure 4.16:The square represents the C-SAR image from Sentinel-1A and the thick line is succeeding 
footprints from the SAR-altimeter onboard Sentinel-3A. Ascending Sentinel-3A SAR-altimeter track from cycle 
15, orbit 171 against Sentinel-1A C-SAR image taken the 11th of March 2017. 

 
Figure 4.17:The round dots are Sentinel-1 C-SAR measurement points roughly 500 metres apart, the blue box 
represents the Sentinel-3A SAR-altimeter footprint, with cross at nadir. The three green dots are used as 
coinciding data points. Projection: UTM 33. Ascending Sentinel-3A SAR-altimeter track from cycle 15, orbit 
171 against Sentinel-1A C-SAR image taken the 11th of March 2017. 

 

The area is seen in Figure 4.16 is an example of an area used in the analysis. The data on land and the 
data outside the bounding box are filtered out. Figure 4.17 illustrates the availability of coinciding 
data for a single altimeter footprint. The number of coinciding data points within an altimeter footprint 
is between 1 and 3 measurements. The contributions from the different points are weighed such that 
the points in towards the middle weighs more than the points further to the side. The weighing has 
been applied in an attempt to stay true to the intrinsic weighing of the altimeter which heavily weighs 
the middle due to the doppler multi-looking when working in SAR-mode. A SAR-altimeter footprint 
like the one seen in the figure is regarded as one sample and the 294 quasi simultaneous measurements 
contain between 1 and 1069 samples. The three figures below shows the results of the analysis. Figure 
4.18 shows the mean bias defined as the mean of the difference between the Sentinel-3A and Sentinel-
1 data for each sample i.e.  
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Figure 4.18: Mean bias against number of samples within the same quasi simultaneous measurement area. 
Colour-scale indicates the median wind speed measured by the C-SAR instrument on Sentinel-1. 

 
Figure 4.19: Standard deviation against number of samples within the same quasi simultaneous measurement 
area. Colour-scale indicates the median wind speed measured by the C-SAR instrument on Sentinel-1. 

 
Figure 4.20: Coefficient of determination (R2) against number of samples within the same quasi simultaneous 
measurement area. Colour-scale indicates the median wind speed measured by the C-SAR instrument on 
Sentinel-1. 
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The agreement between the two different instruments is highly dependent on number of samples 
within the same measurement area which is easily visible in Figure 4.19 where the mean bias which 
approaches zero as the number of samples increase. Generally, there is a trend of the Sentinel-3A 
underestimating the wind speed compared to the Sentinel-1. Most of this bias can be explained by the 
difference in the wind speed definition. The Sentinel-1 product is extrapolated to 10 metres height and 
neutral-stratified atmosphere, whereas the Sentinel-3A product is surface wind speed. The standard 
deviation shares the same tendency with greater agreement with increasing number of samples. The 
standard deviation is generally high, above 2 m/s for most of the measurement areas. Studies 
comparing satellite data to in-situ or LIDAR measurements generally see lower standard deviations of 
1.5 m/s for the altimeters [Stammer et al. chapter 12, 2018] and 1.4 m/s for the coastal winds of the 
Sentinel-1A C-SAR [Ahsbahs et al- 2017]. The coefficient of determination illustrated in Figure 4.20 
challenges the perceived agreement from the mean bias, the correlation between the Sentinel-1 and 
Sentinel-3A measurements seem to be non-existent in most cases, which is why further analysis is 
needed before any potential synergies can be discussed 

Further analysis continues to look at the comparability between the Sentinel-1 and Sentinel-3 and will 
investigate the backscatter coefficient. The imaging C-SAR instrument onboard Sentinel-1 looks at the 
surface at an angle, meaning that calm waters result in no backscatter since the incident angle is equal 
to the reflected angle, hence some ripples on the water is needed for the C-SAR instrument to get 
some backscatter. The SRAL instrument measures directly at nadir meaning calm waters will reflect 
more than rougher sea states. Therefore, the stack standard deviation i.e. the deviation in the reflected 
signal received at different angles will be taken into consideration to find the conditions where the C-
SAR and SRAL instrument is most comparable. For this case study the SAR-altimeter footprint has 
been static whereas the cross-track length is dependent on sea state. Further analysis will include a 
footprint size dependency on significant wave height, which is a level-2 product all ready available. 
The points used as a sample within a single altimeter footprint are weighed linearly, whereas the 
intrinsic weighing might have another correlation dependent on the radar characteristics of SRAL. 
Furthermore, the variability a long the SAR-altimeter path within the C-SAR image will be 
investigated to locate the sources for the high standard deviation. 

4.3  Pilot Case Catalan coast (UPC) 
 
The residence time (TR) of a waterbody is commonly accepted as an indicator of its water quality. 
Here, this parameter is determined for both Ebro Delta bays considering different scenarios that 
account for the uncertainties existing in the simulation conditions. So, possible errors in freshwater 
discharge estimates and even in the physical limits of the bay (bar breaching under storms or mouth 
narrowing due to bar growth) have been included in the set of simulations. The resulting local 
residence times, computed as the time it takes a conservative tracer released at a given position at the 
start of the simulation to change its concentration by a factor 1/e following Jouon et al.’s (2006) 
approach, have been compared to those obtained under reference conditions. 

4.3.1 Reference conditions 
 
The reference conditions (atmospheric forcings and boundary conditions) for each bay are those 
corresponding to the simulation periods described above and used for the model validation: the 
summer months of 2014 for the Alfacs bay, and the Fangar 1 campaign period (August/September of 
2017) for the Fangar bay.  

For the former, the TR distribution (Figure 4.21) shows a high spatial variability with short residence 
times of between 5 and 20 days in the region close to the bay mouth and in the vicinities of the 
locations of freshwater discharges, with longer times around 30-40 days in the inner regions. The 
average residence time in the bay is approximately 27 days. 
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Figure 4.21 Spatial distribution of residence time in Alfacs bay for the reference case (in days). 

 

For the latter, the distribution of local TR values is shown in Figure 4.22. There is a region of high 
water renovation rate near the entrance, and a stagnant zone in the innermost part of the bay. In this 
area, renovation times are longer than the length of the simulation (40 days); in the central part of the 
by, residence times are around 17 days. The overall average TR is 16.5 days, slightly shorter in the 
surface layers (16.3 days) than in the bottom ones (16.8 days). 

 

 
Figure 4.22: Spatial distribution of residence time in Fangar bay for the reference case (in days). 

 

4.3.2 Freshwater variability 
 
As mentioned before, freshwater discharges into the bays have not been adequately characterized, 
despite playing an important role in determining the bays’ water quality. Here different scenarios are 
considered for each bay. 

For the Alfacs bay, two inflow patterns are defined by doubling the reference total discharge rate (i.e., 
from 10 m3 s-1 to 20 m3 s-1) and varying the discharge ratio between the three channels. In the first 
scenario, this ratio is equal to the reference case (2:1:2), whereas in the second one the discharge from 
the southernmost channel is increased significantly in relation to the other two, with the central 
channel contributing the least (ratio 7:1:2). For the Fangar bay, two scenarios with total flows of 15 m3 
s-1 and 20 m3 s-1 equally split between both discharge channels are defined. These correspond to the 
limits of the annual discharge rates estimated by Llebot et al. (2011) - 470 and 630 m3. 

The anomaly of the Alfacs TR patterns in relation to the distributions obtained for the reference 
simulation is shown in Figure 4.23. For the first scenario, shorter residence times are obtained in the 
inner region of the bay, and the strongest reduction is observed in the area closer to the drainage 
points. However, the innermost areas still present residence times longer than 30 days. For the second 
scenario, there are also remarkable differences, with shorter TR in the area close to the inner channel 
and values close to 20 days in the inner region. For both cases, the area of mussel farms shows a 
decrease in TR values of about 10 days as compared to the reference case. 
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Figure 4.23 TR anomaly for different freshwater discharge ratios from the channels in Alfacs bay: ratio 2:1:2 (i.e, 

8:4:8 m3s-1, left) and ratio (7:1:2 (i.e., 14:2:4 m3s-1, right). 
 

Figure 4.24 show the differences between the Fangar residence times for different freshwater 
discharges and the reference case. There is a significant general reduction of TR, larger in the south 
and eastern part of the bay, and smaller near the mouth. In the area occupied by the bivalve farms, the 
reduction is between 8 and 14 days. The average TR decrease in the bay is of 9 days. 

 

 

Figure 4.24: TR anomaly for different freshwater discharges from the channels in Fangar bay: 10 m3s-1 (left) 
and 20 m3s-1 (right). 

 

4.3.3 Water exchange with the open sea: bar breaching 
 
Occasional breaching of the sand bar separating the bays from the open sea occurs under energetic 
wave storms, enhancing the exchange of bay water with cleaner sea water. To account for this three 
breaching scenarios have been modelled by defining a variable-width opening within the sand bar.In 
the case of the Fangar bay, the widths considered have been 70 m, 140 m, and 210 m, whereas in the 
Alfacs bay these values have been 200 m, 500 m, and 800 m, since the bar is much longer and 
narrower. 

 

For the Alfacs bay, the results show similar spatial variability patterns (Fig. 4.25), with lower TR in the 
region close to the sand bar, and no remarkable differences in the mussel farm region (differences of 
about 5 days). In this area, the residence time decreases to less than 10 days. There is clearly a direct 
relationship between the width of the channel and the residence times, with those for the widest breach 
being almost 14 days lower than those for the reference case. 
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Figure 4.25: Difference of TR for the Alfacs breaching cases as compared to the reference case (in days) for a) 
200 m, b) 500 m, and c) 800 m. Negative values indicate reduction of the TR under breaching conditions. 

 

The difference between TR for the new Fangar scenarios and the reference case is depicted in Figure 
4.26, which shows a strong decrease in the residence time values in the innermost part of the bay in all 
cases of up to 38 days, with smaller variations near the bay entrance. Overall, the average residence 
time in the bay decreases between 8 and 11 days, depending on the width of the breach. 

 

 

a) b) 

c) 

Figure 4.26 Difference of TR for the breaching cases as compared to the reference case (in days) for a) 70 m, b) 
210 m, and c) 420 m. Negative values indicate reduction of the TR under breaching conditions. 

4.3.4 Water exchange through the entrance 
 
Finally, the width and depth of the Fangar bay entrance has been varied to account for uncertainties 
related to the “effective channel” that allows the exchange of water with the sea. In addition to a 
changing coastline highly dependent on local hydrodynamics, the zone close to the mouth includes 
very shallow areas covered with marine vegetation, and the water flow over them is negligible. To 
account for this, and for the further bay closing expected for the future, three scenarios in which the 
current width of the mouth has been reduced are considered; these reductions are of 70 m, 140 m, and 
210 m. 
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The changes in TR in relation to the Fangar reference case are shown below. In Figure 4.27 it is seen 
that, somewhat unexpectedly, the 70 m and 140 reductions of the channel width lead to an overall 
reduction of the water residence time in the bay of around 2 days, although some regions do show a 
larger TR. On the contrary, the larger narrowing of the mouth implies a general increase of TR, larger 
than 15 days in some areas, and of about 2 days on average. 

 

a) b) 

c)  
Figure 4.27: Difference of TR for the mouth narrowing cases as compared to the reference case (in days) for a) 
70 m, b) 140 m, and c) 210 m. Negative values indicate reduction of the TR under mouth-narrowing conditions. 

 

4.3.5 Variability of the water temperature 
 
Although the simulations in both bays show significant changes in the water residence time for the 
different configurations, there is no direct effect on the overall bay water temperature. This can be 
seen by plotting the sea surface anomaly for each case in relation to the reference case. Changes in the 
bay water temperature due to the inflow of freshwater from the channels or of colder seawater through 
the breach in the bar are limited to the areas closest to the inflow points, and are insignificant near the 
mussel platform positions. As seen in Figure 4.28 and Figure 4.29, which plot the sea surface 
temperature anomaly at three selected positions within each bay, the temperature differences are 
minimum, with mean values quite smaller than 1 ºC in all cases, although occasionally these 
anomalies can exceed 2ºC for a very short period and close the inflow channel. In summer months in 
which the high water temperature represents a hazard for the survival of bivalve production in these 
bays, such a mean decrease in temperature is likely to be insufficient to reduce the mussel mortality 
risk. 
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Figure 4.28 SST anomaly in Alfacs bay for the bar breaching cases, at three positions close to the bivalve 
platforms. Values within each box correspond to mean SST anomalies during the simulated period. 

 

 
Figure 4.29: SST anomaly in Fangar bay for the freshwater input variability cases (total input of 10 m3 s-1 –red; 
total input of 20 m3 s-1 –blue), at three positions inside the bay. Maximum mean anomalies are about 0.15ºC at 
P1 
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5 Analyses of model-observations errors 
 
This section is about the estimation of observation and numerical model errors. The presentation takes 
into account that all measurement instruments are affected by errors. The accuracy of numerical 
models has achieved a level where also the errors of instruments that are traditionally used as a 
“reference”, like wave rider buoys have to be taken into account. As the separation of errors is usually 
not possible by simply comparing two data sets more innovative approaches are presented. Again, a 
focus is put on the requirements of coastal areas with strong gradients and inhomogeneities. 

 

5.1 Pilot Case German Bight 

5.1.1 Triple collocations for pointwise analysis 
 

In this section the triple co-location method is applied to the SENTINEL-3 altimeter wave height 
measurements available as CMEMS level-3 products to assess the respective systematic and stochastic 
errors. Tradionally, validations of new data sets are performed by comparison with data from in-situ  
measurements, which are regarded as a reference. As a first step this is acceptable, however one has to 
take into account that these reference instruments are affected by measurement errors as well and the 
separation of the error contributions from the new data set and the reference instrument is in general 
not possible, unless additional information is used. This is easy to see, if two data sets x and y with 
additive noise are considered, i.e.,  

 
where t is the “truth”  value of the geophysical quantity. If we assume that the stochastic errors are 
independent, one gets  

 
This means, that it is not possible to say how much each of the data contributes, if only the two data 
sets are available.  

One solution for this problem is given by the triple co-location method where a third data set is added 
to the analysis. There are slightly different models used in literature, but the basic assumptions are 
very similar. In the following the concept is applied to the following three data sets in the North Sea 
with a focus on the German Bight:  

1. Waverider buoy data  
2. Numerical Wave model data with about 4 km resolution 
3. Sentinel-3 altimeter wave height measurements acquired every 7 km in SAR mode 

The error model for these data can be formulated as follows (Janssen et al., 2007; Caires and Sterl, 
2003; Vogelzang et al., 2011; Vogelzang and Stoffelen, 2012) 

 
Here, Hs is the “truth” significant wave height, and bS3 and bWAM are possible biases of the satellite 
data and the model. Both the model and the satellite data maybe affected by calibration problems 
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epresented by the factors αWAM and αS3. All three data sets have stochastic errors εBuoy, εS3, and εWAM  as 
additive components and these are assumed to be independent. The insitu measurement is taken as a 
reference in so far as not biases or calibration errors are considered. Looking into the literature a 
number of different approaches are proposed to deal with the estimation of the 

 
where n is the sample size. 

 
Before we progress with the application of the method, it is important to discuss the assumption about 
independence of the stochastic errors. As explained in Vogelzang and Stoffelen [2012] this assumption 
can in fact be violated if three instruments with strongly different spatial resolutions are considered. If 
system Z has the coarsest resolution and systems X and Y have both higher resolutions, the errors of X 
and Y maybe correlated. This effect can in fact be included in the theory if the spectral properties of 
the processes are known. In the present analysis it turned out that the effective resolutions of the 
numerical model and the altimeter are very similar and error correlations were therefore disregarded. 
Another cause of error correlation can be seen in situations where some of the measurements were 
assimilated into the model. For the wave heights this was not the case for our data sets, however a 
similar analysis for wind speeds in fact demonstrates that the assimilation of wind data into the 
atmospheric model has to be considered in the analysis. 

 

Figure 5.1 (left) shows the altimeter tracks of the SENTINEL-3 instrument together with the positions 
of the buoys. Each of the track is passed by the satellite about once a month. A data set spanning 16 
months from April 2016 to August 2017 was used for the analysis. Figure 5.1 (right) shows the 
respective number of co-locations found if a maximum distance of 10 km is accepted. The co-location 
involves some necessary interpolation steps, which were performed as follows:  

• The model is interpolated to the buoy using linear interpolation 
• The model is interpolated to the closest altimeter point using linear interpolation 

 
Figure 5.1: (left) SENTINEL-1 altimeter tracks in the North Sea. The exact repeat cycle for these tracks is 28 
days. Red dots indicated the locations of GTS stations. (right) Number of triple colocations between 
numerical model, GTS stations and SENTINEL-3 altimeter for a period of one year. 
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• Both the buoy and the model are interpolated to the satellite overflight time  
• The model value used for the triple-colocation  is taken as the average of  the buoy and the 

satellite interpolation (see Janssen et al., 2007) 
 

 

 
 

 
Figure 5.2: Triple colocation results for two buoy station loactions. The buoy “62122” (top) is far offshore in the 
northern North Sea and the buoy “ELBE” is about 20 km from land in the German Bight (bottom). The plots 
show comparisons of the bias and calibration corrected values in three different combinations for ascending (red) 
and descending (green) SENTINEL-3 satellite tracks. 
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Figure 5.4: Stochastic errors estimated by triple colocation of the SENTINEL-3 (left), WAM (centre) and buoys (right). 

 
As an example, Figure 5.2 shows wave height measurements from two buoys (“ELBE” and “62122”), 
together with estimates from the WAM model and SENTINEL-3 measurements in different 
combinations. The “ELBE” buoy is about 20 km from land in the German Bigth and the buoy “62122” 
is far offshore in the northern North Sea. Ascending (red) and descending (green) satellite tracks are 
plotted separately. The plots show the bias and calibration corrected values for the model and 
SENTINEL-3, i.e. 

 
 

 

 
 
Figure 5.3: Slope parameters αWAM and αS3 and biases bWAM and bS3  estimated by triple colocation 
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As one can see, the corrected values are in pretty good agreement. The buoy has the smallest 
stochastic errors in both cases. For the open ocean case the stochastic error of the SENTINEL-2 
measurement is smaller than the model error, whereas the opposite is observed for the near shore case. 
The overall scatter is stronger for the near shore case and there are slight indications that the outliers re 
mostly associated with ascending passes, but this is not a very statistically robust result and has to be 
further investigated. Usually, it can be assumed that satellite passes going from land to sea are affected 
by stronger noise. 

 
The obtained results for the biases and calibration errors of the model and the satellite data are shown 
in Figure 5.3. One can see that the biases are fairly small with values between -0.3 and 0.3 m and the 
calibration factors are quite close to unity for both data sets. It has to be emphasized that the observed 
scatter of the estimated values is also to some degree caused by the relatively small sample size and 
the respective estimation errors. This situation will improve in the future with the availability of longer 
time series of SENTINEL-3 data. Averaged over all tide gauge positions one gets  

 
and  

 
i.e., both the calibration errors and the biases of the WAM model are slightly smaller than the 
respective values for SENTINEL-3 on average. SENTINEL-3 is slightly biased high and because of 
the calibration error, the overestimation of wave heights gets stronger at high sea states. WAM has 
minor negative bias and almost negligible calibration error.  

 
 
Figure 5.4 shows the stochastic errors estimated by the triple colocation method for the three data sets 
from SENTINEL-3 (left), the WAM model (centre), and the buoys (right). One can see that the errors 
of all three data sets is very reasonable with only few cases exceeding 0.2 m. Averagin over all buoy 
locations the following values are found: 

 
              

Figure 5.5: Triple colocations for wind speed estimates from ERA5, SENTINEL-3 altimeter and the GTS station.  
                                   The color coding refers to the wave height measurement from the GTS station. 
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This means that the buoys have the smallest errors on average, as expected. WAM and SENTINEL-3 
seem to have a comparable error. Looking at the distribution of errors in  

Figure 5.4, it has to be emphasized again that some of the scatter may be caused by the relatively small 
sample size. It is also possible that the quality control of the buoy data is not optimal in some cases 
and this may cause some artifacts at some locations. 

In addition to the analysis of significant wave height, statistics were derived for the wind speed U10 as 
well. In this case the triple colocation method is not applicable in its basic form, because observations 
are assimilated in the ERA5 data set and the assumption about independence of stochastic errors is 
therefore not justified. One conclusion that could be drawn, however, is that the errors seem to be 
quite heterogeneous in space. For some stations also a wave height dependence of the errors in wind 
speed was found. One example is shown in               

Figure 5.5, where the altimeter estimate seems to be biased high with respect to the in-situ 
measurements. The color-coding, which refers to the wave height measured by the station, indicates 
that the bias is growing with larger wave heights.  

 

5.1.2 Triple Collocations for coastal gradients 
 

To study the situation in the German Bight more closely a particular SENTINEL-3 track, which passes 
two buoys at relatively close distance was analysed in more detail. The respective map is shown at the 
top left of Figure 5.6. One can see that the satellite passes the buoys “ELBE” and “HELGOLAND” 
within a distance of less than 20 km.  The color coded wave height measurements from the satellite 
and the buoys were acquired on June 6, 2017, 20:36 UTC.  The corresponding wave height field from 
the WAM model is shown at the top right. One can see that the situation is characterised by quite 
strong spatial gradients, which are typical for the area, because the wave energy dissipation grows 
with decreasing water depth. The isolines of the bathymetry (10m, 20m, 30m, 40m, 50m) are 
superimposed as grey lines. The spatial variability of the wave height along the satellite track was 
analysed by calculating the wave number spectrum for the satellite data and the collocated model. The 
spectra were averaged over the 13 available passes. The resulting mean spectra are shown at the 
bottom left of Figure 5.6. It is evident that the satellite data show slightly stronger variation over all 
spatial scale than the model. However, the general spectral shape is very similar. The contributions to 
the standard deviation are 0.07 m and 0.11 m for the model and the satellite if scales shorter than 40 
km are considered. For longer scales the standard deviations are significantly higher with 0.23 m for 
the satellite and 0.17 m for the model.  The corresponding auto-correlation function, which can be 
derived from the variance spectrum by inverse Fourier transform and normalisation, is shown on the 
lower right of Figure 5.6. It is quite surprising how well the spatial correlation properties of the model 
and satellite measurements agree. Both data sets indicate a correlation length of about 40 km. 

The previous analysis has indicated that the largest differences between model and satellite data are 
found in the intensity of variations on longer spatial scales. These scales are for example related to 
gradients, which reflect changes in the bathymetry and hence dissipation processes. To study these 
gradients in more detail the triple colocation concept was applied to the differences between wave 
height estimates at the locations of the HELGOLAND and ELBE buoys. The respective scatter plots 
are shown in (Figure 5.6). As expected, the differences are positive for the most part, which means 
that the wave heights are higher in the deeper water further offshore. The correlation between the 
model and the buoy gradients for these “normal” cases is very reasonable. The other two scatter plots 
basically show that the SENTINEL-3 estimates indicate a much stronger gradient than both the buoys 
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and the model. Because of the limted data set and the relatively large scatter we did not attempt to 
estimate the systematic and stochastic errors in this case.  In any case the differences in gradient 
estimation are of high practical relevance and have to be further analysed in more detail. This in 
particulat requires a larger data set to make the results more statistically robust. 

In summary one can say that with the availability of a larger number of independent data sets in 
coastal areas new opportunities for the analysis of errors exist, which are of great importance for many 
applications like, e.g., data assimilation. The triple colocation approach is just one technique to 
separate different error sources and to assess the performance of observation and numerical modelling 
systems. The first analysis that will be included in D4.2 showed, for example, that SENTINEL-3 gives 
very reasonable results near the coast compared to other satellite altimeters. 

 

 
 

 

 
 
Figure 5.6: (Top): Scatterplots of the waveheight differences between measurements and model results 
at the locations of the ELBE and HELGOLAND buoy. 
(Middle left): Map showing waveheight measurements  from SENTINEL-3 and buoys (top left) on 
June 6, 2017 together with the respective WAM model wave height field (Middle right).  
(Bottom left): Spectra of wave heights along the satellite track shown at the top left for the WAM 
model (red) and SENTINEL-3 (blue) (Bottom right): The same for the auto-correlation functions. 
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5.2 Pilot case Danish coast (DTU) 
 

5.2.1 SAR data for storm wind 
 
There are about 1000 storm days that have been modeled in connection with the estimation of extreme 
wind and extreme wave. For these storms the corresponding, existing, SAR data to three stations, 
Horns Rev I mast 2 (M2), Horns Rev II mast 8 (M8) and FINO 3, are extracted and compared first 
with mast measurements, all with winds corrected to 10 m using second-order polynomical fit to the 
vertical wind profile measurement. Figure 5.7 shows that although there is an overall good 
relationship between the mast measurements and SAR data, there miss SAR data with winds stronger 
than 25 m/s. The spread of the SAR winds is also considerable, which is sometimes larger than the 
differences in modeled winds from different coupling approaches. This makes it a challenge to use the 
SAR data to validate the absolute wind speed values from our modeling. 

However, the SAR data are very useful in verifying the wind structure, if not the absolute magnitude, 
during storms. Figure 5.8 is an example of one of the storms when organized atmospheric features are 
present, in both SAR and modeled data. 

 
Figure 5.7. Fig. DTU-X-6 Comparison of wind speed at 10 m, mast measurements vs SAR data, at three sites: 
Horns Rev I mast 2, Horns Rev II mast 8 and FINO 3. 

  

Figure 5.8. (a) S1B-ESA wind data for 2016-12-24 17:17:08 and 2016-12-24 17:17:33. (b) Modeled wind speed 
at 2016-12-24 18:00. (A copy from Larsén et al. 2018) 

5.2.2 Coastal roughness length and uncertainties 
 
In the coastal area, while the modeling of onshore flow has been shown satisfactory, it remains a 
challenge for offshore flow due to the effect of fetch and upwind land effect. Standard meteorological, 
turbulence and wave measurements from Horns Rev 1 are used to examine the many parameterization 
schemes. Figure 5.9 shows that for the moderate wind speed range, all parameterization schemes 
provide similar magnitude of roughness length and they are all in good agreement with measurements 
from this site for the sector of open sea. At stronger winds, some schemes become quite different from 
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the measurements and some remain consistent. However, none of these schemes capture the 
dependence of roughness length on wind speed for flows from land to sea.  

Most of the storms we modeled using the WRF-WBLM-SWAN modeling system, the prevailing 
winds are from the west to east, which over the area shown in Figure 5.9 means flow from sea to land. 
Depending on the postition of the low pressure system, the winds are sometimes from land to sea, but 
the change is fast. It is planned to look into these simulations to see if WRF-WBLM-SWAN does a 
better job for fetch limited conditions. 

 
Figure 5.9. Roughness length z0 as a function of wind speed at 10 m U10m. Measurements from Horns Rev M2 
are shown in dots for offshore and onshore conditions. Several models are applied corresponding to the wave 
parameters calculated from measurements at M2, also for onshore (solid lines) and offshore (dashed lines) 
conditions (This is a copy from Larsén et al. 2018) 

5.3 Pilot Case Catalan coast (UPC) 
 
The accuracy of hydrodynamic simulations in complex and varying domains such as the Ebro Delta 
bays is critically dependent on the quality of the input data used to feed the models. In the particular 
case of the Catalan coast pilot site, several potential sources of error can be identified: 

a) The complexity of the domain: Both bays constitute shallow semienclosed domains with a 
strong seasonal modulation due to anthropogenic factors that alter their natural behaviour. In addition, 
they suffer the coexistence of different interacting mechanisms working at different timescales, such 
as short-term hydrodynamics influencing, and being influenced by, longer-term morphodynamics and 
coast evolution. 

b) Scarcity of data: In spite of the ecological and economic importance of the bay, it is not 
until recent years that different institutions have started measuring in-situ data, specially in the larger 
Alfacs bay. However, most of the data acquired is oriented towards the bio/ecological components of 
the system (e.g., T, S, nutrients, phytoplankton, ...), somewhat neglecting the physical component. 
Therefore, there is scarce data on water depths, currents or freshwater discharge rates to allow an 
adequate calibration and validation of the numerical models. This is likely to change in the near future 
with the complementary remote data provided by the Sentinel family of satellites. 

c) The uncertainty associated to the anthropogenic factors affecting the bay: for instance, the 
total amount of freshwater flows into the bays (and their distribution) are completely unidentified and 
unmeasured. The implications of this lack of information are crucial in a coastal domain in which the 
hydrodynamics are constrained by the estuarine circulation. 
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d) Morphodynamic variability: Changes in the coastline and bottom profiles are usual in both 
domains due mainly to sediment transport and the effects of wave storms. Combined with the scarcity 
of related data, it is difficult to ascertain that the coastline and bathymetry used in the simulations 
correspond to the real ones during the field campaigns. This is expected to improve by using Level 2 
products from Sentinel 2, related to water quality and domain geometry (shoreline and nearshore 
bathymetry) mainly based on total suspended matter. It is also foreseen to use satellite observations to 
assess the short-term evolution of the coastal morphology through the adaptation of an existing 
physics-based algorithm to derive high-resolution bathymetry and sea bed dynamics as a function of 
transparency. 

e) The low-energy characteristics of the hydrodynamic fields inside the bays, together with the 
observed important shearing in the vertical and horizontal dimensions, impose added difficulty when 
validating models using the typical Eulerian frame. It is likely that the accuracy of the predictions 
improves if a Lagrangian trajectory approach is adopted, particularly in a weak environment like the 
Meditarrean (microtidal). 

5.4 Pilot Case - North Adriatic (CNR) 
 
In this section we summarise in the form of scatterplots the results of the comparison of the Cryosat, 
Jason2, Jason3 and Sentinel-3 altimeters against the COSMO and WAM numerical models. It is worth 
recalling that the main achievement of this operation is not the mere evaluation of a number of model-
altimeter data set couples, but instead an indirect intercomparison of the response of different 
altimeters to the meteo-marine conditions that can be found in the Mediterranean sea. 

 
Figure 5.10: Scatter diagrams of the COSMO model wind speeds vs the Cy, J2, J3, S3 (see Table 1) altimeter 
data. The area is the Mediterranean Sea. 



 
68 

 

 

 
Figure 5.11: Scatter diagrams of the modelled significant wave height vs the Cy, J2, J3, S3 (see Table 1) 
altimeter data. The area is the Mediterranean Sea. 

 

Figure 5.11. provides the scatter diagrams and related statistics for the model surface wind speed vs 
the altimeter data for the four considered satellites. As usual, the colours (scale on the right side of 
each panel) indicate the number of data in each pixel. 

Varying between 4 and 6%, there is a clear relative overestimate by the model. There is a rather large 
scatter, with the scatter index SI typically at 0.25. There is some indication of a larger overestimate in 
the higher value range. However, for the present purpose we focus on the altimeter data, and the 
results in Figure 5.11 suggest a consistent performance among the four altimeters. 

Things are rather different when we consider the significant wave height Hs. The related results are in 
Figure 5.11. There are obvious differences among the four altimeters, summarized in Table 3. 

 

alt Cy J2 J3 S3 
sslo 0.98 1.10 1.10 1.03 
SI 0.23 0.27 0.27 0.24 

Table 3: Symmetric best-fit slope (sslo) and scatter index (SI) of the wave model data versus 
altimeter ones. Cy = Cryosat, J2 = Jason2, J3 = Jason3, S3 = Sentinel-3. 
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Figure 5.12: Scatter diagrams of the COSMO model wind speeds vs the Cryosat data. The area is the 
Mediterranean Sea. a) full dataset, b) and c) each one complementary half of the data selected by random 
sampling. 

 

There is a 12% difference between the two Jason altimeters and Cy, and still 7% versus S3. Our 
arguing is the following. Given that the different altimeters have been compared with the same model 
data (area and period), these results must reflect differences among the four instruments. However, it 
can be argued that the four instruments have not measured exactly the same wave conditions (in space 
and time), each satellite sampling at different times and positions, hence on different wave conditions. 
To explore this possibility, we have split each altimeter dataset in two halves with a random sampling 
of the different passes, then evaluating a new statistics for each one of the two half of the data. As an 
example we show in Figure 5.12 the related results for Cy (similar results hold for each satellite). 
There is hardly any difference. More in general for each altimeter the differences among the full and 
half statistics are less than 2% of the single statistical figures. Therefore the results in Table 3 are fully 
representative of the situation. 
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This is a reminder  about Task 4.3 Pilot demonstration for selected coastal arquetypes (skill, performance and 
boundary control). 
Leader of Task: HZG 
Participants of Task: UPC, CNR, DTU, GRAS, DHI 
 
Task 4.3 will supply site-specific information for the variable-dependent skill assessment and error distribution  
to  characterize  uncertainty  in  the  recovery  (dependent  on  data  features)  of  i)  frontal characteristics (tidal 
mixing, river plumes and salinity fronts,), ii) long-wave features (bathymetry or geometry – e.g. isle/cape 
sheltering – induced, synoptic patterns such as bora/sirocco induced), iii) sub- mesoscale features (small & 
permanent eddies, low level atmospheric jets, 3D baroclinic patterns), iv) coastal non-linear interactions limiting 
predictability (tidal current-waves, rapid growth/decay storms, wave- wave or wave-surge, thermally controlled 
air-sea transfer). This will be done for characteristic metocean events for a target operational period (TOP) 
designed in combination with Copernicus providers and for a) North Sea (German Bight and Danish coast), 
where the novel Sentinel measurements will be combined with ferry box data, HF and X-band radars, scanning 
LIDAR and in-situ observations from the FINO and the Horns Rev stations (HZG, DTU, DHI) and b) 
Mediterranean Sea (Gulf of Venice and Catalan coast), with a network (CNR, UPC) of moorings, an 
instrumented pier and the unique Ocean Tower “Acqua Alta” (depths from 900m to 3m). 
 
Such pilot demonstrations (M4.4) will serve to optimize coastal observatories (e.g. Cosyna), combining high 
resolution operational forecasting with satellite/in-situ data, based on a hybrid skill assessment covering inner 
domain/boundaries and characterizing the effect of incrementally adding in-situ data (HZG, UPC, CNR). We 
shall explore the control exerted by boundary/initial conditions and bathymetry on inner domain dynamics 
(DTU, GRAS), to establish performance and skill levels for different climatic situations (e.g. along/across shore 
winds, varying shelf widths or different storm and tidal range levels). This will provide a representative set of 
cases to advance skill assessments for sharp gradients in space/time (front or event analysis) distinguishing 
between displacement and intensity components to achieve improved model reliability and a more 
comprehensive set of limits for modelling skills. It should allow an enhanced qualification/quantification of 
model capabilities (HZG) to represent specific processes linked to local features, both scientific (e.g. Kelvin 
wave propagation in straits, pulsing currents topographically steered) and commercial (e.g. trajectory analysis, 
sediment erosion/deposition or submarine canyon fluxes). 
 
This will serve to evaluate modelling and Sentinel performance limits for the North and Mediterranean Seas, 
providing specific coastal metrics for a number of derived variables. From here we shall assess the technical 
(physical and numerical aspects) integration into a Copernicus coastal service through regional/local 
performance of our modelling suites considering: a) diagnostics for 2D and 3D fields, b) metrics suited for 
section tracks and fixed mooring points (eventually also gliders), c) metrics suited to derived variables and d) 
metrics for integrated performance envelope of the forecasting system, representing the joint behaviour of 
observations/models/assimilation (all) (D4.3). This will also illustrate the application of our coastal products for 
integration into the Copernicus service architecture (near real time forecasting) and towards a future CMEMS 
coastal evolution (through delayed mode predictions). 
 
Expected results: 
 Skill assessment for models/data at the studied North Sea domains 
 Skill assessment for models/data at the studied Mediterranean Sea domains 
 Control of bathymetry and boundary conditions as a function of domain/processes 
 
D4.3 Informed set of coastal products with application limits and operational requests as a function of 
coastal typology 
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6. Informed set of coastal products with application limits and 
operational requests as a function of coastal typology  

6.1 Pilot Case German Bight  

 6.1.1 Validation against in-situ data.  
Simulated temperature and salinity for the year 2016  and 2017 derived from the GCOAST-NEMO 
and the coupled GCOAST-NEMO-WAM setup were validated against measurements derived from 
three MARNET pile stations in the German Bight and the 1.5 km and 7 km resolution ‘European 
North West Shelf - Ocean Physics Analysis and Forecast’ CMEMS product (AMM15, AMM7) . The 
variability of observed temperature is captured by all models simulattions,  however differences occur 
in the e.g. ummer thermocline. Fort he simulated salinity the comparisons (figure 6.1.1 to figure 6.1.3) 
show a slightly better performance for AMM15 with a higher and more realistic variability vompared 
with the free NEMO run.  However, the coupled GCOAST simulation for the year 2016 increases the 
salinity variability and improve the simulated salinity in comparison to the uncoupled GCOAST setup. 
 

 
Figure 6.1.1 Comparison of simulated temperature and salinity in GCOAST and AMM15 
against measurements from ‘Deutsche Bucht’ MARNET pile station  
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Figure 6.1.2 Comparison of simulated temperature and salinity in GCOAST and AMM15 
against measurements from ‘EMS’ MARNET pile station  

 

 
Figure 6.1.3 Comparison of simulated temperature and salinity in GCOAST and AMM15 

against measurements from ‘Nordseeboje II’ MARNET pile station 
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Figure 6.1.4 Comparison of simulated temperature and salinity in GCOAST, GCASUT-WAM 

and AMM7 against measurements from ‘Deutsche Bucht’ MARNET pile station 

 
Figure 6.1.5 Comparison of simulated temperature and salinity in GCOAST, GCOAST-WAM 

and AMM7 against measurements from ‘EMS’ MARNET pile station 
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Figure 6.1.6 Comparison of simulated temperature and salinity in GCOAST, GCOAST-WAM 

and AMM7 against measurements from ‘Nordseeboje II’ MARNET pile station 

 6.1.2 Sensitivity to changing bathymetry on the strait 
 
The possibility of representing the characteristics of the Danish Straits with a 2 nm model grid is 
limited. The resulting truncation of the bathymetry is rough and not well able to maintain a smooth 
and continuous thalweg through the straits, which often disturbs the two layer-flow characteristics in 
the region. The aim of the following experiments is to achieve a more laminar flow through the Danish 
Strait and investigate if it is able to increase the transport of salty bottom water during a Massive 
Baltic Inflow (MBI) event. For the simulation period we chose the year 2014, which includes an MBI 
event in December. One reference and two experiment runs with changed bathymetry in the Danish 
Straits were conducted. The changes in the bathymetry include an increase of mean depth and a 
widening of the straits, what increases both the diameter and the smoothness of the Danish Straits and 
therefore the mean current speed. The depth of the Sills in the Little Belt and Ore Sound are 
unchanged in order to favor the flow through the Great Belt. Figure  6.1.7 shows the differences of the 
changed bathymetries to the reference bathymetry.  

 

 
Figure 6.1.7  Difference of the bathymetry used in the experiment NBATHYv0 (a) and 
NBATHYv5 (b) to the reference bathymetry (c) 
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The experiments are evaluated by comparing the simulated temperature and salinity to  the MARNET 
station ‘Arkona Basin’. . The comparisons are shown in figure 6.1.8 .The variability of near bottom 
(40 m depth) salinity in the in-situ observations  is higher than in the simulations. In both experiments 
the variability of the bottom salinity increases compared to the reference simulation but are still less 
variable than the observed values. The MBI reaches the Arkon Basin earlier in the altered simulations 
than in the reference simulation and the maximum salinity is apprx. 2 PSU higher. Additionally, the 
stratification of the flow is a bit stronger throughout the simulated period. The changes of the 
bathymetry are able to increase the amount salty bottom water transported through the Danish Straits, 
however, the gain of realism is not exceptionally high.  The experiments showed that more turbulent 
conditions with higher mean current speeds, which were archived by lowering the bottom friction in 
comparison to the reference, are more likely able to reproduce the variability of the bottom salinity in 
the Arkona Basin. 
 

 
Figure 6.1.8 Comparison of observed and simulated salinity (a) and temperature (b) at the 
position of the MARNET station ‘Arkona Basin’ 

 6.1.3 Sensitivity to OBC 
 
Simulated sea level elevation for the year 2017 derived from the GCOAST-NEMO setup was 
validated against a selection of tide gauge observations (figure 6.1.9 ) and the 1.5 km resolution 
‘European North West Shelf - Ocean Physics Analysis and Forecast’ CMEMS product (AMM15) . 
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Figure 6.1.8 Position of tide gauges 

Taylor diagrams (figure 6.1.9) of the validation show a similar performance for the GCOAST-NEMO 
and AMM15 setup., whith a slightly better correlation by the  GCOASt simulations. 

 
Figure 6.1.9  Taylor diagram of the validation of the GCOAST-NEMO setup (a) and AMM15 
(b) 

 6.1.4 Mixing and roughness validations against TG 
 
Several simulation experiments with changing global bottom roughness between 1x10-3m and 4x10-3 

m were performed and validated against tide gauge measurements. In order to keep the following 
assessment consistent we consider only tide gauges, which provided a correlation above 0.8 
throughout all experiments, thus, are less sensitive to bottom roughness changes. The positons of the 
tide gauges are shown in figure 2.4.1. All simulations initialized with a zero sea level (coldstart) and 
temperature and salinity fields derived from AMM7. For the evaluation only the last three month of 
the simulations are used. 

 
Figure 6.1.10  shows the taylor diagrams of four simulation experiments which had a bottom 
roughness of 3.15x10-3m (TIDO63), 3.65 x10-3m (TIO729), 3.69 x10-3m (TIO739) and 3.69 x10-3m 
plus a tidal boundary forcing with an amplitude increased by 10% (TNC739).T he comparison 
between the experiments show  that even small changes in the bottom roughness lead to complex 
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changes in the Taylor diagrams in terms of clustering, relative standard deviation and RMSE. From 
the evaluation a bottom roughness of 3.69x10-3m was considered to give the best performance but it 
underestimates the variability of the tide gauge observations.  

 

 
Figure 6.1.10  Taylor diagram of tide gauge comparisons with bottom roughness sensitivity 
experiments using a bottom roughness of 3.15x10-3m (a), 3.65 x10-3m (b), 3.69 x10-3m (c) and 
3.69 x10-3m plus a tidal boundary forcing with an amplitude increased by 10% (d)  

 6.1.5 Sentinel validations against HF radar data and model  
 

The performance of the Sentinel-1A velocity information was evaluated for the German Bight 
using the HF-radar setup, which is operated in this area in the framework of COSYNA 
(Coastal Observing System for Northern and Arctic Seas), as a reference.  
Analyzing the period between May 18 and December 30 of 2017, the Sentinel radial velocity 
component and the accordingly remapped HF-radar velocity have been compared 
qualitatively for all swaths with common coverage and in adequate temporal proximity (< 20 
min, Fig. 6.1.11): 
   
Having situations of both, worse and better agreement, it showed that there was a frequent 
mismatch in the direction of the velocity as seen by the two different instruments, which is 
slightly below 50% for most of the common coverage area (Fig. 6.1.11 b). 
Compiling the snapshots into time series it became evident that radar and satellite show 
similar long-term trends, but that a) the variability in the satellite data is significantly larger 
and that b) there is a negative bias, which largely contributes to the occurrence of opposite 
signs in the velocity direction, when comparing both instrumentations (Fig. 6.1.11 c). The 
magnitude of the bias is spatially varying with an average value of about -0.5 m/s; the rmse 
averages to about 0.84 m/s with the largest errors occurring in the southern part of the 
overlapingly observed area (Fig. 6.1.12 c). 
 
In a second step, the comparisons were repeated for the spatial anomalies of the snapshots 
(i.e. removing the spatial means). This led to an on average better –yet with a regionally noisy 
pattern– agreement of (anomaly) directions but at the cost of eliminating the coherent trends 
inherent the spatial mean signals, and therefore not proofing as beneficial approach to 
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Figure 6.1.12:  Count of overlapping measurements 
(a) and  relative directional match (b) in velocities. 
(c) shows am exemplary timeseries.  

Figure 6.1.11 Bias (left) and rmse (right) between 
Sentinel 1A and HF Radar velocities.  

compare both instruments. Further comparisons are planned with the data onward of 
19/02/2018 (S1A), for which a better data quality is expected.  
 
 

 
 
 
 
 
 

 6.1.5 Sea surface height Sentinel-3a data assesments  
 
Sea surface height (ssh) anomalies derived from hydrodynamic simulations with the 
GCOAST-NEMO model setup for the years 2016 and 2017 have been compared with the ssh-
anomaly data from Sentinel 3 in the area of the German Bight. The anomalies for the 
simulations and tide gauge data haven been computed via the subtraction of the harmonic 
reconstruction and the long-term mean from the full signals. The comparison of all 4127 data 
points in the German Bight area (Figure 6.1.13 a) over the two years period reveals a 
mediocre correlation of about 0.56, a bias of  ~ -0.17m and a root mean squared error of ~ 
0.25m. 
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Figure 6.1.13: Validation between Sentinel 3 along track measurements of ssh anomalies and those 
derived at the closest nodes of the GCOAST-NEMO simulations: a) Scatter diagram between data 
points of sea surface height anomalies from Sentinel 3 data (x-axis) and simulations with GCOAST-
NEM (y-axis) covering the years 2016 and 2017. The inset shows the points in the area of the German 
Bight, which were taken into account for the validation, aligned on the satellite tracks in this area. The 
statistics are given for R the reference data (Sentinel 3) and M the model (NEMO). b), Exemplary 
track comparisons. 
 
For further validation, both datasets have been cross-validated against the anomalies derived 
from Helgoland tide gauge station (Figure 6.1.14). This shows an overall good agreement 
between the tide gauge data and the model, each mirroring the major variabilities. The 
comparison with the sentinel data at the closest point in time and space during the tracks 
passing Helgoland, seems to be sometimes in line with the model and the tide gauge data and 
sometimes a little off. 
With a reoccurring time of every 27 days, the temporal resolution is a little too sparse to draw 
a reliable conclusion for the quality of the satellite observation at this point, as well does it not 
resolve the time scales of the major non-harmonic variabilities. 

 
Figure 6.1.14: Cross validation between calculated sea level anomalies of the Helgoland tide gauge 
station (black line), the nemo simulation at the closest grid node (red) and the Sentinel 3 anomaly data 
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(blue dots). The timeseries of the data and the model have been filtered with a running mean of 12 
hours. 
 
6.1.6 Coastal roughness length and uncertainties – WAM-COSMO – Anne  
 
In the two-way WAM-COSMO model simulations the roughness length from the wave model 
is given to the atmospheric model to have a more precise roughness length over the ocean 
than the parameterized one, that is used in the 1wc model simulation. In Figure 6.1.15 the 
dependency of the roughness length on the wind speed is shown. It can be clearly seen, that 
the roughness length in the 1wc model simulation is underestimated compared to the 2wc 
model simulation. Also the least-squares best-fit lines show, that the parameterized roughness 
length in COSMO-CLM is too small, especially for higher wind speeds. Therefore, the 
modelled wind speed is reduced in the 2wc model simulation reducing the model uncertainty 
of both the wave and the atmospheric model.  

 

 
 

 
 

Figure 6.1.15  Scatter plot of wind speed versus roughness length in 1wc model simulation (black) and 
2wc model simulation (coloured with wave age). 
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6.2 Pilot Case Danish Coast  

 6.2.1 Danish Coast case study 
 
DHI has worked on the Danish case study, which is an area known for the offshore wind farm 
developments and thus it is a good case study due to the presence of offshore wind farms, called Horns 
Rev (HR, see Figure 6.2.1). HR3 (developed by Vattenfall, CEASELESS end-user) is the third 
offshore wind farm in the region, the first ones where HR1 and HR2. In the southern part of the area a 
submerged sand bar and channel are features that control wave and current conditions, critical for 
design and operation of OWFs. All these make this area optimal as a case study in CEASELESS.  
Considering the new Sentinel applications, Vattenfall expressed interest on the high-resolution 
bathymetry and it use on wave modelling.  This has led to collaboration between DHI and DHI GRAS 
to obtain high resolution bathymetry in the area. For this study, satellite derived bathymetry (SDB) 
was produced by DHI GRAS using imagery from the Sentinel-2A satellite. The Sentinel-2 mission is 
based on a constellation of two identical satellites in the same orbit, 180° apart for optimal coverage 
and data delivery. Together they cover all Earth’s land surfaces, large islands, inland and coastal 
waters every five days at the equator. 

 
Figure 6.2.1. Left panel shows the Horns rev area outlining the location of HR1, HR2 and HR3. Right 
side of the figure show details of the satellite derived bathymetry. 
 

In this study a 10m resolution SDB was derived twice, once in 2016 and once in 2018, to quantify 
the movement rates of largescale sand bank in the Horns Rev area as illustrated in Figure 6.2.2. This 
example clearly highlights the need for high resolution and recent bathymetry to accurately resolve 
dynamic bed features. As can be seen on the two illustrations, the sand bank moved between 100m 
and 200m during a period of 23 months. This sediment transport might be due to a combination of 
wave impact and tidal current transport. 
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Figure 6.2.2 – Top panel shows a crest of a sand wave as observed on 8th of May, 2016, indicated with 
yellow line. Bottom panel shows bathymetry obtained on 2nd of June, 2018, illustrated by a red line, 
along with a yellow line showing its position in 2016. 

 
 Due to HR3 site conditions (depth of about 40 m and large water turbidity), it was not possible to 
obtain satellite bathymetry data at the HR3 site, this has outlined the limitations of the satellite 
bathymetry dataset which is more suitable for coastal (shallower) applications. However, data 
extracted in the region showed a very detailed description of the sand bar close to HR1 and HR2. The 
satellite derived bathymetry dataset was used to assess the impact of the sand banks and bed 
features in wave modelling and the possible implications for the characterization of extreme wave 
events for offshore wind farms as described in the following. This activity also allowed to test a new 
wave-phase resolving model (MIKE3 Wave FM) under real applications.  
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A particularly intense wave event occurred in the North Sea on the 6th November 1985 when waves 
approaching from northwest reached a significant wave height offshore from HR of approximately 7m 
(see Figure 6.2.3). This storm was selected for the current case demonstration. HR is a wave 
dissipation area where waves are reduced significantly due to their interactions with the seabed via 
bottom friction and depth induced breaking. 

 

 
Figure 6.2.3 – Top panel shows the significant wave height (Hm0) in the North Sea on the 06/11/1985. 
Bottom left panel shows regional model Hm0 time series at two locations within the Horns Rev area 
showing large dissipation produced by the shallow sand bars (compare red and blue lines whose 
locations are shown by the blue and red circles in the right panel). 

 
Spectral wave models (phase averaged) are typically used to provide wave conditions at offshore wind 
farms due to their skills for wave generation, propagation and because wave diffraction is normally not 
important offshore.  Typical resolution of spectral wave models in this type of applications go from 
kilometres to few hundreds of meters. However, near the coast, bathymetric features can induce 
significant changes in wave dynamics where higher order statistics become important (e.g. skewness 
and asymmetry). In such conditions phase-resolving models are more appropriate tools to study wave 
transformation and can handle situations where phase averaging might be inconsistent. However, 
phase resolving models are typically used only for smaller domains because the computational grid 
has to be fine enough to resolve wave lengths and their use is not practical for long period hindcasts. 
Therefore, a deep water spectral wave model coupled to a phase-resolving wave model is done to 
ensure accurate modelling of the local wave field near structures and bathymetric features of relevance 
(see e.g. Chen et al., 2009; Belibassakis et al., 2014). In this work we use a spectral wave model and a 
phase resolving model to simulate extreme waves propagation over an area characterized by sand bars.  
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The spectral wave model (MIKE 21 SW (DHI, 2019a)) used in the present work is part of the MIKE 
Powered by DHI suite of models. MIKE 21 SW simulates the growth, decay and transformation of 
wind-generated waves and swells in offshore and coastal areas.  The wave model is based on an 
unstructured, cell-centered finite volume method and use an unstructured mesh in geographical space. 
The spectral wave model was implemented using the irregular mesh and nesting capabilities of the 
model. A first model domain (named SWNA) covering the entire North Sea was used to generate 
boundary conditions for a smaller domain (see Figure 6.2.4). Figure 6.2.4 shows the model domain 
covering Northern Atlantic, with a resolution from 40km to about 3km close to the Horns Rev area. 
The open boundaries of SWNA wave model were forced by directional wave spectra from a global 
wave model. SWNA used 35 frequencies; 0.03-1.04Hz. (33-0.96s) with a logarithmic frequency 
increment factor of 1.11) and 36 directions. Wind fields were obtained from CFSR (Climate Forecast 
System Reanalysis). The local domain (bottom panel in Figure 6.2.4) covers a region around HR of 
approximately 100km x 160km. The spatial resolution in the most offshore areas was of 1km. 
However, several mesh configurations were used to assess the impact of model resolution and the high 
resolution bathymetry available from satellite. Five meshes were generated with high resolution at the 
Horns Rev area, going from 800m to 25m (see Table 6.2.1). Depth induced breaking is accounted for 
by the formulation of Battjes and Janssen (1978) with a Gamma value of 0.8. Bottom friction uses the 
formulation described by Johnson and Kofoed-Hansen (2000). The spectral discretization of the high 
resolution local domain was the same as the larger domain (35 frequencies and 36 directions). Table 
6.1.1 shows the five runs performed with the local domain of the spectral wave model varying 
resolution within the area of the sand bars. 
 
 

Table 6.2.1. Spectral Model 
resolution 

Run  Maximum resolution 
(m) 

1 800 
2 300 
3 100 
4 50 
5 25 
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Figure 6.2.4 – Spectral wave model domains. Top panel is the regional wave model (SWNA) covering 
the North Sea. Bottom panel shows the local model domain with high resolution around the Horns Rev 
area. Colorbar at each panel indicate bathymetry in meters. 
 
In order to assess the impact of sand waves on individual waves, a non-hydrostatic wave model was 
implemented. The model (MIKE3 Wave FM (DHI, 2019b)) is based on the incompressible Navier-
Stokes equations subject to the assumptions of Boussinesq and with free surface described by a height 
function. The turbulence is modelled using an eddy viscosity concept (κ-ε) and the vertical 
discretization uses sigma or combined sigma/z-levels. As with other MIKE models, MIKE3 Wave FM 
has the capability of using horizontal unstructured meshes. Additional to the expected better model for 
individual waves over bed features or structures compared to a spectral model, another advantage of 
the phase resolving model is that wave kinematics can be obtained which is fundamental information 
to study wave-structure interactions and sediment transport. Further details on the model can be found 
in DHI (2019b). 
MIKE 3 Wave FM was implemented in a small area (1 km2) in order to make the influence of wind 
input and whitecapping negligible. The area was selected to include the presence of the bedforms (see 
Figure 6.2.5). The horizontal spatial resolution was 2m with a quadrangular mesh using 5 sigma 
vertical levels. The forcing at the boundaries were selected from the output of the spectral wave model 
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at the site during the peak of the storm which corresponded to a significant wave height (Hm0) of 2.3m, 
peak period (Tp) of 12s and peak wave direction of 315o these values were used for simulation of 
regular wave using stream function theory, but the full directional spectra obtained from the local 
model (run 5 in Table X1) was also used for the cases of irregular waves. Two bathymetries were 
used, a flat bed with a depth of 7m and the bathymetry from the satellite for the real case. Since the 
main direction of waves was around 315o for the case study a rectangular domain aligned with this 
direction was chosen in order to reduce the impact of lateral boundaries and the sponge layer. For all 
the tests the model was run to simulate a 20 minutes period. The wave generation boundary was 
defined to be the northwest boundary and the sponge boundary was defined as the southeast. The 
domain spatial units were in meters using a UTM32 projection. Table X2 summarizes the model 
settings for the runs performed. 

 
Figure 6.2.5 – MIKE 3 Wave FM model location (top panel), domain and bathymetry (bottom panel, 
UTM32 coordinate system). Colorbar represent water depth in meters.  

 
 

Table X2. Summary of MIKE 3 Wave FM model runs setup 

Run Boundary conditions Bathymetry 
R1 Regular wave (H=2.3. 

T=12s) 
 

Flat (7m) 



 
88 

 

R2 Regular wave (H=2.3m 
T=12s) 

 

Real 

R3 Directional spectra 
 

Flat (7m) 

R4 Directional spectra Real 

 6.2.2 Wave model results and discussion  
 
Figure 6.2.6 shows the maximum Hm0 in each element of the spectral wave model domain, and shows 
a severe storm with Hm0 of approximately 11 m offshore and a strong dissipation due to seabed 
influence in the Horns Rev area. It is expected that a high resolution of the bed features would result in 
more accurate wave simulation due to better description of wave dissipation (bottom friction and 
breaking) and transformation (e.g. refraction). Figure 6.2.7 present the differences of maximum Hm0 
between the different modelled resolutions (see Table X1) at the sand bars area. Figure 6.2.7a shows 
the bathymetry as a reference, Figure 6.2.7b and X7c show the maximum Hm0 for the 25m and 50m 
resolution. Although their patterns are very similar, it is noticeable, by looking at their difference 
(Figure 6.2.7d), that differences occur mainly at the edge of the sand bar. This is due to the different 
location of the breaking zone as seen by the model. Similarly, Figure 6.2.7e to X7g show differences 
between modelled results with resolution of 25m with 100m, 300m and 800m where differences of 
more than 1 m are observed due to the description of the bed features. The sand waves observed 
through the satellite bathymetry have a wave length in the order of 250m, while the entire sand bar has 
a width of few kilometers. This, clearly shows that the impact of such structures is important for wave 
modelling and therefore an appropriate resolution (of the bathymetry and model) should be utilized. 
 
 

 
Figure 6.2.6 – Maximum Hm0 at each element of the model mesh during the storm event of November 
1985. 

 
 

Horns Rev area 
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Figure 6.2.7 – a) Bathymetry of one of the sand bars at Horns Rev area. b) maximum Hm0 at each 
element of the 25 m resolution model for the area shown in panel a, c) maximum Hm0 at each element 
of the 50 m resolution model. D) difference between 25 and 50 m resolution. E) difference between the 
25m and 100m resolution. F) difference between the 25m and 300m resolution. G) difference between 
the 25m and 800m resolution. 

 
Figure 6.2.8 shows the result of the MIKE3 Wave FM for the case of regular waves propagating over a 
flat bed and the real bathymetry containing the bed forms. For the case of the flat bed (Figure 6.2.8 left 
panel) it can be seen that waves propagation is steady and no impact of boundaries (e.g. through 
reflection) is noticeable. For the case of the real bathymetry (Figure 6.2.8 left panel), wave breaking 
occurs when waves reach the sand wave crests which significantly reduce wave energy and produce 
some refraction of waves. This wave breaking process is expected to be of importance for sediment 
transport, wave kinematics and for the study of wave-structure interactions. 
Figure 6.2.9 presents the results of the irregular case tests where the first column is the results from the 
flat bed after 20-minute simulation, central column is for the real bathymetry and right column is the 
difference between the real bathymetry result minus the flat bed case. Each row shows different 
variables, from top to bottom are Hm0, maximum wave height (Hmax), mean surface elevation, mean 

a) 

b) c) 

d) e) 

f) g) 
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current u component of velocity and mean current v component of velocity. Similar to the regular case, 
the bed features reduce waves when they first reach the sand bars, this is noticeable in the reduction of 
Hm0 and maximum surface elevation. Hm0 is reduced approximately 60% as waves propagate through 
the domain (<1km). A clear impact of the sand bars is the modification of the velocities which are 
significantly increased due to the presence of sand bars. The mean of the u and v components during 
the simulation period shows an increase in the first section of the domain in agreement with sand wave 
orientation and the locations where waves lose energy.  
 

 
Figure 6.2.8 – Surface elevation result for the case of regular waves for a flat (left panel) and real 
(right panel) bathymetry. 

 
FINAL REMARKS 
A satellite-based bathymetry was successfully obtained at the Horns Rev area for water depth 
shallower than 7m. This outlined a limitation of this approach for deeper areas as it requires very clear 
water conditions for the light to penetrate. Considering that offshore wind farms are typically deployed 
in deeper water, the satellite derived bathymetry might not be relevant for these applications. 
However, a more coastal use of such data which, as demonstrated here, was capable of register large 
bedform movement would be relevant where sediment transport studies, and coastal waters problems 
would benefit of access of such data.  This type of data could also support seabed mobility studies 
which are required for cabling and pipelines projects with landfalls and where wave and currents 
produce significant sediment transport near the coast. 
As shown in this the sensitivity study presented in this work, the improved location of the breaking 
zone seems to be the most beneficial when using the high-resolution data in spectral wave modelling. 
The identification of large sand bedforms was possible and could help in setting the optimal model 
resolution in order to properly model wave dissipation and transformation. The combination of a 
spectral wave model with a phase resolving model is a natural approach for such type of environment 
where resolution lower than hundreds of meters play an important role and become somewhat 
restrictive for a spectral model.  
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Figure 6.2.9 – Surface elevation result for the case of regular waves for a flat (left panel) and real 
(right panel) bathymetry. 
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6.3 Pilot Case Catalan Coast 
 
The UPC is working on the application of a 3D hydrodynamic tool with enough resolution to solve the 
inner dynamics of the Fangar bay (Ebro Delta) in order to develop a powerful regional application that 
considers coupling between hydrodynamic and waves, based on CMEMS and using the COAWST 
model (Coupled-Ocean-Atmosphere-Wave- Sediment Transport Modeling System; Warner et al., 
2010). COAWST relies on the 3-D ocean modelling code ROMS (Regional Ocean Modeling System), 
the phase-averaged wave model SWAN (Simulating WAves Nearshore), the non-hydrostatic 
meteorological model WRF (Weather Research and Forecasting) and the sediment transport module 
CSTMS (Community Sediment Transport Modelling System). Both ROMS and SWAN have been 
used before in the Ebro Delta region (Pallarés et al., 2014, 2016; Grifoll et al., 2016; Ràfols et al., 
2017, Cerralbo et al., 2014, 2019), but never in a coupled, telescoping manner. The uncoupled and 
independent implementations of the 3D hydrodynamic model ROMS and the wave model SWAN 
have been tested and validated. Both implementations follow a nesting scheme (see figure 6.3.1), with 
a finer bay grid (resolution of about 23 m) embedded within a cascade of coarser grids. The initial and 
boundary conditions for the coastal domains can be obtained from two different CMEMS products 
(IBI and MED), and the corresponding routines have been prepared. For the hydrodynamic module 
hourly barotropic currents and sea levels are consistently accommodated to the open boundaries with 
Chapman and Flather algorithms, whereas the variability of currents along the water column 
(baroclinic component), temperature and salinity are imposed from the CMEMS-IBI daily average 
values (or hourly data from CMEMS-MED) with clamped conditions. The initial state of the smaller 
domains is obtained by interpolation from the larger domain conditions. Regarding the wave 
component, SWAN model has been implemented following the downscaling presented in figure 6.3.1 
(same domains as for the hydrodynamic model plus a coarser one of ~1km of resolution, labeled AA). 
As described below, the uncoupled results show a good agreement with downscaling models in the 
coastal area (across the shelf), although the wave energy inside the bay tends to be slightly 
underpredicted when compared with observational data.  

 

Figure 6.3.1. Ebro Delta and the Fangar Bay, with the telescoping domains used in the system. 
Domains A, B and C are for both ROMS and SWAN models; domain AA is only for SWAN. Boundary 
conditions for AA are obtained from the CMEMS MED-WAVE product, whereas conditions for 
ROMS at the A domain are obtained either from CMEMS-IBI or CMEMS-MED. 
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The Fangar implementation of the three-domain two-way nested ROMS scheme has been validated by 
comparing modelled surface velocities from the coastal domain (~ 350 m) with HFR (High Frequency 
Radar) data, and modelled currents from the finest domain (~ 23 m) with vertical current profiles 
measured inside the Fangar bay during an October-November, 2017 field campaign. The comparison 
between the HFR and modeled eastward and northward components of the surface currents (figure 
6.3.2) revealed good agreement and correlation between both datasets, both in intensity and phase, and 
for both spatial components (more validations have been shown in figures 3.12 to 3.15). The daily 
oscillations correspond to the inertial period in the region (~19h) and are well reproduced by the 
model. Some intensifications of the currents -probably related with energetic wind events- are also 
well described by the model. For comparison, figure 6.3.2 also plots the current components predicted 
by CMEMS-MED. For this particular period, the correlation between measured and modelled data 
shows an r2 = 0.63, slightly larger than the correlation between CMEMS-MED data and measured 
values. 

 

Figure 6.3.2. Surface current components U (east-west) and V (north-south) measured inside the bay (blue) 
and modelled by the Fangar nested scheme (red) during the 2017 autumn field campaign for domain C (23 
m). The left panels correspond to outermost boundary conditions from CMEMS-IBI, whereas the right 
panels correspond to boundary forcing provided by CMEMS-MED.  

 

Regarding the currents inside the bay, the fit between the modelled and measured values is shown in 
figure 6.3.2. Here, the general trend of the water flow is well captured by the model, which adequately 
reproduces the main events, in spite of the very low energy of the system. This is a characteristic of 
both Ebro Delta bays, Fangar and Alfacs (Cerralbo et al., 2014, 2019) although in this case it is 
enhanced by the bay’s shallowness and narrow connection with the open sea. For this simulation, the 
6-hourly ECMWF data has been used for the atmospheric forcing. 

On the other hand, different sources for wind forcing (ECMWF and the Spanish National Meteorology 
Agency, AEMET) have been tested in order to study the sensitivity of the SWAN results to spatial and 
time resolution. Figure 3 shows the validation of the SWAN implementation at the Tarragona coastal 
buoy (off the Ebro Delta), proving the good performance of the model. 

On the more local scales, the validation of the model at higher resolution (~70m) is also performed 
using the observations from the aforementioned 2017 field campaign. The results are shown in figure 
6.3.3. In these domains, different changes in the model configuration due to the influence of the 
shallow water are tested (i.e: the effect of the three-wave interactions -triads-). The waves inside the 
bay are usually insignificant (as reproduced by the model). However, under some energetic winds 
(mainly from the North-west), the observations revealed the formation of waves with significant 
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height (Hs) around 1 m. The model reproduces with high time accuracy all the observed events. 
However, the significant wave height Hs is underpredicted during the most energetic event. The 
modification of parameters such as the bottom friction or the inclusion of the Triads terms do not 
improve the results. Considering the orientation of the bay, and the importance of the wind direction 
on the wave generation, one of the problems could be related to the low spatial resolution of the 
meteorological models used. 

 

Figure 6.3.3. From top to bottom: wind speed, significant wave height, peak period and mean wave 
direction in the Tarragona shelf buoy (blue dots), and the corresponding results for SWAN model 
using the ECMWF(yellow) and AEMET (orange) meteo forcing. In black the results for the CMEMS 
MED-WAVE model are also shown. 

Current work in this demonstration case is been focused on the coupling of both models (ROMS and 
SWAN) using the MCT coupling toolkit (Larson et al., 2005; Jacob et al., 2005), and on designing the 
most efficient nesting-coupling scheme to optimize resources while providing accurate results. 
 
The accuracy of hydrodynamic simulations in complex and varying domains -such as the Ebro Delta - 
is critically dependent on the quality of the input data used to feed the models and the support of 
satellite derived information. Several potential sources of error have been identified during the 
implementation of the described models: 
 
a) The complexity of the domain: shallow semi-enclosed domains with a strong seasonal modulation 

due to anthropogenic factors that alter their natural behavior. In addition, they suffer the 
coexistence of different interacting mechanisms working at different timescales, such as short-
term hydrodynamics influencing, and being influenced by, longer-term morphodynamics and 
coastal evolution. 
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b) The resolution of the atmospheric forcing publicly available in an operational manner (ECMWF, 
6 hours) appears to be insufficient to account for the observed current behaviour. 
 

c) There is uncertainty associated to the anthropogenic freshwater inputs into the bay (fluxes and 
space-time distribution). During several meetings with end users, the position of the freshwater 
sources has been refined, but the discharge rates still remain unknown. Since the implications of 
this lack of information are crucial in a coastal domain in which the hydrodynamics are 
constrained by the estuarine circulation, two field campaigns are foreseen in the framework of 
other research projects in order to quantify the discharges. 
 

d) The low-energy characteristics of the hydrodynamic fields inside Fangar Bay impose an added 
difficulty when validating models using the typical Eulerian frame. This is apparent in the 
validation figure (figure 6.3.2), in which current speeds smaller than 0.05 m/s are difficult to 
reproduce. 
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6.4 Pilot Case North Adriatic (Gulf of Venice)  
 
CNR is presently carrying out a series of activities in the analysis of the metocean conditions 
associated with an intense event that hit Northern Italy in the last week of October 2018, leading to 
extreme waves and surge conditions in the Gulf of Venice on October 29th. A pressure minimum in 
the Tyrrhenian Sea (western Mediterranean Sea), associated with a persistent high pressure over north-
easetern Italy, led to the formation of a cyclone over Sardinia, which progressively moved towards the 
western Alps, with particularly intense meridional circulation over the central and western 
Mediterranean basin (Figure 6.4.1). This brought strong southeasterly winds over the Adriatic Sea and 
Eastern Italy, with extensive rainfall, wind gusts that uprooted more than 10 million trees in the 
Eastern Alps, 9-metre significant wave height in the Adriatic Sea and the flooding of a large part of 
the Venice historical centre. Besides understanding the physical mechanisms (including the role of air-
sea interactions and their impact on mainland processes) underlying the extreme character of this 
event, the study aims at investigating the predictability of the intensity and of the timing of the event. 
In fact, considering the impacts of this storm on Venice, the phase shift between storm surge 
maximum and astronomical tide had a crucial role in limiting the extent of the flooding, which 
otherwise could have been comparable to the exceptional event of November 1966. 

 

 
 
Figure 6.4.1. Synoptic pressure pattern on October 29, 12:00 UTC. Source www.wetterzentrale.de, 
data from GFS (Global Forecasting System) operational model, resolution 0.250°. 
 
As a preliminary step in this direction, here we present an assessment of the quality of the wind 
provided by ECMWF operational forecasts in order to provide adequate wind fields for wave and 
surge modelling hindcasts. The problem of the wind underestimation in the Adriatic Sea under certain 
conditions is well acknowledged (Signell et al., 2005) and affects a region within 100-200 kilometres 
from the coast when the wind blows from land to the sea. This error is nearly systematic, with some 
dependence on the fetch and therefore on the wind direction, and for wave forecast in the Adriatic Sea 
it is typically tackled by applying a correction to the wind intensity. For wind forecast at 9 kilometres 
resolution, used in this application, the average increase of wind intensity is normally on a factor 1.16, 

http://www.wetterzentrale.de/
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which results slightly in excess in the case of southeasterly winds (along the main axis of the basin) 
and in defect when northeasterly winds (across the main axis of the basin) are considered. For this 
specific application, a correct description of the wave and surge dynamics in the Northern Adriatic Sea 
required a more precise estimate. A dedicated fine-tuning of the wind intensity correction was allowed 
by the small spatial variability of the wind fields in the basin, with a steady and unidirectional 
southeasterly wind and by the availability of a ASCAT-B scatterometer pass at 19:10 on October 29, 
2018, during one of the most intense phases of the storm (Figure 6.4.2, left panel). 
 

 
Figure 6.4.2. Measured wind intensity from ASCAT-B scatterometer at 19:10, October 29, 2018 (left) 
and comparison against ECMWF model wind fields (right) 
 
 
The fit between ECMWF modelled wind fields and ASCAT-B data suggest a correction factor of 1.11, 
slightly smaller than the typical 1.16 value as expected for southeasterly wind conditions, and a 2° 
average clockwise offset of the modelled wind direction. 
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7 Impact of coastal gradients and spatial data set resolutions on triple 
collocations typology  

 
In this section a brief analysis is presented concerning the impact of coastal gradients on the standard 
triple collocation approach and the role of spatial data set resolutions (Schulz-Stellenfleth and Staneva, 
2019). The analysis is illustrated using the background statistics presented in the following.   
 
In the following, the coastal gradient impact will be assessed based on synthetic observations, for 
which the observation errors are known a priori. This requires Monte Carlo simulations, for which a 
realistic background statistics is desirable. Here, we use parameters derived from a 11-month time 
series of two buoys in the German Bight. The buoys "ELB" and "HEL" can be found in Fig. 3.1.1 as 
the instruments closest to the entrance of the river Elbe. The buoy "HEL" is near the island Helgoland 
in about 25 m water depth and about 30 km north west of the buoy "ELB", which is in about 27 m 
water depth. The wave height distributions of both buoys shown in Figs. 3.1.2 b) and c) indicate a 
shape, which can be very well approximated with a log-normal distribution superimposed as green 
curves. The joint distribution in Fig. 3.1.2 shows a quite good correlation between the two data sets, 
which is expected due to the relative close proximity of the buoys. The histogram of the difference 
between the Elbe buoy and the Helgoland buoys shown in Fig.3.1.1d, indicates that the majority of 
cases have higher waves at the Helgoland location than the Elbe location. This makes sense, because 
north-westerly winds are predominant in the area. Therefore, situations with waves coming from 
offshore and being dissipated by wave breaking and bottom friction are most often observed in the 
German Bight. The fewer cases with higher waves near Helgoland are associated with southerly 
winds, where waves are actually generated near the coast and the wave height increases with fetch 
length. The respective parameters for the log-normal distribution including the correlations of both 
buoy time series are given in Table 3.1.1. 
 
We start with an analysis of the impact of coastal gradients on the standard triple collocation method. 
As explained before, the triple collocation method makes the assumption that all three data sets 
represent the same “truth”. We consider the case now, where this                                 assumption is 
violated, and where we have data sets representing the wave height at three different locations  

 .  Lets denote the wave heights at the three  locations by 
 

                                                                                                 
Where    are the respective mean values, and  are the departures from the 
mean. Furthermore, it is assumed that the three wave height data sets are affected by uncorrelated 
additive zero mean errors  . According to eq. 14, the measurement error of the data source 
corresponding to location x would be estimated as follows, if the standard triple collocation method is 
applied: 
 

  
 

(3.1.1) 

(3.1.2) 
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2.3  

 
Figure 3.1.1: Bathymetry of the North Sea with the location of the Elbe and Helgoland 
wave buoys “ELB” and “HEL” shown in the German Bight. 
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Table 3.1.1: Mean, variance (var), covariance (covar), and correlation (corr) parameters used for the 
simulation of the background wave height statistics at the locations of the Helgoland and Elbe buoy 
in the German Bight.These numbers were derived from measurements taken during the period June 
2016 - April 2017. The respective probability distributions with a log-normal approximation are 
shown in Fig. 3.1.1 

 
Figure 3.1.2: Background statistics used for the Monte Carlo Simulations. (a) 2d 
histogram of the joint distribution for the Elbe and Helgoland buoy derived from the 
period June 2016 - April 2017 with diagonal given in dashed green and the black 
isolines referring to probability density. (b) 1d histogram for the Helgoland buoy wave 
heights with log-normal pdf superimposed in green. (c) the same as b) for the Elbe 
buoy.(d) Histogram of the difference between the Elbe and Helgoland waveheight with 
Gaussian pdf superimposed in green, and the dashed red line indicating the zero 
position. 
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The angle brackets refer to averages over different realisations of the background state and data source 

errors. As one can see, the estimation of  is affected by an error, which has two components. The 
term Rx is related to correlations of waveheight differences in the background statistics. In situations 
where all three data sources are in a region with a spatial wave height30 gradient, typically observed in 
coastal areas, this term will not vanish, at least as long as the data sources are located along the 
gradient. The term  is related to the differences in mean wave heights at the three locations. This 
term can be expected to contribute to the estimation error in coastal areas as well. 
 
We are now estimating these error contributions for the background statistics derived at the beginning 
of this section. . Lets assume that the wave height along a straight line between the stations “HEL” and 
“ELB” can be approximated reasonably well with a linear function, i.e., 
 

                         
where x denotes the distance of some point X from the Elbe station in the direction of Helgoland, HHel, 
HElb are the wave heights at the Helgoland and Elbe stations, and d = 24 km is the distance between 
the two stations. Defining  analogues to eq. 40, we get for the wave height covariance 
of two points x’, x’’ 
 

 
 
where  α1=  0.000147, α2 =  0.003174 m, and α3= 1.7529 m2  for the considered case. With this 
information eq. 41 can be evaluated. For the spatial distribution of the three data sources we assume 
that , i.e., all three data sources are within 10 km distance. The 
resulting errors for the triple collocation method then follow as (see eq. 3.1.2): 
 

                     
 
If an instrument at location x is considered, which has a “truth” observation error standard deviation of  

, these error terms would lead to an estimation error by the triple collocation method of 
about 40% in terms of variance. If the collocation distance is increased to 20 km, and one has data 
sources at x = 10 km, x’ = 0 km, and x’’ = 20 km, the following error is obtained: 

   
The second issue to be discussed in this section is the role of the spatial resolution of the 
different models and observations. The main point to consider here, is that sub-resolution 
variations of waveheight become part of the estimated data set error, if the triple or multi collocation 
methods are applied. This has two main consequences: 
 

• The estimated data source errors are influenced by the background statistics. 
• For two data sources with a common unresolved band of spatial scales, the data source errors 

are correlated (Vogelzang and Stoffelen, 2012). 
 
In general, the expected unresolved sub-resolution variance of wave height is given by 
 

(3.1.3) 

(3.1.4) 

(3.1.5) 

(3.1.6) 
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where A is the resolution cell of the assumed data source and the respective data source wave height             
is computed as  
 

                              
Where Hx’  is the  “truth” wave height at location x’ within the resolution cell. We now evaluate these 
terms, again using the  background statistics presented at the beginning of this section. For simplicity, 
we assume that the resolution cell is one-dimensional and spans from the Elbe station (x=0) to some 
point x = a in the direction of Helgoland. The data set then corresponds to averages of the form 
 

                        
The mean unresolved variance within one resolution cell can then be written as 
 

                          
 
One can see, that the mean sub-resolution variance is depending on the mean gradient, as well as the 
variance of the gradient within the resolution cell. Using the background statistic values estimated 
above , the variance   was computed for different values of the cell size a. For a = 5 km one gets  

    for a = 10 km the result is       and    a = 20 km   gives 
 . Lets imagine an observation instrument located at x = a/2 with a measurement error 

standard deviation of 0.1 m. This value is supposed to only describe the instrumental errors, i.e., the 
errors that one always has, even if the wave height within the resolution cell is constant. Furthermore, 
assume that the observations represent averages over wave heights in the resolution cell of size a as 
described by eq. 3.1.9. For a = 10 km this averaging process adds about 10% to the data set error 
variance, and for a = 20 km this increases to 50%.  
The above analysis has shown, that both the collocation distance and the spatial dataset resolutions are 
important factors for the quantification and interpretation of the respective data set errors. The 
separation of instrumental errors and sub-resolution related errors is a challenge, because it requires 
knowledge about the “truth” background wave statistics on a sub-resolution scale. In general, such 
information can only be obtained, if one of the data sources has a significantly higher spatial resolution 
than the other data sources. 
 

(3.1.7) 

(3.1.8) 

(3.1.9) 

(3.1.10) 
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8. Interactions with COPERNICUS and other users 
 

According to the CMEMS evolution strategy, the CMEMS is currently designed to deliver products to 
users in four main domains of application (our emphasis in boldface): 

1. marine safety, which requires information at very high resolution in focused areas all over the 
globe to support marine operations, marine weather forecasting, sea ice forecasting, combating 
oil spill, informing ship routing and search and rescue operations, and all activities requesting 
offshore operations 

2. marine resources, with applications to the sustainable management of living marine resources, 
through fisheries and aquaculture 

3. coastal and marine environment, with applications that require good knowledge of 
environmental status in coastal areas in terms of physical, chemical and biological 
components and their variability 

4. weather, seasonal forecasting and climate, with needs for accurate information near the 
surface and sub-surface ocean, on a daily or shorter time basis, in real time and delayed mode  

Improved circulation and better representation of upper-ocean hydrography as well as improved water 
level forecasts, address all four areas of the evolution strategy above, but we believe that the 
contribution we can make to improve circulation and hydrography will be particularly valuable for 
those who want to use the currents for oil fate modelling (Jones et al, 2016) and search and rescue 
(Breivik et al, 2013). The coupled  waves-circulation system  and increased synergy between the 
newly available data and models will also demonstrate to what extent the improved model physics and 
methodology will add to the predictability. Finally, the coastal and marine environment and marine 
safety rely on accurate water level forecasts, which are known to depend on the atmospheric and wave 
forcing (Staneva et al, 2017). 

We address the following topics that are considered as a short-term CMEMS priority: 

 

1. Predictability studies to assess the feasibility of developing open ocean and coastal/regional 
seas’ forecasts with lead-time of a few days to weeks, together with assessment of likely 
prediction skill; 

2. Improved methods for analysing and predicting upper ocean currents; 

 

Specifically, the predictability of upper ocean currents will be assessed by using current measurements 
on all scales from the high resolution model domain covering the North Sea, where Acoustic Doppler 
Current Profilers (ADCP), drifters and high-frequency (HF) radar data from the German bight will be 
used to assess the performance of the model (see Staneva et al, 2017). This is again very relevant for 
the drift of oil and suspended matter in the upper ocean (see Jones et al, 2016) as well as for search 
and rescue (Breivik et al, 2013). 

The new implementations will demonstrate the added value in improving the open ocean and 
coastal/regional seas’ forecasts together with assessment of likely prediction skill and will be delivered 
and integrated into the CMEMS Forecasting Centers. The verification methods will cope with the 
existing CMEMS protocols and the Marine Core Service structure. New methodologies for validation 
of surface waves and coastal ocean currents data sets (incl. Lagrangian likes products) can be further 
implemented into the CMEMS PQ documents-QUIDs, and will be of high added-value for MFC and 
TACs. 
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